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1. INTRODUCTION AND LITERATURE REVIEW
1.1. Introduction

Plant growth is affected by various factors. Stress is an important challenge
which triggers various physiological, molecular and cellular responses in plants.
Environmental stresses are the main factors limiting the world’s plant production.
They are also significant barriers to the introduction of crop plants in noncultivated
areas. Plants have to deal with various complex types of interactions involving
numerous environmental factors such as temperature, light intensity, water
availability and soil composition. When the environmental factors extend beyond an
optimal range which is characteristic for a particular species, the plant will be
subjected to a varying level of stress. There are stress sensitive and resistant plants
based on the effectiveness of the protective responses caused by stress. The resistance
of the plant to withstand various stress factors plays a vital role for its growth and
development. The most important concept of agricultural plant breedings is to
gradually form stress resistant crops from stress sensitive cultivars. So breeding of
plants for tolerance to various environmental stresses drought, salinity, temperature
and desiccation needs proper understanding of physiological characteristics and

natural variations.

1.1.1. Theories of drought responses

Drought is a complex environmental stress factor, which can occur at different
periods in the growth and development of the crop cycle with different intensities.
Water deficit is a multidimensional stress affecting plants at various levels of their
organization (Yordanov 2000). Increasing the tolerance to abiotic stresses such as

drought is therefore essential for future global food security. The effects of drought



are expected to increase with climate change and increasing water shortage. Drought
involves a decrease in environmental water potentials (ww); water flows out of plant cells
driven by the potential gradient and cellular dehydration arises as result of osmotic
stress. Intracellular water loss damages membrane bilayer structure, disrupts cellular
metabolism (Mahajan 2005), inhibits photosynthesis and leads to accumulation of
reactive oxygen species (ROS). In addition, stomatal closure reduces CO, uptake and
photosynthetic activity during drought and prevents further water loss by transpiration
(Flexas 2004; Kusumi 2012). Plants have evolved specific acclimation and adaptation
mechanisms in order to cope with short- and long-term limitation of water
availability. These mechanisms depend on species, genotypes and the co-occurrence
with other stresses, such as high temperature or evaporative demand. Analysis of
these protective mechanisms can be a key for improved understanding of the
molecular background of drought stress tolerance and resistance (Harb 2010; Berger
2010). Drought limits plant growth, affects plant function and reduces the
productivity of the land, alters and modifies the physiology, anatomy and morphology
of plants (Boyer 1982). Stomatal closure due to drought stress reduce the amount of
productive foliage and shortens the vegetative growth period by decreasing the
photosynthesis per unit of leaf area (Van Loon 1981; Bradford and Hsiao 1982).
Drought tolerance on the other hand is the ability of plants to utilize limited
amount of water, leading to low tissue water potential, with higher efficiency
regarding growth, biomass accumulation and reproduction (Ingram & Bartels, 1996).
Plants under drought stress accumulate compatible solutes and thrive on by
maintaining cell turgor and reducing evaporative water loss (Yancey 1982). Plants can
respond to limited soil water availability by various strategies including drought

escape, which is described as the ability of plants to complete their life cycle before



severe stress sets in. Besides the escape strategy plants can resist water scarcity
conditions via drought avoidance, or drought tolerance (Levitt 1980; Price 2002).
Drought avoidance is classified as the ability of plants to maintain high tissue water
potential despite soil water deficit. This can be achieved via improved water uptake
under stress. The capacity of plant cells to hold acquired water and reduce water loss
also confers drought avoidance. Plants can survive water stress by improved root
traits, decreasing stomatal conductance, leaf area and radiation absorptivity (Price
2002). On the contrary, stress tolerance mechanisms programme each plant to resist
and fight stress by changing their physiology as long as stress exists (Bray, 2000;
Taiz, 2010) as in the case of regulation of stomatal aperture and synthesis of osmolites
during water deficit stress (Hoekstra, 2001).

In different species it has been shown that drought conditions affect the
relationship between the carbon content in photosynthetic organs, such as leaves
(source), and the carbon content in heterotrophic organs, such as seeds and roots
(sink), indicating that the processes related to carbon partitioning are sensitive targets
of drought stress (Cuellar-Ortiz 2008). These alterations cause the abortion of
reproductive structures, as well as a decrease in the accumulation of biomass in
storage organs, causing losses in crop production (Boyer & Westgate, 2004; Marcelis
2004).

Understanding the biochemical, biophysical, and physiological bases for
impairment of photosynthesis in plants which experience internal water deficits
becomes of major interest in order to improve plant responses to environmental
stresses (Brestic 2013). We studied the effect of drought on the biomass accumulation
and grain yield in sensitive Cappelle Desprez and tolerant Plainsman V wheat

cultivars.



1.1.2. Salinity responses

Salinity is the concentration of all soluble salts in water or in the soil. Soil
salinization is one of the serious forms of soil degradation, which can arise from
natural causes and human-mediated activity, such as irrigation in arid and semi-arid
regions (Rengasamy 2006). More than 800 million hectares of land throughout the
world are salt-affected, which has important consequences for wheat productivity.
Increased soil salt concentrations decrease the ability of a plant to take up water and,
once Na* and ClI” are taken up in large amounts by roots, both Na* and CI™ negatively
affect growth by impairing metabolic processes and decreasing photosynthetic
efficiency (Flowers 1995; Maser 2002). Plant growth in combination of salt stress has
damaging effects in the form of nutritional imbalance, specific ion change and low
osmotic potential causing drought effect (Ashraf 1994; Marschener 1995).

The response to the NaCl was osmotic rather than Na'-specific (Rahnama
2010). Osmaotic stress inhibits the formation of lateral shoots and reduce the rate at
which leaves expand. Reduction in shoot biomass is mainly due to the decrease in the
number of tillers formed rather than development of individual leafs (Nicolas 1993).
Plant growth responds to salinity in two phases: a rapid, osmotic phase that inhibits
growth of young leaves, and a slower, ionic phase that accelerates senescence of
mature leaves.

Salt tolerance may be defined as a sustained growth of plants in a highly saline
environment. Crops vary significantly in their threshold limits of drought/salt
tolerance. Screening of crops for tolerance can strengthen the breeding programs by
identifying genotypes with high salt tolerance and yield potential. Plant species and
varieties vary in their tolerance to salinity and this tolerance also varies with the stage

of growth (Rengaswamy 2010). Studies proved salinity causes reduction in number of



tillers in cereals. Salinity tolerance studies aim to increase the ability of plants to
decrease the effect of salinity in growth and yield (Roy 2014). To behave salt tolerant
there should be considerable biomass production, which is not decreased significantly
due to salinity in the soil (Munns and James, 2003). The tolerance of a species to
environmental stresses can be studied considering variations in relative growth
parameters (Ashraf and Ali, 2008).

Drought and salinity are two widespread environmental abiotic stresses in
many regions leading to low water availability and salinization of more than 50% of
all arable lands by the year 2050 (Wang 2003). Plant growth in combination of salt
stress has damaging effects in the form of nutritional imbalance, specific ion change
and low osmotic potential causing drought effect (Ashraf 1994, Marschener 1995).
Apart from ion transport processes, the metabolic and hormonal responses are similar
between water and salt stress. They increase the concentration of abscisic acid within
one hour of treatment (Bensen 1988; He & Cramer, 1996). In the time scale of
minutes to days, photosynthetic responses also decrease in both salt and water stress
(Munns 2002). The physiological status of stressed plants is usually assessed by the
suppression of photosynthesis. To investigate the processes that give rise to tolerance
of salt, as distinct from tolerance of osmotic stress, it is necessary to design
experiments that distinguish between tolerance of salt and tolerance of water stress

and avoid treatments that induce cell plasmolysis.

1.1.3. Desiccation tolerance
Desiccation is the process of extreme drying of plant tissues during which they
lose most of their water content. Anhydrobiosis is an astounding strategy that allows

certain organisms to survive almost total dehydration. Most higher plants are unable
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to survive desiccation to an air-dried state (Bartels 2005). Desiccation tolerance
cannot be considered similar to drought tolerance (Alpert, 2005). In desiccation
tolerance, plants can survive drying lower than (< 50%) relative humidity (RH) and
maintain low intracellular water concentrations. In contrast drought tolerant plants
survive low environmental water availability while high internal water contents is
required. A small group of vascular angiosperm plants termed “resurrection plants”
possess vegetative tissues that are able to tolerate severe desiccation (Gaff 1971).
They could dry to equilibrium with the air humidity but resume normal function upon
rehydration (Alpert 2005). Resurrection plants can be categorised into two types:
poikilochlorophyllous and homoiochlorophyllous. Poikilochlorophyllous lose
chlorophyll (Chl) and the thylakoid membranes are at least partially degraded during
water loss, while homoiochlorophyllous recover rapidly after desiccation restore
photosynthetic activities within 24 hours of rehydration and retain Chl (Bernacchia
1996). The poikilochlorophyllous plants take longer to recover their photosynthetic
activity. Haberlea rhodopensis is a homoiochlorophyllous poikilohydric plant species
which preserves most of the Chl content and photosynthetic apparatus during
desiccation in their leaves (Toldi 2009). Haberlea exposed to severe drought or
desiccation, and subsequent rehydration showed complete recovery with no signs of
damage or severe oxidative stress compared to untreated control plants (Gechev
2013).

Previous studies have shown that H. rhodopensis plants growing in a deep
shadow in natural conditions were very sensitive to photoinhibition (Georgieva and
Maslenkova 2006). Desiccation at irradiance of 350 pmol photon m? s induced
irreversible changes in the photosynthetic apparatus, and mature leaves did not

recover after rehydration (Georgieva 2008). On the other hand, an unexpected



ecological plasticity of H. rhodopensis was found in natural habitats (Daskalova
2011). Besides the shady habitats (‘shade’ plants), several habitats of high irradiance,
where plants grow on rocks more exposed to the sunlight (‘sun’ plants), out of the
forest coverage and with low air humidity, were also discovered. The high irradiation
ecotype is acclimated to a stressful environment thus this pre-conditioning also
contributes to the survival of the desiccation under high irradiation conditions.

Cyclic electron flow (CEF) has been well defined as a crucial process for
preventing Photosystem | (PSI) from excess light stress through alleviating the over-
reduction of PSI acceptor side (Munekage 2004; Huang 2012). The CEF would
contribute to producing additional ATP. Another function of CEF is enhancement of
the NPQ, through generating the electrochemical potential difference of H* across the
thylakoid membrane (Munekage 2002). Since CEF is a protectant of PSI against
photoinhibition, we studied the severe desiccation and rehydration induced alterations
in the electron flow in low and high light acclimated ecotypes to reveal the role of

electron transport alterations in desiccation tolerance.

1.1.4. Biomass production

Production of a climate-neutral renewable energy source that does not increase
greenhouse gas emissions into the atmosphere gains increasing significance. Biomass
is a term for all organic material that is produced by plants (including algae, trees and
crops). The use of biomass as renewable energy sources is becoming increasingly
necessary to counter the impacts of global warming (McKendry 2002). Energy crops
offer clear ecological advantages over fossil fuels, such as a positive carbon balance
(due to the photosynthesis of the biomass used as raw material), which contributes to

the reduction of greenhouse gas emissions and the low sulphur content, which



contributes to reduced emission of acidifying gases (Gosse, 1995). The type of
biomass required is largely determined by the energy conversion process and the form
in which the energy is required (McKendry 2002). The carbon dioxide (CO,) removed
from the atmosphere during photosynthesis is converted into organic carbon and
stored in biomass, such as trees and crops. When harvested and combusted, the carbon
in the biomass is released as CO,, thus completing the carbon cycle. The carbon in
biomass will return to the atmosphere regardless of whether it is burned for energy.
Overall, biomass CO, neutrality is an inherent property of biomass based on the
natural carbon cycle (Johnson 2009). The cultivation of short rotation coppice (SRC),
and perennial grasses for heat and power generation can also make a substantial
contribution to agricultural bioenergy production. A large number of annual and
perennial crops have been investigated for their potential use as energy crops in
Europe (Eppler and Petersen 2007). Short Rotation Coppice plantations are
characterized by a very short rotation of between 2 and 4 years. Species related to
SRC are mainly willow and poplar, but Black locust may also be used. Due to the
flexibility associated with harvest time and a variety of inherent logistical benefits, the
production of SRC willow for heat and power has made considerable
progress. Through alternative silvicultural systems, improved breeding and
biotechnology, short-rotation coppice forestry can produce high yields (Hinchee
2009). If high productivity is expected as an anticipation of higher levels of future
demand for wood biomass, the most effective strategy is to manage forest for a
harvestable crop which will encourage increased investments in forests for biomass
energy (Sedjo 2013).

Shrub willow (Salix spp.) is a short-rotation woody crop that produces

large amounts of harvestable biomass. Willows are considered as plants with high



degree of hybridization, a large genetic variability and impact on morphological
variability. Willows are representatives of the population r-strategy with rapid growth,
particularly at early seedling stage. In terms of life forms they belong into the shrub or
tree phanerophytes. They grow quickly on locations with water-logged soils
(Milovanovic 2012).

Advanced cropping technologies and genetic potential of cultivars are
considered significant for biomass production of shrub willow plants. Genome size
controls the organ structure and function of energy willow for biomass productivity.
Genome duplication or tetraploidization has been observed to be a positive approach
to enhance the genetic potential of willow cultivars for increasing growth
characteristics (Dudits 2016). Among the new “Poli Plusz, PP-E” tetraploid lines,
which were produced by Prof. Dénes Dudits and his coworkers, genotypes were
identified with improved biomass production whose photosynthetic characeristics

were investigated.

1.2. Photosynthesis as a physiological indicator

The light reactions in photosynthesis convert light energy into chemical energy
in the forms of ATP and NADPH. The reactions involve two types of electron flow in
the thylakoid membrane. While linear electron transport generates both ATP and
NADPH, cyclic electron transport around PSI is exclusively involved in ATP

synthesis without the accumulation of NADPH (Fig. 1).
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Figure 1. The Z scheme illustration of photosynthetic electron transport chain. Linear
electron transport chain in the chloroplasts of plants consisting of both PSII and PSI
converts light energy into the chemical forms ATP and NADPH (Govindjee and
Wilbert Veit 2010). Cyclic electron transport route is exclusively involved in ATP
synthesis by cycling electrons from PSI to plastoquinone via ferredoxin (FD)
generating a pH gradient across thylakoid membrane (ApH) (Joliot and Johnson
2011). In the Calvin-Benson cycle, free energy of ATP and NADPH are used to fix
and reduce CO; to form sugar.

ATP and NADPH generated by light reactions are utilized primarily in the
Calvin-Benson cycle and photorespiratory cycle (Munekage 2004; Kono 2014 and
Yamori 2015) (Fig. 1). From mild drought to severe dehydration stresses, functions of
cyclic electron transfer pathways through PSI are activated which have been

documented for higher plants (Golding and Johnson 2003; Johnson 2011).

1.2.1. Effect of drought on photosynthesis

The measurement of modulated Chl fluorescence simultaneously with PSI
transmittance is able to detect the rates of photochemistry of PSI and PSII with high
accuracy. In general the method is applicable to and capable of characterisation of all
types of factors affecting the interplay between the photosystems (Pfiindel 2009), e.g.

different types of stresses and physiological growth reponses. This will increase

10



reliability of the results and provide very complex information about photosynthetic
processes with new possibilities into plant research (Brestic 2013).

At the whole plant level the effect of drought stress is usually perceived as a
decrease in photosynthesis and growth. However, photosynthetic responses to drought
stress are complex, involving the interplay of different structural levels at different
time scales in relation to plant development (Chaves 2009). One of the most
frequently used fluorescence parameters in plant physiological research is the
maximum quantum yield of PSII photochemistry (F./Fn). It is mostly because this
parameter is very easy to measure and it is generally well accepted measure of
photosynthetic status (Brestic 2013). Mild water stress showed no effects on the
maximal quantum yield of PSIl photochemistry (F./Fn), the rapid fluorescence
induction kinetics, and the polyphasic fluorescence transients in dark-adapted leaves,
indicating that less severe water stress had no significant effects on the primary
photochemistry of PSII (Brestic 2013; Lu and Zhang, 1999). However, in light-
adapted leaves, water stress reduced the efficiency of excitation energy capture by
open PSII reaction centres (F’v/F’m) and the quantum yield of PSII electron transport
(Dpsyy), increased the non-photochemical quenching (qN) and showed no effects on
the photochemical quenching (qP) (Lu and Zhang, 1999).

Under mild water deficit the stomatal closure is a first event, followed by
changes of photosynthetic reactions (Cornic and Briantais 1991). Stomatal responses
are more closely linked to soil moisture content than to leaf water status. This
suggests that stomata are responding to “non-hydraulic” chemical signals (Yordanov
2003). This chemical signal has been shown to be abscisic acid (ABA) synthesized in

the roots in response to soil drying (Davies and Zang 1991). Stomata often close in

11



response to drought before any change in leaf water potential and/or leaf water
content is detectable (Medrano 2000).

During mild to severe dehydration stresses, functions of cyclic electron
transfer pathways through PSI are activated, which have been documented for non-
desiccation tolerant higher plants (Golding and Johnson, 2003; Johnson 2011). Cyclic
electron flow (CEF) has been well defined as a crucial process for preventing PSI
from excess light stress through alleviating the over-reduction of PSI acceptor side
(Munekage 2004; Huang 2012). The CEF would contribute to producing additional
ATP. Another function of CEF is enhancement of the NPQ, through generating the
electrochemical potential difference of H* across the thylakoid membrane (Munekage

2002).

1.2.2. Effect of salinity on photosynthesis

Salt stress induces stomatal closure, which affects CO, fixation. Exposed to
salt and water stresses over days cause reduction in photosynthesis (Munns 2000; Paul
and Foyer 2001). In addition to reduced CO, diffusion through the stomata, both
stresses also result in an apparent reduced CO, diffusion through the leaf mesophyll,
i.e. in a reduced mesophyll conductance to CO, (gm; reviewed in Flexas 2004, 2007).
Reduced rate of photosynthesis induces production of ROS, which can cause strong
photoinhibition and interrupt photochemical processes in thylakoids (Sairam and
Tyagi, 2004).

Analysis of chlorophyll fluorescence showed that applied salt doses did not
disturb the light phase of photosynthesis in all cultivars under study (Plazek 2013).
Maximal PSIlI quantum yield (F./Fn) which reflects efficiency of PSII electron

transport was unaffected in salt stressed condition (Plazek 2013).
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1.2.3. Effect of desiccation on photosynthesis

Light exposure together with the retained photosynthetic pigment content and
inhibition of photosynthetic electron transport during dehydration is one of the main
challenges in desiccation tolerance. Previous results showed that the membrane
integrity of sun ecotype Haberlea plants was well protected so that desiccation of
high light plants did not cause more oxidative damage regardless of the higher
malondialdehyde content measured in the well-hydrated H. rhodopensis sun plants
compared to shade ones (Georgieva 2012). The activity of superoxide dismutases
proved to be higher in sun ecotype compared to shade one under desiccation (Solti
2014a). As a result of these protective mechanisms, the inactivation of Photosystem 11
(PSII) reaction centres (Solti 2014b) and the accumulation of malondialdehyde (Solti
2014a) remained significantly lower compared to the shade ecotype under
desiccation. Increased synthesis of phenolics during desiccation of H. rhodopensis
leaves may also contribute to drought resistance and recovery (Georgieva 2007).

The higher photosynthetic activity of well-hydrated sun plants reduced the
susceptibility to photoinhibition. In addition, a significantly lower proportion of light
was allocated to photochemistry during desiccation at high irradiance due to the
different protective mechanisms (Solti 2014b). Strasser (2010) described that in the
shade ecotype, the protection of the photosynthetic machinery is mainly based on a
PSII inactivation and excitation energy quenching of inactive reaction centres. This
PSII inactivation was triggered even by the initial water loss. Solti (2014) indicated
that in the initial stage of water loss, the maximal quantum efficiency of PSII reaction
centres decreased gradually in both shade and sun leaves. Nevertheless, the shade
ecotype could not perform a significant antennae-based excitation energy quenching,

thus the PSII inactivation was faster and more pronounced.
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The maximal quantum efficiency of PSII was shown to decrease gradually in
both shade and sun ecotype during dehydration. Shade ecotype leaves are not able to
increase antennae-based quenching, thus inactivated PSII take part in quenching of
excess irradiation (Solti 2014b). As antennae-based non-photochemical quenching
increases in parallel with desiccation in sun ecotype, this ecotype seems to be pre-
conditioned to quench excess light (Solti 2014b). The reversible modifications in PSII
and the enhanced probability for thermal energy dissipation during desiccation also
contribute to drought resistance of H. rhodopensis and its fast recovery after

rehydration (Georgieva 2007).

1.2.4. Photosynthesis and biomass production

The hypothesis that higher leaf photosynthetic rates is necessary for increased
yields is a well known theory (EImore 1980). A strong positive correlation was found
between net photosynthesis rate of different tree species and their Chl content or
biomass production as described in Naidu (1995). Several factors such as light
intensity, ambient CO, concentration water, mineral nutrition, growth hormones,
pests, weeds and regulation technologies are known to affect leaf photosynthesis also
affect yield in the same direction (Moss and Musgrave 1971).

In the natural succession process, they are gradually pushed away by shade
trees, which overgrow and overshadow them. Ecological demands of willows to light
are high. They have maximum requirements for sun exposure; they are so called
heliophytes (light-demanding species). Shade restricts their growth. From an
economic and production point of view, all Salix species demand year-round available
soil moisture. Lack of water during the growing season reduces their height increases,

but also resistance to biological impacts (Jurekova 2011). Requirements for soil
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moisture are specific to particular willow species. Selection of a suitable site, based
on knowledge of ecological requirements of Salix is an essential step to ensuring
optimal production and economic use of this woody crop. The system of willow
biomass production should be implemented in order to achieve maximum biomass
production while maintaining good soil quality and ensuring nutrient cycle (Jurekova
2011; Milovanovic 2012).

Biomass productivity of shrub willows is largely dependent on coppicing
capability, early vigorous growth, shoot growth rate, size of root system,
photosynthetic efficiency, formation and composition of woody stems. Improvement
of physiological traits by autotetraploidization is a novel approach for maximizing
biomass yield. The present study was designed to quantify the pattern of biomass
accumulation, photosynthetic electron flow efficiency and gas exchange activities at

different growth stages of tetraploid willows in comparison to diploid ones.

1.3. Phenotyping
1.3.1. Plant Phenotyping

For optimizing cereal crop productivity under drought stress it is highly
important to characterize and understand the relationship between the responses
induced by water limitation at the level of green biomass accumulation and seed
production. Phenotyping has revolutionized plant breeding up to the level of trait
predictions. Precision phenotyping is a rapidly growing field of plant sciences, which
provides excellent tools for quantitative characterization of the adverse consequences

of various stress effects including drought (Berger 2010; Golzarian 2011).
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Figure 2. A scheme of sampling prototype used in plant phenotyping for studying
drought stress.

Phenotyping approaches vary from manual platforms to complex robotic
systems with automated data acquisition and measurement workflows. They usually
comprise non-invasive measurements at a spatial resolution stretching from the sub
cellular level to canopy stands, and temporal resolutions ranging from seconds to
entire growing seasons (Dhondt 2013). Despite the obviously very high potential of
plant phenotyping to characterize the consequences of stress-induced effects, there is
a highly important and often overlooked question in the case of cereal crops: whether
the most easily quantified phenotypic parameters such as the above ground green

biomass, can predict correctly the grain yield, or not?

1.3.2. Non-invasive plant phenotyping tools

Nowadays, with the availability of various non invasive photosynthetic
phenotyping tools, it is possible to correlate and characterise plants under different

abiotic and biotic conditions.
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Figure 3. A typical Chl a polyphasic fluorescence rise O-J-I-P, exhibited by higher
plants. The transient is plotted on a logarithmic time scale from 50 ps to 1 s. The
characteristic parameters are: the fluorescence intensity Fo (at 50 ps); the
fluorescence intensities F; (at 2 ms) and F, (at 30 ms); the maximal fluorescence
intensity, Fp = Fy (at tepy) (Strasser 2004).

Measurement of the OJIP polyphasic fluorescence rise is widely accepted
technique to monitor the accumulation of the reduced form of the primary quinone
acceptor Qa (i.e. the reaction center’s closure), which is the net result of Qa reduction
due to Photosystem Il (PSII) activity and Qa™ reoxidation due to Photosystem | (PSI)
activity (Strasser 2000). The polyphasic OJIP fluorescence transient was used to
evaluate PSII function. Drought and re-watering had little effect on the maximum
quantum vyield of primary photochemistry Fv/Fy (Lu and Zhang 1999). The
photosynthetic performance index (PI) is the product of an antenna, reaction center
and electron transport dependent parameter, which revealed differences between
wheat varieties as a function of drought and re-watering (Zivcak 2008; Brestic and
Zivcak 2013). For screening for drought stress tolerance, changes in the PI during a 2-
week drought stress treatment were analysed and a new parameter was defined: the

drought factor index (Oukarroum 2007). The drought factor index (DFI) of the tested
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varieties correlated with their drought tolerance. The recorded chlorophyll a
fluorescence transients were analysed by the so-called JIP-test that translates stress-
induced alterations in these transients to changes in biophysical parameters
quantifying the energy flow through PSII (Strauss 2006). The performance index
(Plags) parameter is a multi-parametric expression that combines the three main
functional steps taking place in PSII (light energy absorption, excitation energy
trapping, and conversion of excitation energy to electron transport) (Strauss 2006).

Measuring gas exchange is the most commonly utilized technique at present
for commercial and research purposes in order to measure photosynthesis of
individual leaves, whole plants or plant canopy. Gas exchange measurements provide
direct measure of the net rate of photosynthetic carbon assimilation (Long 1996). Net
photosynthesis and stomatal conductance were significantly lower in the unirrigated
wheat leaves (Marco 1988).

Simultaneous measurements of variable chlorophyll fluorescence and P700
absorbance changes represent a powerful tool to monitor PSI and PSII functions in
parallel. P700 provides analogous information on PSI electron transport as
chlorophyll fluorescence provides on PSIIl. Based on a highly innovative pulse-
modulation technique, absorbance changes of P700 (reaction center chlorophyll of
PSI) can be measured with a similar signal/noise ratio as chlorophyll fluorescence.
Saturation pulses are applied for assessment of energy conversion efficiency in PSI
and PSII. Differences between quantum yields, Y(I) and Y(Il) and between apparent
electron transport rates, ETR(I) and ETR(II), may be related to cyclic electron flow,

differences in energy distribution and/or PSI/ PSII ratio.
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Figure 4. Simultaneous recording of Chl fluorescence and P700 light response curves of
30s light steps in a young wheat leaf.
(http://www.walz.com/downloads/manuals/dual-pam-100/Dual-PAM_1e.pdf).

Thermoimaging — a highly sensitive and non-invasive method of leaf
temperature measurement could be used to correlate the effect of evaporation and
stomatal closure (Grant 2006). In the absence of evaporative cooling through the
stomata, leaf temperature is increased (Kana and Vass, 2008). Prolonged transpiration
rate is a secondary associated mechanism during drought stress (Evans 1972).

Digital phenotyping of plants, which is based on digital imaging and image
processing have revolutionized plant phenotyping and are now a major tool for
phenotypic trait measurement (Dhondt 2013). The applicability of freely accessible
softwares, like ImageJ, in digital phenotyping plays a vital role for accessing traits
like biomass production (Hartmann 2011). Determination of the area covered by
green leaves and shoots has proven to be a very useful approach for monitoring plant

growth non-destructively under various stress conditions (Kacira and Ling 2001).
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In the Plant Biology Institute of BRC a greenhouse-based stress diagnostic
system has been developed during the last ten years by using semi-automatic leaf area
determination, which could be used to analyse the responses of different wheat
genotypes by modelling drought and salt stress (Majer 2008, Cseri 2013, Feher-

Juhasz 2014).

1.4. Research approach and perspectives

The productivity and distribution of plants are affected to a large extent by
environmental conditions, due to the immobile nature of plants. Wheat (Triticum
aestivum L.) is one of the main agricultural crops cultivated in different environments.
Grain vyield is the most important parameter of the wheat genotypes, which are
cultivated for grain production. Growth and yield are functions of a large number of
metabolic processes, which are affected by environmental and genetic factors. Studies
of growth pattern and its understanding not only tell us how plant accumulates dry
matter, but also reveals the events which can make a plant more or less productive
(Ahad, 1986). The need to bridge the gap between genotype and phenotype, correlate
gene function, discover plant performance, mechanisms and adaptations of plant
responses to the environment could be solved by using fast and high resolution plant
phenotyping tools (Furbank 2009). Mining natural variations of plant physiological
growth and correlate aspects of ’agronomical and morphological’ traits provides a
powerful tool for optimising crop productivity. This approach is based on the
prediction of physiological parameters which correlate with stress tolerance and can
be used to study several physiological questions of environmental stresses which can

facilitate the breeding process of wheat.

20



1.5. Objectives of the thesis

Our research group has been working for years in the development of a complex

stress diagnostic system which could be used for studying and characterising plant

growth and development under various stressfull conditions. Our primary interest here

was to correlate natural variations of physiological responses using photosynthetic

and phenotyping tools. By considering these main objectives, our aims were:

1)

2)

3)

4)

5)

6)

To characterise key physiological and economically important traits *biomass
and grain yield’using our complex stress diagnostic protocols.

To compare the yields of biomass and grain production based on the
phenotypic and photosynthetic parameters obtained during biomass
accumulation and grain filling period.

To evaluate prediction of biomass and grain yield based on the photosynthetic
measurements taken from ‘secondary leaves’ of vegetative phase and flag
leaf” of grain filling reproductive phase in sensitive and tolerant wheat
varieties under severe drought and salinity stress conditions.

To monitor the synergistic effects of drought and salt stress in various wheat
cultivars of different geographic origin. To explain the effects of high salt
stress on energy absorption and energy dissipation on the basis of various
parameters from fluorescence induction curves.

To deduce electron flow responses under desiccation and rehydration of the
resurrection plant Haberlea rhodopensis grown in different natural ecotypes.
To determine the photosynthetic efficacy of tetraploid willow plants for

enhanced growth and biomass production.
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2. MATERIALS AND METHODS

2.1. Plant material and experimental conditions
2.1.1. Drought experiment

Vernalization of one-week old seedlings was carried out for 6-week, at 4°C in
a cold chamber, under continuous dim light. Vernalized plantlets of the Cappelle

Desprez and Plainsman V (Guéth 2009) (http://genbank.vurv.cz/wheat/pedigree)

winter wheat (Triticum aestivum L.) varieties were planted in a soil-sand-peat mixture
(3:1:1, v/viv). Plants were regularly irrigated and grown in controlled green-house
conditions for two weeks before starting the drought stress treatment.
Photosynthetically active radiation (PAR) within controlled environment was
maintained with a 14 h photoperiod at a PPFD of 400 — 500 pmol m? s, 22-25 °C
and ca. 45-55% relative humidity.

Drought stress was induced on the above mentioned seedlings (4- 5 leaf stage)
by limiting irrigation to ensure 10% field capacity of the soil using the computer-
controlled water supply system of our phenotyping platform (Cseri 2013) for a period
of 35 days. The well watered control plants were irrigated to keep 60 % field capacity
of the soil. Biomass accumulation in the vegetative phase, i.e. in the first 3 weeks of
the drought treatment, was monitored from the younger fully developed leaves, which
are denoted as ‘Secondary leaves’. While in the reproductive grain filling phase, in
the 4M-5"™ week of the drought treatment, the measurements were performed on the
last fully developed leaf, denoted as ‘flag leaf”. Six replicates of each treatment were
used for the study in three separate experimental trials conducted in August-

September 2012, April- May and July- August 2013 respectively.
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2.1.2. Salinity and drought experiment

The experiment was conducted with 14 wheat (Triticum aestivum L.) cultivars
from Serbia (5), Austria (4) and Azerbaijan (5), which were chosen on the basis of
data available for their salt and drought tolerance. Serbian wheat cultivars used were
Balkan, NS 40S (DT), NS Avangarda, Suboticanka (DS), Renesansa. (Babic 2011,
Dencic 2000, Dimitrijevic 2009). Austrian wheat cultivars used were Donnato, Midas
(DT), Gallio, Capo (DT) (Teizer 2010). Azerbaijani wheat cultivars used were Tale
38 (DS), Azamatli-95 (DT), Giymatli-2/17 (DS), Gobustan (DT), Gyrmyzy gul- 1
(DS) (Babyev 2013, Huseynova 2007, Talai 2010).
Plants were grown under four different water/salt treatment (T) conditions:
T1- Well watered (60 % water capacity) and no salt (NaCl) added (control 1),
T2- Water limited (20 % water capacity) and no salt (NaCl) added (control 2),
T3- Well watered (60 % water capacity) and saline conditions (0.2% NaCl or

29 /kg soil),
T4- Water limited (20 % water capacity) and saline conditions (0.2% NaCl or
29 /kg soil).

Watering was done automatically by a plant mover system including a balance
in connection with a computer- mediated peristaltic pump. As pots had a
radiofrequency identifier, watering data could be stored automatically by computer.
PAR levels within controlled greenhouse environment was maintained with a 14 h
photoperiod at a PPFD of 400 — 550 umol m™ s™. The daytime temperatures were 8-
15°C for young plants at seedling stage, 16-22°C for the growing phase, and 23-28°C
after heading. The night time temperatures were ca 5°C lower than the daytime
minimum temperatures, but did not drop below 5°C even in case of the young plants

at seedling stage.
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Biomass accumulation in the vegetative phase, i.e. in the first 3 / 4™ weeks
post treatment imposition, was monitored from the younger fully developed leaves,
which are denoted as ‘Secondary leaves’. While in the reproductive grain filling
phase, the measurements were performed on the last fully developed leaf, denoted as
flag leaf” in the 5™/ 6™ week post treatment.

At 4- 5 leaf stage, irrigation was limited to 20% field capacity of the soil using
the computer-controlled water supply system of our phenotyping platform (Cseri
2013). Experiments with 14 different wheat cv. were monitored for 13 weeks post
treatment. The control well watered plants were irrigated to keep 60 % field capacity
of the soil. At the end of the experiment grain production parameters (above ground
biomass, plant height, yield/main spike, yield/side tillers and total grain yield weight

etc.) were measured. Five replicates of each treatment were used for the study.

2.1.3. Desiccation experiment

Haberlea rhodopensis Friv. tufts were collected in the Rhodope Mountains
(Bulgaria) at two neighbouring natural habitats. Low-light-adapted ecotype (Shade)
plants were collected at an altitude of 1000 m, from rocks below trees where the
average daily irradiance was very low (20-30 pmol m™ s PPFD), the daytime
temperature and relative humidity, measured in June were 21-25 °C and 40-45%,
respectively. High-light-adapted ecotype (Sun) plants were collected at an altitude of
1200 m, where the light intensity measured in the midday in June was 1300-1700
umol m™ s™ PPFD, the temperature at leaf level and the relative humidity were 3037
°C and 15-30%, respectively. Plants were cultivated under controlled environments

referring to the natural conditions until the measurements. Leaves of adult rosettes
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from the same ecotype and of similar size and appearance were selected for the
experiments.

Detached three leaf replicates of sun and shade ecotypes were kept in partially
closed transparent glass petri plates at room temperature of low light laboratory
conditions in each replication. Leaf weight was monitored daily using analytical
weighing balance. Recovery was done by keeping the leaf samples in the wet
chromatograph paper kept inside the closed petri plates. Photosynthetic measurements

were carried out daily in the morning 9-11 am timings.

2.2. Relative water content (RWC)

The relative leaf water content (RWC) was calculated as 100*(SW-DW)/FW,
where DW= dry weight, FW= fresh weight and SW= saturated weight. SW was
measured after saturating the water content of leaf discs for 24 hours. DW was

measured after desiccating leaf discs at 60 °C to air-dry state.

2.3. Pigment content estimation

Sampling was done on the sixth or seventh fully opened leaves from the top.
Pigment extraction was done using dimethylformamide (Jacobsen 2012). Leaf discs
of 0.8 cm were immersed in ImL of dimethylformamide for 48 h. The spectral
determination of chlorophylls a and b, as well as total carotenoids, was carried out
according to Wellburn (1994): Car(x + c) mg/lcm® = total leaf carotenoids

[xanthophyll (x) plus carotenes (c)].

2.4. Proline content

0.1g of fresh leaf samples (fully developed leaf below flag leaves) were
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collected in liquid nitrogen from all the wheat cultivars which are subjected to various
treatment conditions. Leaf proline content was analyzed at the 10" week post stress
treatment. The content of free proline in wheat leaves was determined as described by
(Bates 1973). Samples were homogenized in 3% (w/v) sulfosalicylic acid to
precipitate protein, and centrifuged at 14,000xg for 10 min. The reaction mixture
contained 2 mL glacial acetic acid, 2 mL ninhydrin reagent (2.50 % w/v ninhydrin in
60 % v/v 6 M phosphoric acid) and 2 mL of supernatant. The incubation lasted for 1 h
at 90°C then, after stopping the reaction with ice, 4 cm® of toluene was added and
mixed by vortex. The upper toluene phase was decanted into a glass cuvette and
absorbance was measured at k = 520 nm. The concentration was assayed using
proline as the calibration standard. Each assay was performed in five replicates
representing five leaves from different plants for each treatment. The content of

proline was expressed as mg proline/ (g of leaf fresh weight).

2.5. Gas exchange measurements

Gas exchange parameters: CO, uptake rate, transpiration, stomatal
conductance and intercellular CO, concentration were measured by using a Li-6400
gas analyzer (Licor, Lincoln, Nebraska, USA). Two to three selected leaves of
secondary as well as flag leaf from plant replicates under respective drought regime
were inserted into the gas cuvette for individual measurements. The gas cuvette
-1

conditions were set to 400 ppm CO,, ambient temperature and 400 pmol m? s

growth light intensity.
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2.6. Fluorescence measurements
2.6.1. OJIP chl a fluorescence

OJIP chlorophyll a fluorescence transients were measured using a Plant
Efficiency Analyzer (Pocket Pea, Hansatech, Norfolk, UK). The transients were
induced by red light from an LED source (627 nm, up to 3500 pmoles m? s*
intensity) for drought and salt stress experiments while OJIP test for desiccation
experiment on Haberlea leaves (2 s saturating pulse at 639 nm) were measured by a
double-modulation FL 3000 Fluorometer (Photon Systems Instruments Ltd., Brno) at
room temperature kept in cuvette.

Prior to measurements performed on the adaxial surface, leaves were dark
adapted for 20 min using light tight leaf-clips. The OJIP-test (Strasser 2000) was used
to analyze the chlorophyll a fluorescence transients and the following original data
were acquired: O (F,) initial fluorescence level (measured at 50 ps), P (Fr,) maximal
fluorescence intensity, as well as the J (at about 2 ms) and the | (at about 30 ms)
intermediate fluorescence levels. From these specific fluorescence features the
following parameters of photosynthetic efficiency were calculated: Maximal PSII
quantum yield, F,/Fn; The ratio of variable fluorescence to initial fluorescence, F./F,
where F, = Fn- Fo; Probability of electron transport out of Qa, (1-V;j)/ V; where V; =
(Fams — Fo)/Fy; Total complementary area between the fluorescence induction curve
and Fp, of the OJIP curve, Area; Qa reducing reaction centers per PSIl antenna
chlorophyll, RC/ABS = (Fv/Fwm ) . (Fs - Fo) /[4. (Fs0us - Fo)]) (Campos 2014; Strasser
2004); Performance index (potential) for energy conservation from photons absorbed
by PSII to the reduction of intersystem electron acceptors, Plaps (Zivcak 2008;
Campos 2014).

1- (Fy Fpy) F,,— Fo 1-V

= X X
M,/ V; F, Y

Pl

abs
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where Mq= 4* (F300 us — Fo)/ (Fm — Fo) represents initial slope of fluorescence
Kinetics.

For screening of drought stress tolerance a further parameter, the so called
drought factor index (DFI) was used, which is derived from PI values measured after
1 or 2 weeks of drought treatment, and reflects the ability of plants to tolerate

sustained drought stress conditions (Oukarroum 2007).

(DFI):IOQ (leeekll I:)Icontrol)"' 2 |09 (leeek 2/ PIcontrol)

2.6.2. Flash induced Chl a fluorescence relaxation

Photosystem (PS) Il activity in detached H. rhodopensis leaves during and
after desiccation treatments and recovery periods was assessed by measuring the
changes of variable Chl a fluorescence values, using the initial amplitudes of the
flash-induced fluorescence signals (F, = Fy, - Fo) as an indicator of the amount of
functional PSII centers. Changes in chl fluorescence yield induced by a 20 us
saturating flash (1020 umol m™ s™ actinic light at 639 nm) were measured by a
double-modulation FL3000 fluorometer (PSI, Brno, Czech Republic) range as

described in (Vass 1999).

The flash-induced Chl a fluorescence measurements were performed with an
FL 3000 Fluorometer (Photon Systems Instruments Ltd., Brno) (Trtilek 1997). The
instrument contained red LEDs for both actinic (20 pus) and measuring (8 ps) flashes,
with measuring delay of (7 ps). By using the double-modulation technique,
fluorescence yield changes can be measured in a very broad time range, from 100 ps
to 100 s, and study reoxidation processes of Qa by both forward and back reactions

(Vass 1999). Measurements were repeated on three biologically different samples at
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preset time points. The data were visualized and evaluated using the Fluorwin
software, version 3.6.3.11 and Origin 2015.

Analysis of the fluorescence relaxation kinetics was based on the widely used
model of the two-electron gate. According to this model, the fast (few hundred
microseconds) decay component reflects Qa  reoxidation via forward electron
transport in centers which contain bound PQ (in the oxidized or semireduced form) at
the Qg site before the flash. The middle (few milliseconds) phase arises from Qa
reoxidation in centers which had an empty Qg site at the time of the flash and have to
bind a PQ molecule from the PQ pool. Finally, the slow (few seconds) phase reflects
Qa reoxidation via back reaction with the S, state of the water oxidizing complex.
The fast and middle phases are generally described by exponential components. In
contrast, the slow decay of Qa Vvia charge recombination has been shown to obey

hyperbolic decay kinetics corresponding to an apparent second-order process.

2.7. Simultaneous measurements of P700 redox state and Chl fluorescence
Variable Chl fluorescence from PSII and the amount of oxidized PSI primary
Chl electron donor (P700%) was simultaneously measured using a DUAL-PAM-100
system (WALZ, Effeltrich, Germany). From the fluorescence data F./Fn,, and the
effective quantum yield of photochemical energy conversion in PSII, Y(II)= (Fn - F)/
Fr (Genty 1989) where F,, F, are dark fluorescence yield from dark- and light-
adapted leaf, respectively and Fn, Fn are maximal fluorescence yield from dark- and
light-adapted leaf, respectively were calculated. The P700" signal (P) may vary
between a minimal (P700 fully reduced) and a maximal level (P700 fully oxidized).
The maximum level of P700" is called Py, in analogy with Fn. It was determined by

application of a saturation pulse (300 ms, 10000 pmol m?s™; 635 nm) after pre-
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illumination with far-red light. P,” is analogous to the fluorescence parameter F,” and
was determined by applying 800 ms saturating pulse of 635 nm red light. The
photochemical quantum yield of PSI, Y(I) is the quantum yield of photochemical
energy conversion in PSI. It is calculated as Y(I) = (Pm” — P)/ Pm. Y(ND) is the
quantum vyield of non-photochemical energy dissipation in PSI due to donor side
limitation, Y(ND) = P/Pn. Y(NA) is the quantum yield of non-photochemical energy
dissipation due to acceptor side limitation in PSI, Y(NA) = (Pm - Pm’)/ Pm, and Y(I) +
Y(ND) + Y(NA) = 1 (Klughammer & Schreiber, 1994). Non-photochemical
quenching NPQ (Bilger & Bjorkman, 1990), was calculated as (Fyn — Fms)/Fms, Where
Fmn represents the fluorescence of a dark-adapted sample and Fys represents a
fluorescence of the illuminated sample. Plants were dark-adapted for ~20 min and
kinetics were measured after repeated light pulses of 94 PPFD for 300 sec. Leaves
were subsequently relaxed in darkness for 240 sec and fluorescence while
continuously measuring and recording fluorescence (Szalonek 2015). The electron
transport rates through PSII as well as through PSI were determined simultaneously
(Miyake 2005; Fan 2007). The apparent rate of electron transport in higher plants
were calculated as ETR(I1) = Y(II) * PPFD * 0.5 * 0.84 and ETR(l) = Y(I) * PPFD *
0.5 *0.84 (Genty 1989), where Y (II) and Y(I) are effective quantum yields of PSII
and PSI respectively, PPFD is the photon flux density of incident photosynthetically
active radiation and two coefficients (0.5 and 0.84 for higher plants; Bjorkman and
Demmig 1987; Schreiber 2004).

The ETR(I) in flag leaves during grain filling period of selected wheat
cultivars from different geographical origin of salinity experiment were determined by

using WALZ Mini-PAM photosynthesis yield analyzer.
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2.8. Thermal imaging

Thermal images were taken by using a Thermo Varioscan (Jenoptik, Laser
optik, Systeme, GmbH) camera as described by (Kana & Vass, 2008). Thermal
images of wheat cultivars under various drought stress treatments were analyzed by

using ImageJ software (http://rsbweb.nih.gov/ij/) to select and measure areas based on

color. Images were threshold using Hue, Saturation and Brightness (HSB) color space
and converted to binary values by defining a color scale cutoff point. Values of
evaporative cooled area, represented by pixels below the ambient temperature,

become black and those in above become white.

2.9. Digital imaging

Digital images of seedlings in drought experiment were performed by using a
Nikon D80 camera equipped with an AF-S DX Zoom-NIKKOR 18-135 mm objective
(f/3.5-5.6G ED-IF Lens) and close-up rings. Digital images of plant replicates under
various drought stress treatments in drought stress trial were analyzed for green
biomass area using ImageJ software. We used colour thresholding to select just the
plant green area and exclude the stand, pot, shadows and yellowish leaves

(http://rsbweb.nih.qov/ij/).

The shoot growth parameters in salinity trial were analyzed according to the
protocols used in Fehér-Juhasz (2014) during the whole life cycle of the tested wheat
cultivars by using the HAS-SSDS platform of the EPPN in Szeged, Hungary. These
measurements provided information on plant height, and total green biomass change
during the cultivation period. Water use profiles were recorded at the level of
individual plants during the whole cultivation period from which the efficiency of

water usage, as well as the effect of NaCl on water utilization was determined.
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2.10. Statistical analysis
The comparison of traits of plants of the same variety, which were grown
under different treatment conditions/ genetic changes was based on the two-sample

Student's t-Tests (http://www.physics.csbsju.edu/stats/t-test.html). Welch’s t test is an

adaptation of Student’s t test and is more reliable if the samples have unequal sample
sizes or variances. Levels of significance (P values) in differences from means of
control and treatment plant samples are indicated in the figure legends.

In photosynthetic studies, the data were visualized and evaluated by the
following methods: for ETR(I) and ETR(Il) measurements, Dual PAM version 1.18
and Origin 2015; for gas-exchange measurements, L1-6400 OPEN Software version
5.3 and Origin 2015; for chlorophyll fluorescence parameters deduced from OJIP fast
kinetics measurements, PEA Plus version 1.00 and Origin 2015.Spider graph values

are displayed after normalization to respective values obtained in the controls.
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3. RESULTS AND DISCUSSION

3.1. Characterization of biomass and grain yield responses in wheat (Triticum

aestivum L.) under severe water stress

3.1.1. Phenotyping for biomass accumulation and grain yield

Growth of wheat plants was monitored by digital photography by recording green
pixel-based shoot surface area of wheat plants, which was performed during the
whole growth period once a week. According to our previous data the green pixel-
based shoot surface area correlates with green biomass (Fehér-Juhasz 2014). Digital

RGB imaging of leaf/shoot area showed that the Cappelle Desprez cv. produces larger
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Figure 5. Effect of drought stress on the accumulation of green biomass. A. The area
of the green leaves and shoots, which is used as a proxy for the above ground green
biomass, was calculated from the analysis of digital photographs for the Cappelle
Desprez and the Plainsman V wheat cultivars kept either under well watered (60%
field capacity) or water limited (10% field capacity) conditions. The measurements
were performed after 14, 20 and 28 days following the start of the drought treatment,
which occurred after two weeks of planting the vernalized seedlings into pots. The
means + SE were calculated from five plants/ treatment. The asterisks indicate
significant differences (*: p<0.05) between plants of the two different varieties, which
were kept at the same soil water content.

above ground green biomass than Plainsman V not only under conditions of water

availability but also under water scarcity (Fig. 5).
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Figure 6. Representative digital images show drought stressed wheat plants Cappelle
Desprez and Plainsman V at A. 14; B. 20; and C. 28 days of post water stress (dpws),
respectively.

3.1.1.1. Direct measurement of actual mass and growth parameters

We also checked the actual biomass and growth attributes at the end of
drought treatment. Although shoot biomass was comparatively higher in drought
stressed cv. Cappelle Desprez, significant reduction of shoot fresh weight was
observed in both wheat cv. with respect to controls (Fig. 7A). Plant height was
significantly higher in Cappelle cv. irrespective of drought (Fig. 7B). But the number
of tillers/ plant were higher in cv. Plainsman V which substantiates its better grain

yield stability under drought stress (Fig. 7C).

The area of flag and secondary leaves were four fold higher in Cappelle
Desprez cv. as that observed in Plainsman V under severe drought (Figs. 7D and 7E).
Higher leaf area adapts Cappelle cv. to recieve more quanta of photons in the inactive
reaction centers of PSI thereby activating light saturated photosynthesis and enhanced
cyclic electron flow under drought. The higher leaf area helps the plant to reduce the

soil transpiration and save the soil water for prolonged use.
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Figure 7. Physical measurements of biomass and growth parameters at the end of the
drought stress experiment. A, Shoot biomass; B, Plant height; C, Number of
tillers/plant; D, Flag leaf area; E, Average of secondary leaves area. Based on Welch’s
t test, statistically significant differences (*: p <0.05, **: p <0.01 and ***: p <0.001)
between plants of the two different varieties, which were kept at the same soil water

content are indicated.

3.1.1.2. Grain yield determination

Table 1. Effect of drought stress on the total grain yield of the experiment and the
thousand-kernel weight of Cappelle Desprez and Plainsman V wheat cultivars.

Treatment Total grain yield/plant’ 1000 kernel weight'
(9) (9)

10% W, Cappelle Desprez 0.41 £0.01 19.18 + 0.32
(** p< 0.01) (*** p< 0.001)
60% W, Cappelle Desprez 1.57+0.12 41.20 + 1.47
(* p< 0.05) (*** p< 0.001)
10% W, Plainsman V 0.77 £ 0.06 29.10+1.79
60% W, Plainsman V 1.01 +£0.07 32.14+0.91

! data is average of three replications
The * signs indicate the level of significance for the difference between the two
cultivars when compared under the same watering conditions
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The grain yield data showed an opposite trend compared to the biomass
accumulation, i.e. although grain yield under well watered conditions was higher in
the Cappelle Desprez cv., the Plainsman V produced more grains under water
limitation, and showed lower grain yield loss (24%) than the Cappelle Desprez (74%)
(Table 1).

From grain yield attributes, we can find that the number of grains/ears and
spike weight (fresh/dry) of main tiller is significantly higher in Cappelle plants when
compared to Plainsman V (Figs. 8A, 8C and 8D). Total number of spikes/plant along
with number of tillers/plant during drought stress was increased in drought stressed
Plainsman V when compared Cappelle cv. under stress (Fig. 8B). Weight of spikes
obtained from side tillers remain the same in both cultivars even though Cappelle cv.
had lower number of tillers and spikes/plant (Figs. 8E and 8F).
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Figure 8. Physical measurements of grain yield attributes at the end of the drought
stress experiment. A, Shoot biomass; B, Plant height; C, Number of tillers/plant; D,
Flag leaf area; E, Average of secondary leaves area. Based on Welch’s t test,
statistically significant differences (*: p <0.05, **: p <0.01 and ***: p <0.001)

between plants of the two different varieties, which were kept at the same soil water
content are indicated.
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These findings represent an interesting situation in which green biomass accumulation
and grain production respond differentially to water scarcity in different wheat
cultivars, i.e. although the “drought sensitive” Cappelle Desprez keeps higher biomass
than the “drought tolerant” Plainsman V., the Plainsman V. is able to maintain higher
absolute grain yield and grain yield stability under conditions of water limitation.
Therefore, phenotyping based only on shoot/leaf area (green biomass) can be largely

misleading for drawing predictions about grain yield potential.

3.1.2. Carbon fixation and stomatal functions and water use efficiency (WUE)
The ultimate source of biomass accumulation is CO,, which is fixed by the
photosynthetic apparatus in the form of organic substances. From gas exchange
measurements, we could observe that the net CO, uptake rate and other gas exchange
parameters were not affected in the first week of drought stress. After the second
week the net CO, uptake decreased in the secondary leaves of water limited plants
both in the case of drought sensitive Cappelle Desprez and drought tolerant Plainsman
V cv. (Fig 9A). However, the extent of decrease was less for the Cappelle Desprez
than for the Plainsman V (Fig. 9A), which agrees with the larger green biomass
accumulation in the Cappelle Desprez. Interestingly, in the grain filling period only
the Cappelle Desprez cv. responded with decreased CO, uptake to the decreased soil
water content in case of the flag leaves (Fig. 9A). The CO, uptake rate was
maintained higher in the Plainsman V than in the Cappelle Desprez cv, which
correlates well with the higher grain yield of the drought stressed Plainsman V cv.
The calculated intercellular CO, showed decreased levels in the drought stressed

Cappelle Desprez plants both in the secondary and flag leaves (Fig. 9C).
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However, in the Plainsman cv. both the secondary and the flag leaves maintained

intercellular CO, at a similar level in the drought stressed and well watered plants.

38



CO; access to the inner leaf compartments, which determines CO, availability for the
Calvin-Benson cycle, is limited in the first place by penetration through the stomata.
Therefore, stomatal closure, which is a usual response to water limitation, is an
important factor for determining the rate of photosynthesis. Stomatal closure occurred
under drought stress in the secondary leaves of both cultivars. However, in the grain
filling flag leaves only the Cappelle Desprez cv. closed the stomata, while they were
kept practically open in the Plainsman V., which again agrees well with the higher
grain yield observed in this cultivar.

Regulation of stomatal function is an important mechanism in dealing with the
adverse consequences of drought stress. The typical response of plants to water
limitation is stomatal closure through which the amount of water loss through
evaporation can be decreased. On the other hand, drought induced closing of stomata
limits also CO, uptake; therefore, it decreases the efficiency of net photosynthesis.
The response of stomatal conductance (Fig. 9B) and evaporation rate (Fig. 9D) shows
similar pattern to that of CO; uptake.

Interestingly, in case of secondary leaves both parameters decreased under
drought stress in both cultivars, while in the flag leaves only the Cappelle Desprez cv.
showed significant decrease of stomatal conductance and evaporation rate under
drought conditions relative to their well watered controls. The Plainsman cv. did not
close its stomata in the flag leaves and did not decrease its evaporation rate (Figs. 9B
and 9D).

The ability of leaves to achieve optimal photosynthesis relative to the amount
of used water, i.e. to conserve water under drought conditions, is characterized by the
water use efficiency, which is given by the ratio of the rates of net photosynthesis and

transpiration. In a typical plant response to water limitation stomata close and
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transpiration decreases in parallel with the decrease of CO, uptake and net
photosynthesis. Since the extent of decreasing the transpiration rate is usually higher
than the decrease of net photosynthesis the water use efficiency increases, and the
plants conserve water and increase their chances for survival. This typical response
can be observed both in the secondary and flag leaves of the Cappelle Desprez cv.
(Fig. 9F). In the Plainsman cv. the WUE (A/E) parameter increased only slightly in
the secondary leaves and also in the flag leaves during the grain filling phase of the
drought stressed plants, which is consistent with sustained photosynthesis and flag
leaf transpiration in order to maintain high grain yield.

After entering into the leaf via the stomata CO; is also limited in reaching the
chloroplasts, where the Calvin-Benson cycle enzymes are located, by entering through
the mesophyll tissue. This phenomenon is characterized by the mesophyll
conductance (gm) parameter, which can be accessed by using A/C; ratio (calculated
from the ratio of the rates of net photosynthesis and intercellular CO, concentration)
(Harley 1992). During the vegetative phase of biomass accumulation period higher gn
values were observed in the secondary leaves of drought stressed Cappelle Desprez
cv. when compared to drought stressed Plainsman V and controls of both varieties
(Fig. 9E). These higher gy values of drought stressed Cappelle Desprez positively
correlate with its better WUE (Barbour 2010) (Figs. 9E and 9F). However, in the
early phases of grain filling period the flag leaves of drought stressed Plainsman cv.
show better g, in comparison to drought stressed Cappelle Desprez and well watered
Plainsman V. This higher g value of drought stressed flag leaves of the Plainsman
cv. during grain filling period helps the plant to retain grain yield stability. While the
higher gn and WUE values help Cappelle Desprez for delaying senescence (Hafsi

2007; Gudéth 2009) and retain biomass yield stability.
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3.1.3. Evapotranspiration

The stomata status influences not only CO, uptake, but also the efficiency of
evaporating water from the leaf tissue, which in turn affects the temperature of the
leaves. Leaf temperature can be conveniently monitored by thermal imaging in the
infrared spectral range, and drought stress induced leaf temperature changes can be

studied.
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Figure 10. Quantified data from thermal images of drought stressed Cappelle Desprez
and Plainsman V wheat plants by using ImageJ software by thresholding evaporative
cooled area relative to the temperature of the surrounding air. The presented data were
obtained from the average of thermal images taken under conditions of water stress
(10% W) and well watered control (60% W) on the 20", 27" and 34™ day of drought
stress. The means + SE were calculated from 5 plants/treatment. The asterisks indicate
significant differences (*: p <0.05, **: p <0.01) between plants of the two different
varieties, which were kept at the same soil water content.

Thermal images were quantified based on pixel numbers calculated from
thresholded evaporative cooled area relative to ambient background temperature
(Vass 2015) (Fig. 10). The data show that the leaf and shoot area, which is cooler than
the surrounding air, i.e. cooled by evaporation via transpiration, is small in drought
stressed Cappelle Desprez plants indicating low transpiration rate due to stomatal
closure (Fig. 10). In contrast, the Plainsman V cv. has larger cooled leaf area not only

in the well watered, but also in the drought stressed plants (Fig. 10).
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Evaporative cooling is especially pronounced in the spikes of Plainsman V
plants (Fig. 11A-C), which is in agreement with the open status of the stomata
allowing efficient CO, uptake and large net photosynthesis rate for a sustained period

during grain filling leading to increased grain yield stability.

Figure 11. Representative thermal images show wheat plants Cappelle Desprez and
Plainsman V under water stress (10% W) and control (60% W) conditions taken after
A. 20; B. 27; and C. 34 days of post water stress (dpws), respectively.

3.1.4. Fast kinetics measurements: Chl fluorescence and P700

We observed drought induced changes in photosynthetic electron transport
rate from the analysis of fast Chl fluorescence and P700 kinetics measured in dark
adapted leaves (Fig. 12). The effects of drought on the initial processes of
photosynthesis which take place in the PSII complex were characterized by measuring
variable chlorophyll fluorescence induction transients, the so called OJIP curves.

The measurements were performed both on the secondary leaves, which are
expected to reflect photosynthetic activity that is responsible for overall green
biomass growth, as well as on flag leaves, which primarily support grain
development. The I-P amplitude which reflects the size of the electron acceptor pool
of PSI showed clear differences in variable fluorescence transients (Schansker 2005;
Tsimilli-Michael and Strasser, 2008), and was correlated with a higher PSI activity

due to an increased PSI/PSII ratio (Ceppi 2012).
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In case of secondary leaves the Cappelle Desprez cv. responded to water
withdrawal with only minor changes of the OJIP fluorescence and P700 Kinetic
transients in the first 2 weeks of the drought treatment (Fig. 12A). After 3 weeks,
however, faster rise in Chl fluorescence and P700 oxidation and re-reduction transient
was observed in drought stressed Cappelle cv. showing reduction of ferredoxin and

increased PSI content (ca. 20%, Fig. 12B) (Schansker 2005; Ceppi 2012).
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Figure 12. Fast chlorophyll a fluorescence and P700 redox Kinetics. The
measurements were done in leaves of well-watered (60% W) and drought stressed
(10% W) of Cappelle Desprez and Plainsman V cv. wheat plants. Measurements were
carried out in early developed secondary leaves (SL) on the A, 14" and B, 20" days of
treatment, while on the C, 21% and D, 28" days of treatment in flag leaves (FL). The
saturation pulse intensity was 10,000 pmol photons m?s™ for 0.8 s. The O, J, I and P
points represent the standard phases of chlorophyll a fluorescence transients. Curves
shown are plotted without any normalization.

In drought stressed Plainsman V we could observe a faster rise of the J-I
phase, PSI oxidation was prolonged and PSI re-reduction did not reach normal level.

Faster decay of drought stressed Plainsman V shows less functional PSII activity and
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smaller PSI content. Well watered controls of both cultivars showed comparable
responses in Chl fluorescence and P700 redox kinetics (Fig. 12B).

Kinetically, the I-P phase has been shown to correlate with PSI activity and
changes in the I-P amplitude can be used as semi quantitative indicators for (relative)
changes in the PSI content of the leaf (Ceppi 2012). During the early phase of spiking
(21% and 28" day of drought), 10% W Cappelle Desprez cv. showed similar trend of
higher PSI content in the flag leaves with an increase of I-P amplitude in fast
chlorophyll fluorescence and P700/ P700 ratio (Fig. 12C and 12D). This effect
could be due to enhanced CEF around PSI, which is an important defense mechanism
against drought and other abiotic stress factors (Joliot & Joliot, 2002; Kono 2014), as
a result of a transient block of electron transfer at the electron acceptor side of PSI
under a high [NADPH]/ [NADP'] ratio (Hamdani 2015). In drought stressed
Plainsman V we could observe a slower rise of J-1 phase and I-P amplitude with
increased P700 oxidation ending in faster re-reduction decay kinetics (Fig. 12C and
12D). This indicates higher functional PSII activity for drought stressed Plainsman V

in the flag leaves during early grain filling phase.

3.1.5. Chl fluorescence parameters to drought stress

Various biophysical parameters derived from Chl a fluorescence transient
measurements help to understand the energy flow through PSII and provide useful
indicators of the development and severity of stress effects, including drought. One of
the useful calculated parameters is the so called performance index (PI), which
combines the three main functional steps taking place in PSII (light energy
absorption, excitation energy trapping, and conversion of excitation energy to electron

transport), and was used as measure of drought stress tolerance (Strauss 2006). Pl,
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which  provides useful and quantitative information about the physiological
conditions and the vitality of plants (Zivcak 2008), revealed differences among
varieties under conditions of drought stress (Oukarroum 2007). Other calculated
parameters like Area and RC/ABS also responded for secondary and flag leaves under
severe drought stress (Campos 2014).

In case of secondary leaves the Cappelle Desprez cv. responded to water
withdrawal with only minor changes in the deduced electron transport parameters in
the first 2 weeks of the drought treatment (Fig. 13). In contrast, the Plainsman V.
showed a clear tendency for decreasing the PI, the Area reflecting the size of oxidized
PQ pool, and the RC/ABS parameters indicating a decreased photosynthetic

performance at the level of secondary leaves (Fig. 13).
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Figure 13. Variable Chl a fluorescence characteristic of secondary leaves in Cappelle
and Plainsman cv. wheat seedlings after 7, 14 and 20 days of drought stress. Spider
graphs represent means = SE of five plants/ treatment in the drought stressed plants
shown after normalization to their respective well watered controls.

Interestingly, the flag leaves, which serve as grain development supporting
leaves in the phase of spiking, showed a partially opposite trend in response to water

withdrawal. Well watered and drought stressed Cappelle Desprez plants show only
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minor differences relative to each other (Fig. 14). As regards deduced fluorescence
parameters there was no significant effect of drought stress in either of the
developmental stages of the flag leaf of the Cappelle Desprez cv. with the exception
of a small increase of PI after 2 weeks of drought stress (Fig. 14). In contrast, the
Plainsman V cv. showed a marked increase of the Pl parameter with the progress of
drought stress with some increase also in the Area, RC/ABS, and Fv/Fm parameters
after 4 weeks of drought stress (Fig. 14). These data show that the photosynthetic
efficiency of flag leaves during drought stress conditions were less affected in tolerant

Plainsman V cv. compared to sensitive Cappelle Desprez variety.
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Figure 14. Variable Chl a fluorescence characteristic of flag leaves in Cappelle and
Plainsman cv. wheat seedlings after 7, 14 and 20 days of drought stress. Spider graphs
represent means = SE of five plants/ treatment in the drought stressed plants shown
after normalization to their respective well watered controls.

For the characterization of drought tolerance on the basis of Chl fluorescence
data Strasser and coworkers have introduced the so called drought factor index (DFI).

This parameter represents the relative decrease of the performance index (PI) during

water scarcity and reflects the ability of plants to tolerate long-term drought stress
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(Oukarroum 2007). A large positive value of DFI indicates drought tolerance, while a
large negative value is characteristic for drought sensitivity. According to Table 2, in
the periods of severe drought and senescence the secondary leaves of the Cappelle
Desprez and Plainsman V cv. show positive and negative DFI, respectively, which is
in agreement with the larger green leaf area and biomass of Cappelle Desprez as
compared to that of Plainsman V.

Table 2. Calculated Drought Factor Index (DFI) values of drought sensitive Cappelle

Desprez and drought tolerant Plainsman V cv. under medium to severe drought
(dpws- days post water stress).

Secondary Leaves (DFI Flag Leaves (DFI)
Wheat cv. / Medium | Severe Senescence | Medium | Severe Senescence
Drought stress | 7- 14 14- 20 20- 27 14- 20 20- 27 27- 35
(dpws) | (dpws) (dpws) (dpws) | (dpws) (dpws)
Cappelle -0.0659 | 0.1629 0.1870 0.0994 | -0.2096 -0.1364
Desprez
Plainsman V -0.2548 | -0.3489 -0.4978 0.3952 0.7427 0.3099

Interestingly, the DFI values of the flag leaves show an opposite trend with
positive DFI for the Plainsman and negative DFI for the Cappelle Desprez cv. Again,
this behavior is consistent with the higher grain yield of Plainsman V. as compared to

the Cappelle Desprez cv. under drought stress.

3.1.6. Chlorophyll content on drought stressed wheat cv.

Chl a, Chl b, Chl a + b and carotenoid contents were found to be significantly
higher in 10% watered Cappelle Desprez wheat cv. compared to 10% watered
Plainsman V wheat cv. based on the measurements carried out in the later stages (22"
day of drought treatment) of secondary leaves (Table 3). This very well correlates
with the increased biomass,

higher photosynthetic activity, WUE and delayed

senescence characteristics exhibited by drought stressed Cappelle Desprez wheat cv.
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No changes in pigment contents was observed between plants in well watered
conditions (Table 3).

Table 3. Leaf Chlorophyll and carotenoid contents determined on wheat cv. Cappelle
Desprez and Plainsman V from the secondary leaves on 22" day of drought and from
flag leaves of Cappelle Desprez cv. on 40™ day of drought. Sampling was carried out.
Data are mean + SE of three to four independent plants per treatment. Statistically
significant events between the well watered and drought stressed plants in each
variety **P<0.01 and *P<0.05 are indicated.

22" day of drought Chla | Chl b [ Chi(a+h) [ Car (x+c)
Secondary leaves (ug/cm?)

10%W Cappelle **17.36+1.3 | ¥**6.07+0.4 **23.13+1.8 3.72+0.3
60%W Cappelle 9.84+0.8 *3.09+0.2 12.8+1.1 2.45+0.2
10%W Plainsman 9.98+0.9 3.82+0.3 13.62+1.2 2.64+0.2
60%W Plainsman 10.98+0.7 4.02+0.2 14.81+0.8 2.58+0.1
40" day of drought Flag leaves (ug/cm?)

10%W Cappelle 35.64+2.4 12.8+1.2 47.83+3.5 7.54+0.5
60%W Cappelle 36.68+0.2 12.99+0.1 49.1+0.2 7.78+0.1

Note: Due to early senescence, flag leaves of Plainsman V were not available for
sampling.

In flag leaves of Cappelle Desprez, we could find that Chl contents did not decrease in
response to water stress for a prolonged period (40 days post water stress) where as
flag leaves of Plainsman V got dried off due to early senescence similar to what was

reported in Gouth (2009).

3.1.7. Drought induced CEF-PSI

A characteristic response of drought stressed wheat plants is the induction of
CEF around PSI (Johnson 2011; Zivcak 2013; Zivcak 2014), which directs electrons
from the acceptor side of PSI back to the PQ pool. This effect is considered as a
defense mechanism against oxidative stress that develops under conditions of limited
availability of CO, as final electron acceptor due to stomatal closure (Golding &
Johnson, 2003; Zulfugarov 2010). Evidence for cyclic flow at high light exists in all
the plants to a greater or lesser extent (Kono 2014). Since under conditions of CEF

part of the electrons which arise from PSII circulate around PSI, the rate of electron
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flow though PSII (ETR (I1)) and PSI (ETR(I)) are different. One way to assess the

efficiency of cyclic electron flow is to follow the changes in the ETR(1)/ ETR(II)

ratio.
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Figure 15. Changes in the ETR(I)/ ETR(II) ratio. Electron transport rates through PSI
(ETR(I)) and PSII (ETR(II) were measured in leaves of well watered (60% W- filled
symbols) and severe drought stressed (10% W- open sysmbols) Cappelle Desprez
(circles) and Plainsman V (squares) cv. wheat seedlings at different light intensities
of 94, 363 and 849 pmol photons m? s™. The values, which are shown as a function
of the duration of drought treatment, represent the mean + SE of five plants per
treatment.
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As shown in (Fig. 15) the ETR(I)/ ETR(II) ratio does not show significant
differences between the different wheat cultivars either in the control or in drought
stress conditions in the biomass accumulation period at various grow light regimes
(94 - 849 pmol photons m? s™). Only in the well watered Plainsman V was the
ETR(1)/ ETR(II) ratio somewhat lower under medium and high light regimes (Fig.
15B and 15C). However, the ETR(1)/ ETR(II) ratio increased in drought stressed
Cappelle Desprez cv. during grain filling period at medium (363 pmol photons m™ s’

') and high (849 pmol photons m™ s™) light regimes, respectively (Fig. 15B and 15C).
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Figure 16. Relationship between PSII and PSI electron transport rates. ETR(II) and
ETR(I) were measured as a function of light intensity, and the ETR(II) values were
plotted as a function of the corresponding ETR(I) values. Measurements were done in
in leaves of well watered (60% W- filled symbols) and drought stressed (10% W- open
symbols) Cappelle Desprez (circles) and Plainsman V (squares) cv. wheat plants,
respectively. Data represent the means + SE of five plants per treatment.
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The relationship between ETR(I) and ETR(II) can also be analyzed by looking
at the linearity of ETR(II) as a function of ETR(I). When only linear electron flow
dominates there is a linear relationship between ETR(II) and ETR(I). However, after
the onset of cyclic flow ETR(I) increases faster than ETR(Il) and the linear
relationship breaks down at high light (Johnson, 2011). During the early days of
drought (13" day) cyclic flow sets in under similar conditions, ETR(I) = 60 pmol/m?s,
in all treatments (Fig. 16A), but as the drought progresses they show divergent
responses. On the 21 days of drought there is a tendency for the maximum ETR(I) to
increase while the maximum ETR(II) does not change much in the Cappelle cv. (Fig.
16B) implying that linear electron transport is not much affected by the drought
treatment while cyclic electron flow around PSI is increasing in the secondary leaves.
Similar tendency is seen in the flag leaves after 22 and 28 days of drought stress (Fig.
16C and 16D). In contrast drought stressed Plainsman showed a tendency of smaller
cyclic flow in the later phases of drought stress (Fig. 16C and 16D). Thus we could
observe that as the drought progresses cyclic electron flow is losing in Plainsman,
while it is enhancing in Cappelle.

During light-saturated photosynthetic ETR under drought stress conditions,
excess ETR(I) is produced which drives cyclic electron flow (Laisk 2008). In our
experiment, we could find that as the severity of drought progressed to the third week
(21 — 28™ day of drought) enhancement of cyclic electron flow through ETR() in
Cappelle Desprez and losing of ETR(I) in Plainsman V occurred during both biomass

accumulation and grain filling period (Figs. 16B- 16D).
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3.1.8. Linear electron transport through PSI

Light responses of PSI parameters obtained from P700 signals were further
analyzed (Fig. 17). The fraction of overall P700 that is kept in the oxidized state,
Y(ND), was significantly increased with the increase of PPFD in secondary and flag
leaves of drought stressed Plainsman V from the end of the second week of water

withdrawal with respect to Cappelle cv. in both 60% and 10% field capacity (Fig. 17B

and 17C).
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Figure 17. Light response of quantum vyield parameters of PSI photochemistry in
secondary and flag leaves measured at variable light intensities to different days of
drought. P700 kinetics were recorded in Cappelle Desprez (circles) and Plainsman V
(squares) cv. plants in well watered (60% W- closed symbols) and drought stressed
(10% W-open symbols) conditions. Y(I), the effective quantum yield of PSI; Y(ND),
the quantum yield of non-photochemical energy dissipation due to the donor-side
limitation; Y(NA) ), the quantum yield of non-photochemical energy dissipation due
to the acceptor-side limitation are plotted as a function of light intensity. Data
represent the means + SE of five plants per treatment.
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Higher values of Y(ND) indicates that a major fraction of overall P700 is in
the oxidized state during illumination due to limitation of electron flow from PSII
towards PSI under severe drought condition. Y(NA) represents the fraction of overall
P700 that cannot be oxidized by a saturation pulse in a given state due to a lack of
oxidized PSI acceptors (Singh 2014). A substantial increase of Y(NA) was observed
in the flag leaves of drought stressed Cappelle Desprez cv. (Fig. 17C), which
correlates with the lower CO, uptake rate of these leaves, that creates a limitation of
reduced acceptors at the acceptor side of PSI at lower light intensities (Zivcak 2013).
Y(NA) of Cappelle Desprez cv. was greater than Y(ND) at PPFDs <250 umole
photons m? s, while, above this level, Y(NA) decreased and Y(ND) of drought
stressed Plainsman V increased. Higher effective quantum yield of PSI, Y(I) was
observed for drought-stressed Cappelle Desprez cv. in both biomass accumulation as
well as grain filling period in comparison to plants of all other treatment conditions

(Fig. 17A-D).

3.1.9. NPQ regulation for excess energy utilization

Activation of non-photochemical quenching NPQ by generating a proton
gradient across thylakoid membrane (ApH) (Miyake 2005; Joliot & Johnson, 2011) is
one of the alternative protective mechanisms used by plants under drought stress in
combination with cyclic electron flow (Zivcak 2013). NPQ is an effective short-term
mechanism that provides protection for PSII against excessive irradiation and allows
excess excitation energy to be harmlessly dissipated as heat (Foyer 2012). During
early stages of drought there were no significant differences in the reversible NPQ
status in either variety. As the severity of drought increased an increase of reversible

NPQ was observed in secondary leaves of the Cappelle variety on the 21% day (Fig.
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18B). While NPQ was found to be lower in the flag leaves of drought stressed
Plainsman on the 22" day of drought (Fig. 18C). This clearly indicates higher NPQ
during biomass accumulation in secondary leaves (21% day) during daily illumination
of drought tolerant Plainsman V. While it is lowered in the flag leaves during grain
filling time (22™ day) along with lowered reversible NPQ induction measured in the

dark (Fig. 18B and 18C).
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Figure 18. NPQ assayed in leafs of well-watered wheat seedlings Cappelle Desprez
(circle symbols) and Plainsman V. (square symbols) cv. subjected to drought stress
(10% W) and well watered (60% W). Performance of gross non-photochemical
quenching (NPQ) were assayed on the first fully developed composite leaf from the
top of plant at 4 hours after turning the light with Dual PAM-100. For measurement
plants were adapted to dark for 20 minutes and then stimulated with repeated light
pulses of actinic light (94 PPFD) for 5 minutes and once again subjected to dark for 6
minutes. Each point represents the mean £SE (n = 5). Symbols used are 10% W
Cappelle Desprez (open circle), 60% W Cappelle Desprez (closed circle), 10% W
Plainsman V. (open square) and 60% W Plainsman V (closed square).

Cappelle Desprez shows increased reversible NPQ both in flag leaves in the
grain filling period. (Fig. 18B- D).
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Plant pixels

Plant pixels

3.2. Prediction of synergistic effects of drought and salt using high throughput

plant phenotyping tools

3.2.1. Effect of salt and drought stress on green biomass and grain yield

Conventional destructive samplings do not allow a dissection of the three

mechanisms of salinity tolerance: Na" exclusion, Na* tissue tolerance and osmotic

tolerance (Rajendran 2009).
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Figure 19. Effect of salt and drought stress on green biomass (plant pixels) in various
wheat cultivars were measured using digital phenotyping. A, T1; B, T2; C, T3 and D,
T4 were shown. Data shown are mean+ SE (n=5) plants/treatment.

Shoot biomass in wheat seedlings under various stress treatment conditions

were monitored for 80 days (Fig 19). Capo (DT) showed the highest green pixel area

of 4.82 pixels*10° on the 44™ day while Azamatli 95 (DT) was the lowest observed

with 1.73 pixels*10° on the 74™ day under control conditions (Fig 19A). Drought

stress drastically reduced the biomass pixels in all the cultivars. Drought impact on
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biomass was pre-dominant and completely stunted in Azamatli 95 (DT) and
Renesansa wheat cultivars throughout the experimental period (Fig 19B). Green
biomass in general was not significantly affected by salt stress under well-watered
conditions. However, when salt was applied together with drought stress the green
biomass decreased drastically to ca. 30% of the well-watered no salt control.
According to our observations wheat cultivars in salt stress alone maintained similar
biomass (min. 1.76 pixels*10° in Renesansa cv.) as that of the control (Fig 19C). A
significant suppression of biomass growth was observed when drought stress was
applied alone, while drought and salt stress in combination had the worst impact on
biomass. Azamatli-95 recorded ca. 84% decline in biomass under the synergistic

combination with respect to control (Fig 19D).

3.2.1.1. Direct measurements of actual mass
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Figure 20. Biomass measured at the end of the experiment. Data are means+SE of
five plants/ treatment.
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Early responses to mild salinity stress through changes in gene expression
have an influence on the acquisition of stress tolerance and improvement in biomass
accumulation (Takahashi 2015). The results have shown that salt stress (2g NaCl/ kg
soil) and drought stress when applied separately caused a retardation of water uptake
and green biomass, but the negative effects of these treatments were not very strong.
However, when both stresses were applied together these parameters were

dramatically decreased (Fig. 19).

3.2.1.2. Grain yield determination
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Grain yield had a significant response in all the cultivars for various treatment
conditions. Yield/main spike as well as the yield/ side tillers or their sum which
makes the total grain yield showed similar pattern of stress responses. As a matter of
agricultural importance, total grain yield could be considered. With respect to control,
15-20% affect on total grain yield for salt stress under well-watered conditions, while
50% decline in water limited seedlings and 75- 90% affect when salt stress was
combined with limited water availability (Fig. 21A). Also in contrast to these results,
we observed similar or relatively higher grain yield responses for salt stress under
well-watered conditions in certain wheat (Tale 38, Gobustan and Gallio) cultivars
(Fig. 21B and 21C).

Regarding the grain yield the cultivars had different reactions to applied
treatments. The most salt sensitive cultivar was Azerbaijan cv. Giymatli-2/17, while
the most salt tolerant was Austrian cv. Galio. All other cultivars had very similar
reactions to salt stress. Drought stress had stronger negative effect to the grain yield,
but most of the cultivars had similar level of drought tolerance. In case when both
stresses were applied together the best grain yield had cvs. Capo and Tale 38, while
the cv. Azamatli-95 had the lowest yield. Combination of double stress had a very
drastic effect on the relative yield (%) obtained from side tillers (Munns and Tester
2008; Rajendran 2009) which goes lower than 10% in most of the cultivars

irrespective of the geographical location (Fig. 21C).
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3.2.2. Gas exchange measurements
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Figure 22. Effect of salt and drought stress on gas exchange parameters. A. The rate
on net photosynthesis, measured by CO; gas exchange, A; B. Stomatal conductance,
gs and C. Transpiration rate, E were plotted after normalization to respective value
obtained in Control, T1 = 100%. Data are based on means of five plants/ treatment.

Salinity had no effect on the rate of Aco2, gs, E and WUE prior to the

beginning of the drought period. It is generally accepted that the main damaging
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factors at the cellular level in drought and salinity are the osmotic and toxic effects of
salt (Zhu 2002). Our experiments demonstrate that the supply of salt to the soil leads
to a slower decrease in the photosynthetic capacity. We could observe that the net
CO; uptake rate was not so much affected in (T3) well hydrated salt stress condition
(Fig. 22A). High CO, uptake was detected in genotypes Azamatli-95, NS Avangardo,
Suboticanka, Gallio and Capo. More profound reductions in A under water stress was
observed in genotypes of Tale-38, Azamatli-95, Giymatli-2\17, Gobustan, Gyrmyzy
gul 1 and Donnato. Reductions in CO, uptake rate was not strong in genotypes of NS
40S, NS Avangarda, Suboticanka, Renesansa, Midas, Gallio and Capo. Similar values
of A were observed under T3 and T2 in genotypes of Giymatli-2/17, Gobustan, NS
40S and Gallio. The strongest reductions in A (~50%- 55%) under double stress
(drought & salinity) was observed in genotypes of Tale-38, Gobustan, Giymatli 2/17,
while the reductions was about 25-30% in genotypes of NS 40S, NS Avangardo,

Suboticanka (Fig. 22A).

Stomatal conductance was reported to be a useful indicator of genetic variation
in lasting growth differences (Rahnama 2010). In comparison with A, the reductions
in stomatal conductances of wheat genotypes were stronger. Stomata close in
response to stress conditions, but tolerant genotypes continue their gas exchange by
regulating stomata closing and opening. Lowest gs under T3 and T2 treatments was
observed in genotypes of Gobustan, NS 40S, NS Avangardo, Midas, Gallio and Capo.
Reductions in gs was close to 40% in genotypes of Tale-38, Azamatli-95 and
Giymatli-2/17, was less than 20% in genotypes of Renesansa and Donnato (Fig. 22B).
It is considered that tolerant genotypes retain their water status by strong reduction of
gs. Reductions in gs more affected on E than A. The transpiration rates of genotypes

Tale-38, Azamatli-95, Gobustan, NS Avangardo, Suboticanka, Renesansa and Capo
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was about 30% of non-stressed plants. The lowest E under T4 treatment was observed
in genotypes Giymatli-2\17, Gobustan, NS Avangardo, Donnato, Midas, Gallio and

Capo (Fig. 22C).

3.2.3. Proline accumulation

Previous studies suggest that proline accumulation as a defence response to
salt stress is specific for the cultivar, irrespective of species (Plazek 2013). Proline
accumulation is one of the common characteristics in many monocotyledons under
water deficit. A significant increase of proline was detected under water stress
condition, especially in genotypes of Tale-38, Azamatli-95, Giymatli-2/17, Gobustan,

NS Avangardo, Renesansa and Gallio (Fig. 23).
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Figure 23. Effect of salt and drought stress on proline accumulation. Data are means
of five plants/ treatment. Statistical significance of T4 (20% water limited+ 0.2%
NaCl) with respect to other treatment conditions T1, T2 and T3 were indicated.
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Significant increase of proline under double stress (drought and salinity)
treatment with comparison to T1 (control) treatment was 2-fold higher in Tale-38,
about 3-fold higher in genotypes of Giymatli-2/17, Gobustan, Gyrmyzy gul 1, Balkan,
NS Avangardo, and more than 4 fold higher in genotype Gallio (Fig. 23). It is
assumed that the accumulation of proline improves cell turgor, gas exchange and
water status of plants. Irrespective of drought tolerance efficiency, both sensitive as
well as tolerant wheat varieties responded with proline accumulation in the double

stress combination.

3.2.4. Plot of Grain yield vs. Biomass
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Figure 24. Correlation of grain yield and biomass are plotted. Each data point
shown were means of five plants/ treatment. Symbols indicate (open circle) WW- T1,
(open square) WS- T2, (upward pointing triangle) WW+SS- T3 and (downward
pointing triangle) WS+SS- T4 were indicated respectively for all the cultivars. The
linear (Pearson) correlation coefficient of determination R®> was calculated as
described by Zwart (2011).
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Several plant breeding programs are focused to predict the grain yield from
dry mass. In Fig. 24, we establish the correlation of total grain yield obtained with dry
mass during various stress combinations of drought and salt stress. Significant
positive correlations (R?= 0.93) existed between dry mass and grain yield production
under various treatment conditions (Inset graph in Fig. 24). We can find the
correlation in well watered control (T1, R?= 0.57) was significantly lower compared
to salt stress under irrigated status which is (T3, R?= 0.68). The least significance in
the biomass-grain yield correlation was observed in drought stress alone (T2, R*=
0.44) condition. We can find that both of the two stress factors drought and salt
separately or their combination show reduction in biomass as well as grain yield in
comparison to WW controls. Drought stress alone and its combination with salt stress
significantly declined in all the wheat cultivars while salt stress in normal irrigated
condition was not that much affected. The ratio of the grain yield and dry biomass
remained practically constant even under the combined effect of salt stress and water-
withdrawal (Fig. 24). Among the cultivars, Austrian cv. Donnato and Capo deviated
from the correlation in T1, T2 and T3 conditions while Azerbaijani cv. Tale-38 and
Gobustan showed best correlation under various treatment conditions. Serbian wheat
cultivars showed significant correlation of biomass and grain yield in all the

treatments.

3.2.5. Correlation of ETR(II) and grain yield
In Fig 25, we try to establish a correlation between grain yield obtained from
main tiller spike and electron transport rate of PSII measured from main tiller flag

leaves.
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Figure 25. Relationship between grain yield/main spike and ETR(II) measured at
grow light PPFD 381 pumol photons m™ s™ on flag leaves. Data are calculated from
means of five plants/ treatment. The linear (Pearson) correlation coefficient r was
calculated as described by Zwart (2011).

ETR(II) obtained from grow light PPFD 381 pmol photons m? s was used
for the study. We observed a clear positive correlation of (Pearson’s r = 0.94) for T2
(drought stress- open squares) and ETR(II) even though the same wheat cultivars
showed a correlation of (Pearson’s r = 0.61) for T1 (well watered control- open
circles); lower (Pearson’s r = 0.43) for T3 (well watered control- upward pointing

triangles) and negative correlation (Pearson’s r = -0.39) in T4 (double stress-

downward pointing triangles) (Fig. 25).

3.2.6. Correlation of biomass and grain yield with CO, fixation rates

In Fig 26, correlation calculations were carried out to understand the effect of
drought and salinity in the biomass and grain yield production as derived from CO,
fixation rate and stomatal conductance. We observed significant decline of biomass
and grain yield in plants under double stress T4 condition (downside pointing
triangle) as indicated by the lowest values of net CO, photosynthesis rate and

stomatal conductance (Fig. 26A-D).
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Figure 26. Correlation of biomass and grainyield with CO, assimilation and stomatal
conductance were plotted. A and B, CO, assimilation rate ‘A’ with biomass and
grainyield; C and D, Stomatal conductance ‘gs” with biomass and grainyield. Data are
calculated from means of five plants/ treatment.

Stomatal closure affecting both biomass and grain yield production is evident
in T2 condition due to drought stress (open square) (Fig. 26A-D). Salinity reduces the
ability of plants to take up water, and this quickly causes reductions in growth rate,
along with a suite of metabolic changes identical to those caused by water stress
(Munns 2002). In our study we could find that majority of the wheat cultivars in T3
salinity condition (upside pointing triangles) performs photosynthetic and other
physiological functions similar to T1 well watered control series (open circles) for a

prolonged period (Fig. 26). They are able to retain biomass stability in the source

region and there by contribute for better carbon partitioning to grain production.
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3.3. Differences in the electron flow responses in two ecotypes of the

resurrection plant Haberlea rhodopensis during desiccation

and rehydration

Shade ecotype Sun ecotype

(Photos from Dr.Adam Solti)
3.3.1. Leaf water content
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Figure 27. Leaf fresh weight (mg) with respect to RWC% was determined in shade
(filled circle) and sun (open circle) ecotypes during desiccation and rehydration of
Haberlea rhodopensis plants. Leaves kept in cuvette were represented as square
boxes: Shade (filled square) and Sun (open square) ecotypes respectively. The
rehydration started when leaves reached the air-dry stage (last data point in the
dehydration process). Data represent the means+SE of three independent leaves/
treatment.

Processes under desiccation and rehydration of shade and sun ecotypes H.

Rhodopensis leaves were monitored by one day measuring frequency. The desiccation
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of the shade leaves proved to be a slower process due to their larger size and their
somewhat higher initial net water content (Fig. 27). Thus, shade leaves desiccated to
air-dry state in a three-day time, whereas the desiccation of sun leaves required only
two days. The rehydration started from this air-dry stage. The first data points in each

data series were registered after one day of rehydration.

3.3.2. Electron transport rate of PSI and PSII
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Figure 28. Photosynthetic ETRs of PSI and PSII measured in Haberlea rhodopensis
leaves as a function of PPFD at 849 umole photons m™ s for sun (open circle) and
540 pmole photons m? s™ for shade (filled circle) ecotypes, respectively during
desiccation and recovery measurements. The values represent the mean + SE (n = 3).

We observed maximum light saturation efficiency at 849 pmole photons m? s

! for sun and at 540 pmole photons m? s* for shade ecotype, respectively.

Photosynthetic electron transport rates of PSI and PSII showed significant responses
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to desiccation and recovery measurements in H. rhodopensis leaves of sun and shade
ecotypes (Fig 28). During desiccation, ETR of PSI and PSII for sun ecotype declined
severely to 20.5 and 1.7 pmoles m™ s™, respectively, while it reached 31.6 and 0.45
umoles m™ s, respectively, for shade ecotype until desiccating to ~5% of RWC (Fig
28A and B). A rapid rise to 48.9 and 13.4 umoles m™ s™ in ETR(I) and ETR(lI),
respectively was observed in sun ecotype during rehydration without retaining
stability. In contrast, the recovery was gradual for shade leaves and ETR(I) and

ETR(II) increased significantly slower (Fig 28).

3.3.3. Linear relationship between ETR(Il) and ETR(I)
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Figure 29. Plot of linearity of the relationship between PSI and PSII derived light
response curves in H. rhodopensis leaves of sun and shade ecotypes were subjected to
desiccation and recovery measurements at laboratory conditions. Data shown are
leaves as a function of light saturation PPFD upto A. 540 umol photons m™? s for
shade and B. 849 pmol photons m™ s for sun grown plants respectively. In figure,
D1, D2 and D3 (open symbols) represent desiccation and R1, R2, R3 and R4 (filled
symbols) indicate recovery processes with respect to ETR(I) and ETR(II) on a linear
scale. The values represent means of n = 3 leaves per treatment.

To reveal the differences in the light response, and to evaluate
disproportionality between ETR(I) and ETR(II), which indicates the onset of CEF,

ETR(I) and ETR(Il) were compared on linear plots (Fig 29). The direct
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proportionality of ETR(II) and ETR(I), which is shown by a linear correlation with a
slope of 1 breaks down during the desiccation of the shade leaves. This is shown
either by deviation of ETR(II) from the straight line at higher ETR(I) values, or by
close to linear correlation, but with significantly smaller slope than one. This
phenomenon shows that although electron transfer from PSII becomes limited PSI
still has significant electron flow, which circulates around the PSI complex. An
extreme case is seen in the strongly desiccated leaves (downward-facing open
triangles in Fig. 29A) where significant ETR(I) is measured in the almost complete
absence of ETR(II). During the rehydration process the slope of the ETR(II) versus
ETR(I) curve increases, which shows the gradual decline of cyclic electron flow.
Deviation from the direct linearity was much significant in the in sun leaves, and it
has recovered almost completely during rehydration (Fig. 29B). Though both the
ETR(Il) and ETR(I) decreased under the desiccation in the shade as well as sun
ecotype, the balance between the two photosystems showed differences among the
ecotypes. The linear plots of ETR(II) and ETR(I) indicated, that in sun leaves, there
was an imbalance between the two electron transport rates only in the D2 during the

desiccation, ETR(I) was predominant only in the D3 stage.

3.3.4. Cyclic Electron Flow (CEF)

We estimated the CEF as the difference in ETR(I) and ETR(II) measured at
PPFD 849 pmol photons m? s and at PPFD 540 pumol photons m™ s™ in sun and
shade ecotype, respectively (Fig. 30). Shade leaves showed different CEF responses

during desiccation and recovery compared to the sun ecotype.
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Figure 30. Activity of CEF in desiccating leaves of Haberlea rhodopensis ecotypes
sun (open circle) and shade (filled circle) during desiccation and recovery
measurements at laboratory conditions. Data shown are leaves as a function of the
PPFD of 849 pmol photons m? s for sun and 540 pmol photons m™ s™ for shade
grown plants respectively. The rehydration started when leaves reached the air-dry
stage, last data point in the dehydration process. The values represent the mean + SE

(n=23).

In shade leaves, the activity of CEF had a peak in the terminal stage of
desiccation, at 14% RWC. During the rehydration, the CEF activity showed a gradual
and slow increase that only reached it maximum at around 40% RWC of leaves. In
contrast, sun leaves showed a peak in the CEF activity around 40% RWC that
declined during the terminal stage of the desiccation to 5% RWC. Nevertheless, the
sun ecotype showed significantly more intensive CEF responses in the initial phases
of the recovery. The CEF activity reached a peak during the rehydration to 20%
RWC. Thereafter, the participation of CEF decreased together with the stabilization of
the PSII linear electron transfer pathway (Fig. 30). Taken together, the CEF also plays
a protective role in H. rhodopensis that finally terminates by acceptor-side limitation
processes. Nevertheless, the CEF peak at higher RWC values in the sun ecotype
underlines that acclimation mechanisms also affect the capability for the protection of

the photosynthetic apparatus.
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3.3.5. Quantum yields of PSII and PSI photochemistry
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Figure 31. Changes in quantum vyields of (A) PSIl and (B) PSI in Haberlea
rhodopensis leaves of shade (closed symbols) and sun (open symbols) ecotypes
subjected to desiccation and recovery measurements respectively under laboratory
conditions. Quantum yield were measured at saturating PPFD: 540 pmol photons m™
s (shade leaves) and 849 pmol photons m™ s (sun leaves). The rehydration started
when leaves reached the air-dry stage, last data point in the dehydration process. A.
The effective PSII quantum yield, Y (1) (circle), the non-regulated energy dissipation,
Y(NO) (square), and the quantum yield of regulated energy dissipation, Y(NPQ)
(triangle); B. The quantum vyield of the PSI photochemistry, Y(I) (diamond), the
quantum vyield of non-photochemical energy dissipation due to the donor-side
limitation, Y(ND) (left pointing triangle), and the energy dissipation due to the
acceptor-side limitation, Y(NA) (star), are indicated. The values represent the mean+
SE (n = 3) leaves per treatment. The small insertion show (a) Y(II) and (b) Y(I)
separately.

PSI and PSII parameters were obtained from simultaneous measurements of
Chl a fluorescence and P700 signals (Fig. 31). Y(I) and Y(Il) showed mild
desiccation-induced responses in leaves of both ecotypes (Fig. 31 A and B). In the

leaves of shade ecotype, a significant increase in Y(NO) and Y(NA) was observed
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with decline of Y(NPQ) and Y(ND) during severe desiccation at PPFD of 540 umol
photons m? s (Fig. 31A and B). A similar tendency was observed in the leaves of
sun ecotype. Characteristic differences were seen in the rapid response in the sun
ecotype under recovery processes (Fig. 31A and B).

In the PSI electron flow, the donor side limitations are more important in the
well-hydrated and mild desiccated stages, whereas the acceptor side limitations, such
as inhibition in the carbon fixation but even a decrease in the antioxidative defence
mechanisms become prominent under severe desiccation. Decrease in the defence
mechanisms such as water-water cycle (Asada, 2000; Miyake, 2010) may contribute
to the elevated malondialdehyde content measured previously in desiccated H.
rhodopensis leaves compared to well-hydrated ones (Solti 2014a). Nevertheless, the
acceptor-side limitation became prominent at around 50% RWC in the sun ecotype,
whereas only below 10% RWC in the shade ecotype, that underlines the importance
of the previously reported acclimation of the sun ecotype to the environmental
stresses (Sarvari 2014; Georgieva 2016), but also indicate the importance of PSII
inactivation in the protection of the photosynthetic apparatus and that of the PSI
function preparing for the severe desiccation. A similar phenomenon was observed in
the desiccation tolerant macroalga Ulva prolifera under water loss (Gao 2014), where
the oxidation of PSI was significantly affected by osmotic stress and the higher
quantum vyield of non-photochemical energy dissipation in PSI was also due to
acceptor-side limitation, Y(NA). Nevertheless, the PSI function was more retained
until reaching the terminal desiccation. In H. rhodopensis, the ETR(II) decreased also

faster than ETR(I) under strong water loss.
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3.3.6. PSII maximum quantum yield efficiency
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Figure 32. Changes in the PSII maximum quantum yield efficiency determination in
Haberlea rhodopensis leaves of shade (filled circle) and sun (open circle) ecotypes
during desiccation and recovery measurements at laboratory conditions. The
rehydration started when leaves reached the air-dry stage, last data point in the
dehydration process. The values represent the mean, n = 3 leaves per treatment.

In the maximum quantum efficiency of PSII reaction centres, a 42% and 65%
decline was observed during the desiccation of shade and sun ecotypes to 5-10%
RWC, respectively (Fig. 32). Even though the desiccation extent in F,/Fy, on the sun
ecotype was severe, recovery processes could retain complete 96-99% resurrection
rapidly, within 24 hours (45% RW(C). The shade ecotype leaves recovered slowly and
could retain back 84% within whole recovery regime in five days (Fig. 32). Solti
(2014) indicated that in the initial stage of water loss, the maximal quantum efficiency
of PSII reaction centres decreased gradually in both shade and sun leaves.

Nevertheless, shade ecotype could not perform a significant antennae-based excitation

energy quenching, thus the PSII inactivation was faster and more pronounced.

3.3.7. Initial amplitude of flash induced Chl fluorescence
The initial amplitude indicates the maximal fluorescence vyield of Qa

reduction (Fig 33). Although the shade ecotype leaves reached the same level of RWC
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with one day delay the intial amplitude of the flash induced fluorescence signal,
reflecting the amount of functional PSII, had same at amplitude of 0.1 in both two

ecotypes (Fig 33).
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Figure 33. Maximal fluorescence yield obtained from Q" reoxidation Kinetics in
Haberlea rhodopensis leaves of sun (open circle) and shade (filled circle) ecotypes
during desiccation and recovery measurements at laboratory conditions. Leaves under
treatment were kept inside a cuvette throughout the experiment. The rehydration
started when leaves reached the air-dry stage, last data point in the dehydration
process. The values represent the mean+ SE (n = 3) leaves per treatment.

Nevertheless, a rapid and stable recovery process was observed in the sun ecotype
leaves in comparison to the delayed response of the shade ones (Fig 33). Since shade
ecotype leaves exhibited higher amplitude compared to its well-hydrated control

staged, it could not gain a complete recovery.

3.3.8. Qa relaxation Kinetics
According to the Qa relaxation kinetics, the effect of desiccation was different
in the magnitude of perturbation in the PSII electron transport processes among the

two ecotypes.
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Figure 34. Qa relaxation kinetics in leaves of Haberlea rhodopensis sun and shade
ecotype. Leaves were subjected to desiccation and recovery treatments at laboratory
conditions. D1, D3 (open symbols) represent stages of the desiccation while R2, R4
(filled symbols) indicate that of the recovery measurements.

Shade ecotype leaves show clear separation in the relaxation kinetics during
desiccation and recovery processes with respect to its well-hydrated control stage,
while sun ecotype leaves were unshaken and relaxed similar to its corresponding well-
hydrated initial control stage (Fig 34 A and B).

The relaxation slowed especially in the few millisecond middle phase in
severely desiccated and initially rehydrated leaves of the shade ecotype, reflecting on
that the reoxidation of Qa™ is mainly influenced by the oxidized PQ binding to the
PSII (Vass 1999; de Wijn and Gorkom, 2001). As we found no significant changes in
the F; in the OJIP-tests, not the bound PQ acceptors (Toth 2007) but rather the
replacement of PQ acceptors from the oxidized quinone-pool inhibited the Qa’
reoxidation in the shade ecotype under low RWCs. Thus, the availability of oxidized

PQ molecules may decrease in the shade ecotype under low RWC that can also inhibit

the linear electron transport even under the rehydration process.
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3.3.9. OJIP Chl a fluorescence transients

Concerning the PSII reaction centre processes, the OJIP fluorescence induction
kinetics showed gradual changes in both the shade and sun ecotype leaves of H.

rhodopensis (Fig 35).
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Figure 35. OJIP Chl a fluorescence transients in leaves of Haberlea rhodopensis
shade and sun ecotypes subjected to desiccation and rehydration. Control refers to the
well-hydrated initial control stage, D1, D2 and D3 (open symbols) represent stages of
the desiccation while R1, R2, R3 and R4 (filled symbols) indicate those of the
rehydration. The values represent the mean+SE (n = 3) leaves per treatment.

No significant differences were found between the changes in the OJIP
transient in the two ecotypes during the desiccation and the rehydration. Desiccation
caused a gradual decrease in the peak fluorescence, but together with the desiccation,
the F, fluorescence also showed a slight decrease in both tow ecotypes. During
rehydration the fluorescence yield recovered. Nevertheless, the peak fluorescence did
not reached the value of the corresponding well-hydrated initial stage. Similarly to
other parameters the OJIP transients also indicate faster recovery of sun leaves
compared to shade ones.

The decrease in the PSII maximal quantum efficiency is caused by the

decrease of the P fluorescence (Fn) level during desiccation of both ecotypes. The

tendentious decrease of the F, in both ecotypes may correspond to an antenna
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dissociation from the PSII reaction centres (Zhang and Xu, 2003; Johnson 2011) and
thus contribute to the higher antennae-based non photochemical quenching during the
mild desiccation that was reported previously (Solti 2014b). The increase in I-P
amplitude of the OJIP fluorescence induction kinetics reflects the size of the terminal
electron acceptor pool of PSI (Strasser 2004; Schansker 2005; Tsimilli-Michael and
Strasser 2008), while a faster J-1 phase indicate less functional PSII activity and less
fraction of PSI content (Ceppi 2012). The rise of the I-P amplitude in the D1 and R4
levels of shade ecotype leaves was well correlated with a higher PSI activity and
increased ETR-PSI observed in Fig 29A. The CEF was further confirmed in the D1

and R4 levels of shade ecotype leaves using OJIP fluorescence transient.
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3.4. Photosynthetic efficiency of tetraploid willow genotypes

3.4.1. Pigment content determination: Field and greenhouse

Leaf Chl content is a key parameter for characterization of physiological
performance of plants including the determination of vegetation indices in woody
species as well (Lu 2015). Under greenhouse conditions leaves of the tetraploid
plants contained significantly higher amounts of Chls and carotenoids than the diploid
plants (Table. 3). The field grown willow plants synthesized more pigments in their
leaves than the greenhouse grown plants in case of all studied lines. Elevated amounts
of these pigments were also detectable in the tetraploid variants in the field grown
leaves relative to the diploid ones but these differences did not reach the statistically
significant levels.
Table 4. Leaf Chlorophyll and carotenoid contents determined from tetraploid plants
grown under field and greenhouse conditions. Sampling was carried out from the 5"/
6" fully developed younger leaves (from top). Data are mean + SE of six to seven

independent plants per genotype. Statistically significant events between the diploid
and tetraploid lines ***P<0.001, **P<0.01, *P<0.05 are indicated.

Chl Car Chl Car
hi hi hi hi
Chla | Chlb (a+b) | (x+c) Chla | Chlb (ath) | (x+c)
Sample (uglcm?)
Field grown plants Greenhouse grown plants
Diploid 48.68 17.47 65.32 12.15 18.50 5.3 23.56 3.84
P +1.4 +0.5 +1.9 +0.25 +0.48 +0.24 +0.58 +0.13
22.02 6.5 28.17 4.45
51.60 18.49 69.22 12.38
PP-E6 +0.58 | £0.19 | +0.75 | £0.12
£1.3 £0.5 £1.7 £0.22 o o e -
22.66 6.6 28.96 4.58
49.71 18.50 67.35 12.07
PP-E7 +0.94 +0.32 +1.25 £0.16
+1.5 +0.4 +1.8 +0.22 e . o e
23.34 6.6 29.59 4.62
49.84 18.17 67.15 11.74
PP-E13 +£0.71 +£0.25 +£0.91 +£0.12
£2.2 +0.8 £3.0 £0.33 o o o o
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Higher Chl (a+b) contents (25-30%) in greenhouse grown leaves (Table 3) can
be a sign for a more efficient light utilization. Differences between diploid and
tetraploid plants in the chlorophyll content were not statistically significant under

field conditions.

3.4.2. Calculated Chl a fluorescence parameters: Field and greenhouse
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Figure 36. Spider plot of chl fluorescence parameters in leafs of tetraploid willow
plants grown in A, Field and B, Greenhouse conditions. The figure shows the values
measured on 5" / 6™ young fully developed leaves from apical shoot. The data are
shown for the tetrapliod lines (open symbols) after normalization to respective value
obtained in the diploid line (closed symbol). Data are meant+SE of six to seven
independent plants per genotype.

The so called OJIP chlorophyll fluorescence transient reflects electron
transport through redox components of PSII and PSI (Strasser 2004). Chlorophyll
fluorescence parameters are mostly used as indicators for monitoring stress response
even in tree species (Desotgiu 2012). We compared the physiological responses of
tetraploid willow seedlings grown in greenhouse and field conditions using fast
fluorescence kinetics approach (Fig. 36). Among the deduced biophysical parameters,

Performance Index (PI) and RC/ABS showed more sensitivity in tetraploid lines.

Based on PI values PP-E7, E13, E12 plants exhibited the highest leaf photosynthetic
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activities. 2. Dissipated energy flux per active reaction centers RC/ABS) values were

higher in leaves of some tetraploid lines (PP-E13, E7) (Fig. 36B).

3.4.3. Electron transfer efficiency: Field and greenhouse
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Figure 37. Photosynthetic ETRs of PSI and PSIl measured on leafs of tetraploid
willow plant samples. Simultaneous light response curves of ETR(I) and ETR(II)
were measured in the dark-adapted 5"/ 6™ fully developed young leaves (from top)
for both field and greenhouse genotypes using Dual PAM- 100 instrument. A, ETR

(1) under field conditions. B, ETR(II) under field conditions. Leaves of field-grown
plants were collected in wet tissue and kept in an ice box, and ETR measurements
were carried out within 2h of sample collection. C, ETR(l) under greenhouse
conditions. D, ETR(II) under greenhouse conditions. Tetraploid willow genotypes are
indicated as closed symbols and the diploid genotype by open symbols. Data are
means+SE of six independent plants per genotype. Based on Welch’s t test,
statistically significant events compared with diploids are indicated next to
corresponding data points as ***, P< 0.01, **, P<0.05 and *, P<0.1. (for the highest
photosynthetic photon flux density [PPFD] measurement).
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Since the ETR is an estimation of the number of electrons passing through
photosystem | and Il therefore these associated parameters could be used for
prediction of the photosynthetic capacity in leaves of different willow genotypes.
(Fig. 37). We have applied Pulse Amplitude Modulation (PAM) based chlorophyll
fluorescence and P700 absorbance using Dual-PAM-100 (Walz GmbH) to determine
ETR through PSII and PSI, respectively in dark adapted leaves of both field and
greenhouse grown willow plants.

Light saturation curves show increased rates of ETR(I) in tetraploid genotypes
PP-E13 and PP-E6 under field conditions at higher light intensities (Fig. 37A). ETR
(1) was significantly higher in PP-E13 and getting increased from PPFD 450 pmol
photons m? s (Fig. 37B). ETR(I) and ETR(Il) values were generally lower in
leaves of greenhouse grown plants. Under these circumtances the photosynthetic
capacities of tetraploid variants were found to be improved as indicated by both
ETR(I) and ETR(II) values (Fig. 37C and D). In field conditions, we observed
significantly higher electron transport rate of PSI in PP-E13 and PP-E6 while ETR(II)

was also found to be higher for PP-E13 (Fig. 37A and B).

3.4.4. Net CO; assimilation and transpiration rates of tetraploid willows
Efficiency in uptake of the atmospheric CO, by plants and of its
photosynthetic assimilation into organic compounds, the building blocks of biomass
has major impact on capacity of wood production and reduction of environmental
concerns. In photochemical reactions, PSII utilize light energy to extract electrons
from water and release O,. Electrons are transferred to PSI, and ultimately produce

NADPH. While the protons which are pumped into the thylakoid lumen during
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electron transport are used in ATP production, which together with NADPH is the

driving force of CO, assimilation in the Calvin-Benson cycle.
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Figure 38. CO, uptake and transpiration rate in leaves of tetraploid lines.The
measurements were recorded in air CO, concentration of 400 ppm, leaf temperature
of 22°C, and PAR of 400- 430 umol photons m™ s™ (n=5) plants/ treatment. Based on
Welch’s t-test, statistically significant events compared to diploids are indicated
above the sample labels as ***P<0.01 and ** P<0.05.

In accordance with the stomatal conductance data several tetraploid plants
showed enhanced CO; assimilation rate (Fig. 38A). Tetraploid willows were found to
transpire more water from leaves (Fig. 38B). Net photosynthetic CO, uptake rate per

unit leaf area has a positive linear relatioanship with the quantum yield of PSII or

electron transfer rate (ETR) as shown by Kubota and Yoshimura (2002).
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4. CONCLUSIONS

> Characterization of biomass and grain vield to severe drought

We could characterize biomass accumulation in the vegetative phase from
early developing ‘secondary leaves’ and grain yield in the grain filling period
from ‘flag leaf” under drought conditions. We could find that Green biomass
and grain yield may respond differentially to drought stress. Grain yield
optimization of wheat can not be based on green biomass phenotyping alone.
Cappelle Desprez variety exhibits an early ground cover, growth habit and
higher cyclic electron flow around PSI (CEF-PSI) along with secondary trait
associated mechanisms like delayed senescenece and enhanced water use
efficiency for increased biomass while early spiking and prolonged
transpiration rate through flag leaf was observed in Plainsman V for grain
yield.

It is also concluded that increase in drought factor (DFI) and performance (PI)
indices calculated from variable chlorophyll fluorescence parameters of
secondary leaves was correlated for increased biomass observed in drought
sensitive Cappelle Desprez cv. In drought tolerant Plainsman V, increase in
DFI and PI through flag leaf during early phases of grain filling period also

contribute to grain yield stability.

Svynergqistic effects of drought and salt using high throughput plant

phenotyping tools

Salt stress induces more severe effects under water limitation than under well-
watered conditions. Water use efficiency remains unaffected by salt stress in

well performing wheat lines, but drops significantly in salt sensitive lines.
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The ratio of the grain yield and dry biomass remained practically constant
even under the combined effect of salt stress and water limitation, showing
that carbon partitioning to grains is not affected specifically by the salt + water
stress.

Biomass and grain yield were significantly reduced in T2 (drought) as well as
T4 (drought and salt stress combination) due to stomatal closure in the source
region and less carbon partitioning to the sink region respectively.

Higher proline content during double stress (drought & salinity) act as a
defense mechanism. Grain yield effect was noted to be 75-90% on T4 (double
stress), 50% affect on T2 (drought stress) and 20% affect on T3 (salt stress)
conditions. Our data show that substantial crop loss due to salinity stress could

be avoided by providing irrigation measures on time.

Differences in the electron flow responses in two ecotypes of the

resurrection plant Haberlea rhodopensis during desiccation and

rehydration

Compared to the thoroughly investigated, more common shade acclimated
ecotype, the high irradiance acclimated ecotype of Haberlea rhodopensis
performs more effective protective mechanism in its photosynthesis.

Under severe desiccation, the PSIlI becomes inactive and acceptor-side
limitation factors start to inhibit the PSI function in the high irradiance
acclimated ecotype. In the early phase of rehydration, the photosynthetic
function recovers rapidly together with an increase in cyclic electron flow for

sun ecotype.

84



In contrast, the shade ecotype only showed an increased cyclic electron flow
under severe desiccation and upon rewatering, all the recovery processes
proved to be slower. Therefore, growth conditions and acclimation processes

in the natural habitat strongly influence the desiccation tolerance.

Photosynthetic efficiency of tetraploid willow genotypes

Morphological and physiological growth traits of the tetraploid lines are
significantly correlated with photosynthetic parameters.

Broader leaf area and biomass helps the tetraploids to regulate better radiation
use efficiency in the reaction centers of photosynthetic apparatus. This will
regulate better water splitting on the donor side of PSII, enhancing electron
transport rates, higher energy production in the form of ATP and NADPH,;
increase CO, fixation rates thereby increasing dry matter accumulation.
Photosynthetic characterization of tetraploid energy willow lines show
increased CO, fixation rate and better photosynthetic efficiency as compared

to the control diploid line.
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6. SUMMARY OF FINDINGS

Our primary interest in the present work was to correlate natural variations of
physiological responses using photosynthetic and plant phenotyping tools. Our
correlations and characterisation can be useful for the breeders who could select the
varieties according to the stress resistance related beneficial properties plants. The
results obtained by the application of our low cost stress diagnostic system will also
be useful for taking precautionary measures against various stresses before visual

symptoms appear.

» Characterization of biomass and grain yield under severe drought

Non-invasive photosynthetic measurements provide highly useful tools for
making reliable predictions of physiological traits of wheat and other plants. Our
findings demonstrate that the agronomically highly important traits of biomass and
grain yield are not necessarily correlated in wheat and possibly in other cereal crops.
Therefore, phenotyping of biomass responses alone is not sufficient for predictions of
grain yield changes. As a consequence, phenotyping protocols should include grain
yield assessment when the aim is the optimization of grain yield and grain yield
stability under stress conditions.

Our results support the importance of cyclic electron flow in drought stress
tolerance. We can also conclude that changes in physiological parameters show
different responses to drought stress depending on the developmental stage of leaves
in the case of the studied two cultivars. Flag leaves, which serve as grain supporting
leaves show similar response in their CO, fixation, drought factor index, and electron
transport parameters as the grain yield, whereas the secondary leaves, which support

overall green biomass growth show similar responses as biomass accumulation. These
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findings are warranted by the presented results for the Cappelle Desprez and

Plainsman V cultivars.

» Characterization of biomass and grain yield traits under salinity and
drought

The responses of wheat to different stress conditions have been analysed and
revealed differences in the effects of salt and drought stress in various wheat cultivars
from different geographical regions (Azerbaijan, Serbia and Austria).

The rate on net photosynthesis, measured by CO, gas exchange, was also
affected most significantly by the combination of salt stress and water limitation.
Accumulation of the osmoprotectant proline, was affected only to a small extent by
water limitation and salt stress when applied separately, but proline was induced
significantly by the combined application of the two stress factors. At the same time,
biomass and grain yield were significantly reduced in drought as well as drought plus
salt stress combination due to stomatal closure in the source region and decreased
carbon partitioning from the sink region, respectively. But the minor effect of salt
stress under well watered condition shows that agricultural crop loss due to salinity

could be prevented by providing normal irrigation.

» Electron transport responses in desiccating Haberlea ecotypes
Compared to the widely investigated, more common shade acclimated one, the
high irradiance acclimated ecotype of Haberlea rhodopensis performs more effective
protective mechanism in its photosynthesis. Under drought stress, the CEF is
enhanced together with constant thermal energy dissipation of the PSII, whereas

under severe desiccation, the PSII complex becomes inactive and acceptor-side
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limitation factors start to inhibit the PSI function. Under rehydration, the
photosynthetic function recovers rapidly together with an increase in the CEF that
may contribute to the energy-dependent recovery processes in the metabolism. In
contrast, the shade ecotype showed these protective mechanisms only under severe
desiccation and upon rewatering, all the recovery processes proved to be slower
resulting in a significantly delayed restoration of the photosynthetic functions.
Therefore, growing conditions and acclimation processes on the natural habitat
strongly influence the desiccation tolerance of this homoiochlorophyllous resurrection

plant species.

» Photosynthetic efficiency of willows developed by genome duplication
Higher net CO, uptake rate and increased transpiration through leaves of tetraploid
willows plays a significant role in enhanced growth and biomass production for the
energy willow Salix viminalis L. Light response curves of PSI and PSII revealed
higher electron trnasport rates in the tetraploid leaves analyzed from plants grown
under both field and greenhouse conditions. Chlorophyll and carotenoid levels were
observed to be significantly higher in tetraploid willow genotypes grown in field
conditions, which substantiate the functional characteristics for photosynthetic

efficacy.
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7. OSSZEFOGLALAS

Munkank célja a ndvényi biomassza-ndvekedés jellemzése volt
fotoszintetikus mérések és komplex fenotipizaladsi megkdzelités alkalmazéasaval. Az
altalunk felderitett sszefliggések és stresszindikatorok fontos alkalmazast nyerhetnek

fokozott stressztoleranciaval rendelkezé névényi vonalak kivalasztasaban.

» A Dbiomassza ¢és  terméshozam  jellemzése buzanovényekben

szarazsagstressz alatt

A nem invaziv fotoszintézis mérési modszerek hatékony eszkozt biztositanak
a buza és egyéb novények fiziologiai sajatsagainak jellemzésére. A Cappelle Desprez
¢és Plainsman V modell buzafajtakon végzett vizsgalataink eredményei azt mutatjak,
hogy olyan mezdégazdasagilag is fontos tulajdonsagok, mint a biomassza és
terméshozam nem  feltétleniil fiiggenek Ossze a blazdban ¢és egyéb
gabonandvényekben. Ezért a biomassza-valaszok fenotipizalasa OGnmagaban nem
elegendd a terméshozamban bekdvetezd valtozasok eldrejelzésére. Ennek
kovetkeztében a fenotipizalasi protokolloknak tartalmazniuk kell a terméshozam-
felmérést is, ha a cél a hozam optimalizdldsa ¢&s stabilitds biztositasa

stresszkoriilmények kozott.

Az eredmények megerdsitik a ciklikus elektrontranszport-folyamatok
jelentéségét a szarazsagtirésben. Azt i1s megallapithatjuk, hogy az ¢lettani
paraméterek valtozasai kiilonbozo valaszokat mutatnak a levelek fejlettségi allapotatol
fliggben. A magfejlodést kozvetleniil meghatarozd zaszloslevelek élettani
jellemzéinek  (széndioxid-fixacid, szarazsagfaktor index, elektrontranszport

paraméterek) valtozasai Osszefliggést mutatnak a terméshozammal. Ugyanakkor a

111



masodlagos levelek jellemzdi hasonld Gsszefiiggéseket mutatnak a z6ld biomassza

felhalmozodasanak tekintetében.

4

> A biomassza és  terméshozam  tulajdonsagainak  jellemzése

buizandvényekben s0- és szarazsagstressz alatt

A novényi stresszvalaszok komplex jelemzésére kifejlesztett modszer feltarta a
bluzanovényekben soO- és szarazsagstressz altal okozott hatasokban mutatkozo
eltéréseket a kiillonbozo foldrajzi teriiletekrdl (Azerbajdzsan, Szerbia és Ausztria)
szarmazo6 fajtak esetén. A nettd fotoszintézis mértéke, a Co2 gazcserét vizsgalva,
ozmotikus védo fehérje, felhalmozodasat a kiilon kiilon alkalmazott so6- és
szarazsagstressz nem befolyasolta szamottevOen, ellenben amikor a két stresszfaktor
egyszerre volt jelen a prolin termelédés jelentdsen nétt. A biomassza-produkcio és a
terméshozam jelentds csokkenést mutatott szdrazsdg esetén és kombinalt so- és
szarazsag stressz koriilményei kozott, aminek oka a sztomazarodas miatt csokkent
mértékii CO,-fixalas, illetve a cs6kkent mennyiségii szervesanyag-allokacioé a magok
iranyaba. A megfeleld talajnedvesség mellett elhanyagolhato hatast okozd sostressz
arra utal, hogy megfeleld ontozéssel megeldzheté a talaj magas sotartalma miatt

bekovetkezd termésveszteség.

» Elektrontranszport valaszok alacsony és magas fényintenzitasokhoz

adaptalodott Haberlea kotipusokban

A Haberlea rhodopensis novények rendelkeznek azzal a kolonleges
tulajdonsaggal, hogy viztartalmuk 95 %-édnak elvesztése utan is képesek
fotoszintetikus €s fiziologiai aktivitdsuk visszadllitasara. Eredményeink szerint a

gyakrabban vizsgalt ¢és elterjedtebb arnyékos fényviszonyokhoz adaptalodott
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Haberlea rhodopensis okotipussal szemben a magasabb fényintenzitasokhoz
akklimatizalodott Haberlea oOkotipus sokkal hatékonyabb fotoszintézis védelmi
mechanizmusokkal rendelkezik. Szarazsagstressz ~ hatdsara  a  linedris
elektrontranszport folyamatok fokozatosan gatlodnak, ezzel parhuzamosan a
fotoprotektiv ciklikus elektron transzport (CEF) hatékonysdga megnovekszik.
Rehidratacio alatt a fényadaptalt dkotipus esetén a fotoszintetikus funkciok gyorsan
visszaallnak hidratalt levelekre jellemz6 értékekre. Ezzel ellentétben az
arnyékadaptalt okotipus esetén a regeneracios lépesek lassabbnak bizonyultak, ami a

fotoszintetikus funkciok késleltetett visszaallitasat jelentette.

» Tetraploid energiafiiz fotoszintetikus hatékonysaganak jellemzése

A tetraploid fiizvonalak magasabb netto CO,-felvételérdl és levél gazcsere-
értekeir6l kimutattuk, hogy jelentGs szerepet jatszanak a fas szarG Salix Viminalis
gyorsabb novekedésében és hatékonyabb biomassza-termelésében. A PSI és PSII
fotokémiai rendszerek hatékonysaga magasabb a tetraploid vonalak leveleiben a
kontroll diploid vonalakhoz képest mind szant6f6ldi, mind tiveghazi koriilmények
kozott. A tetraploid fliz genotipusokban megfigyelhetd klorofill- és karotinoid-
tartalom is lényegesen magasabb volt, mint a diploid kontrollban, ami a

fotoszintetikus hatékonysag funkcionalis alapjanak 1ényeges eleme.
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