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ABSTRACT

EFFECTS OF VARIED MAGNESIUM AND POTASSIUM NUTRITION ON
WHEAT GROWN UNDER AMBIENT AND ELEVATED ATMOSPHERIC
CARBON DIOXIDE CONDITIONS

Kadriye Kahraman
Biological Sciences and Bioengineering, Master Thesis, 2014
Supervised by: Assoc. Prof. Dr. Levent Oztiirk

Keywords: Wheat, Elevated Carbon Dioxide, Magnesium, Potassium, Photosynthesis
Parameters

Atmospheric carbon dioxide (CO,) has been continuously increasing from 280 pmol
mol™ in 1800’s up to 395 umol mol™ as of today and projected to elevate to some point
in between 530 and 970 umol mol™ by the end of the 21% century. This study aimed to
understand how low magnesium (Mg) and potassium (K) supply affects plant growth
and physiology in an elevating CO;, environment using two major wheat species
(Triticum aestivum cv. Adana 99 and Triticum durum cv. Sariganak 98) as model plants.
As expected low Mg and K treatments resulted in retarded biomass production and
occurrence of severe leaf deficiency symptoms. Photosynthesis rate was significantly
induced by elevated CO, treatments, however this induction was hampered by low Mg
and K supply. Elevation of CO, resulted in accumulation of carbohydrates in source
leaves particularly in low-Mg and low-K plants. In plants grown with adequate Mg and
K, shoot and root biomass, root length and volume were significantly increased with
elevated CO,. However, growth enhancement resulting from elevated CO, was less
pronounced in low-Mg and low-K plants. Total antioxidant capacity, lipid peroxidation
and membrane stability were altered by low Mg and K supply irrespective of the [CO;]
treatments. Due to the detrimental effects of low Mg and K supply on phloem export of
carbohydrates, photosynthesis rate, root properties linked to nutrient uptake from soil,
antioxidative system and membrane structure, nutritional status of plants with Mg and K

has crucial importance to take advantage of an atmosphere with elevating CO, levels.



OZET

FARKLI MAGNEZYUM VE POTASYUM BESLENME DUZEYLERININ
YUKSELTILMIS ATMOSFERIK KARBONDIOKSIT KOSULLARINDA
BUYUTULMUS BUGDAY UZERINE ETKISININ ARASTIRILMASI

Kadriye Kahraman
Biyoloji Bilimleri ve Biyomiihendislik, Yiiksek Lisans Tezi, 2014
Tez Danismant: Assoc. Prof. Dr. Levent Oztiirk
Anahtar sozciikler: Bugday, Yiikseltilmis Karbondioksit, Magnezyum, Potasyum,
Fotosentez Parametreleri

Siirekli artmakta olan atmosferik karbondioksit konsantrasyonu (CO,) 1800°lii yillarda
280 pmol mol™ olup bu giin 395 pmol mol™® diizeyine yiikselmistir ve iginde
bulundugumuz yiizyilin sonunda 530-970 pmol mol™ araliginda bir noktaya ¢ikacag
ongoriilmektedir.Bu calismada bitki modeli olarak iki temel bugday tiirii (Triticum
aestivum cv. Adana 99 and Triticum durum cv. Saricanak 98) kullanilarak diisiik
magnezyum (Mg) ve potasyum (K) beslenmesinin yiikseltilmis karbondioksit
kosullarinda bitki biiylimesini ve fizyolojisini nasil etkileyeceginin anlasilmasi
amaclanmigtir. Beklenildigi gibi diisiik Mg ve K uygulamalarinda biyokiitle iiretiminin
gecikmesi ve yaprakta siddetli eksiklik semptomlar1 gozlemlenmistir. Yiikseltilmis CO;
uygulamalarinda fotosentez hizi anlamli bir sekilde artmistir, ancak bu artis diisiik Mg
ve K beslenmesiyle engellenmistir. Yiikseltilmis CO, konsantrasyonu ozellikle diisiik
Mg ve K bitkilerinde olmak {izere gelisimini tamamlamis yapraklarda karbonhidrat
birikimini yol agmistir. Yeterli Mg ve K kosullarinda yetistirilmis bitkilerde, gévde ve
kok biyokiitlesi, kok uzunluk ve hacmi yiikseltilmis CO, ile anlamli bir sekilde
artmistir. Ancak bu yiikseltilmis CO; ile biiylime artis1 diisiik Mg ve K beslenmesinde
daha az goriilmiistiir. Toplam antioksidan kapasitesi, lipid peroksidasyonu ve membran
stabilitesi karbondioksit uygulamarindan bagimsiz olarak diisiik Mg ve K beslenmesi ile
degismistir. Diisilk Mg ve K beslenmesinin floem karbonhidrat taginimi, fotosentez hizi,
topraktan besin alinimi ile baglantili olan kok ozellikleri, antioksidan sistemi ve
membran  yapisindaki  kotii  etkilerinden  dolayi, bitkilerin - CO, artisindan

yararlanabilmesi i¢in bitkilerde Mg ve K beslenme diizeyi kritik 6nem tasimaktadir.
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(A) INTRODUCTION

A.l. Climate Change

Human and natural drivers have a big role in climate change. The energy balance of
climate system is affected by the changes in abundance of greenhouse gases, in solar
radiation and land surface properties. The climate system is altered by human and
natural factors as warming or cooling influences on global climate. Carbon dioxide,
methane and nitrous oxide are the main gases that increase due to fossil fuel use, and

hence cause the change of climate system.

One of the most important greenhouse gases is known as the carbon dioxide (CO;). The
atmospheric CO, concentration has increased by 40% since pre-industrial time, and
reached around 391 ppm in 2011 while pre-industrial value was about 280 ppm (IPCC
2007, 2013, 2014, Co2now.org 2014). Although there is year-to-year variability in
growth rate of CO, concentration, the increase of CO, concentration was larger in the
last years than in many years ago. Moreover, the global atmospheric CO, concentration
still continues to increase by human and natural factors.

The unbalanced climate system has an impact on environment, such as arctic
temperatures and ice, widespread changes in precipitation amounts, ocean salinity, wind
patterns and aspects of extreme weather including droughts, heat waves, heavy
precipitation and the intensity of tropical cyclones. Warming of the climate system
causes increment of temperature of global average air and ocean. The increase of
temperature is directly related with the melting of snow and ice, and hence rising global
average sea level (IPCC 2007, 2014). The average atmospheric water vapour content is
another impacted part that has been increased year-to-year. When today’s mountain
glaciers and snow cover are compared with the past years, in both hemispheres they
have declined on average; and the decline of glaciers and snow cover ends up with the

sea level rise.

According to the United Nations, the world population increases to 9.6 billion in 2050
and 10.9 billion by 2100, and the population increase will be directly related with food
demand. Bruinsma (2009) indicated that 70% more food should be produced by 2050 to

feed the increasing world population, and climate change will be main difficulty to face
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up to provide same fertility level for world agriculture. There is also another limited
parameter of agricultural production, known as environmental stresses which limit the
agricultural production and yield with an increase of food demand. Climate change has
an impact on food production in a negative way. According to IPCC (2007), the average
global temperature is expected to rise by 1-6°C in the 21*" century. Increase of global
temperature comes with high light intensity and extreme temperatures that will affect on
productivity of crops. Different growth-limiting problems such as mineral nutrient
deficiencies will likely to increase with changes in climate. For example, Mg deficiency
is one of the most observed deficiencies with heat because of inhibition of Mg uptake
by high temperature (Gransee and Fiihrs 2012) and plants deficient in Mg become more
susceptible to heat stress (Mengutay et al. 2013).

A.2. Effects of Elevated CO,

Today’s atmospheric CO, concentration is at its highest recorded level since the
beginning of accurate measurements about 54 years ago and continues to increase
rapidly. Especially after industrial revolution, CO, concentration entered a rapid growth
period, and it increased from 280 pmol mol™ to 395 pmol mol® (IPCC 2007,
CO2now.org 2013). According to projections, atmospheric CO, concentration will be at
a level of 530 to 970 pmol mol™ at the end of 21 century (IPCC 2007). While scientific
researches show that increase of atmospheric CO, is converted to carbohydrate and
other organic matters with photosyntetic ways by plants, it is not exactly understood
how it affects the trend of atmospheric CO; increase. The increase of atmospheric CO,
concentration results in increase of photosynthesis rate particularly for Cs plants, and
consequently can affect the capacity of growth and yield in a positive way (Ainsworth
and Rogers 2007, Taiz ve Zeiger 2010). However, plants should be in favorable
conditions in terms of nutrition with other essential elements to utilize and benefit from
an elevated CO; environment. For instance, Reddy and Zhao (2005) reported that
distribution of dry matter was unbalanced in K deficient cotton plants and more K was

needed for an effective phloem transport under elevated CO, conditions.

The main reason of the persistent increase of atmospheric CO, concentration in the past
200-years is the anthropogenic use of fossil fuels. From an optimistic point of view, the

increment of CO, concentration can be defined as beneficial for autotrophic plants due


http://co2now.org/

to the increase in abundance of CO; which is the sole carbon source for the formation of
high-energy organic compounds through photosynthesis. This assumption is proved by
many studies conducted with Cs plants grown under optimum mineral nutritional
conditions. Moreover, some researchers pointed out that the yield increase due to
elevated CO; is only a little, mostly because of the bottleneck in phloem transport of
photo-assimilates (Korner et al. 1995, Komor 2000). In many plant species grown under
elevated CO, conditions, it is known that phloem export of carbohydrates is reduced and
carbohydrates are accumulated in photosynthetically active mature leaves. On the other
side, long-term field studies indicate that plants should be grown under optimum
nutrition and environmental conditions to efficiently benefit from elevated CO,

conditions.

In general most of the studies about the relation between nutritional status of plants and
elevated CO, were focused on nitrogen (N) nutrition, and other important macro
nutrients such as Mg and K were barely studies. However, previous studies clearly
showed that Mg and K nutrition play a key role in phloem loading and export of photo-
assimilates from source (mature leaves) to sink (young leaves, roots, fruits) tissues. For
instance, it was reported that one of the most important reaction of plants grown under
low Mg and K is the accumulation of carbohydrates in mature leaves (Cakmak et al.
1994b, Cakmak 2005). It was also indicated that under elevated [CO,] conditions
distribution of shoot to root biomass were unbalanced, and this destabilization could be
related with the role of K nutrition on phloem transportation (Jordan-Meille and Pellerin
2008, Hafsi et al. 2014). Therefore, carbohydrate accumulation in leaves as a result of
either elevated [CO,] conditions or low Mg and K nutrition constitutes an important
problem in terms of plant metabolism and dry matter distribution.

Teng et al. (2006) showed that elevated CO, reduced stomatal density, transpiration rate
(Tr) and stomatal conductance (Gs). They indicated that decrease of Tr and Gs was
caused by the reduction of stomatal aperture. It was also noted that elevated CO,
treatment increased soluble sugar and starch contents. This study also showed a
decrease in nutrient concentration of leaves as CO, concentration increased. Starch
accumulation could be one of the reasons for the decrease of mineral nutrients at the
elevated CO, treatments resulting a dilution of nutrients. The decrease in mineral
nutrients can also be associated with the reduction in stomatal conductance and

transpiration rate due to elevated CO, environment in which plants tend to transpire
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less. However, nutrients which are mainly taken up by mass flow in the rhizosphere
(e.g. Mg and K) can be particulary affected negatively in such an environment.

It is thought that Cs plants benefit from elevated CO, with increasing photosynthesis
rates by using CO, converted to carbohydrate, and enhancing of productivity and
growth (Ainsworth and Long 2005, Ainsworth and Rogers 2007, Leakey et al. 2009).
However, other studies indicated that photosynthetic capacity may decrease in time and
end up in an acclimation phase which may be caused by reduced by sink activity and
nutritional limitations (Drake et al. 1997, Ellsworth et al. 2012, Komatsu et al. 2013, Xu
et. al. 2013).

Reddy et al. (2010) emphasized the effects of elevated CO, on source-sink balance,
plant productivity and growth. It is suggested that C3 plants will be affected positively
by increase of carbon assimilation, growth and yield due to their specific photosynthesis
pathway. They also notified that root surface and root volume increased by rising CO,
because of enhancing allocation of carbon to root growth. Elevated CO, also affected
the stomatal conductance, carboxylation capacity and accumulation of photoassimilates.
With increase of CO,, reduction of stomatal conductance was observed. Decreased
stomatal conductance might cause to increase leaf surface temperature, and increment of
leaf surface temperature could be related with the increase of transpiration rate
(Bernacchi et al. 2007, Reddy et al. 2010).

According to a study by Pritchard and Amthor (2005), biomass and grain yield of wheat
will rise about 7-11% per 100 pmol mol ™ increase of CO, concentration. They also
concluded that the maximum increase will be around 30% at about 750 wmol mol * CO,

concentration under controlled conditions.

Mahdu and Hatfield (2013) worked on effects of rising CO, on root growth. According
to their study, roots become more numerous, longer and thicker under the elevated CO..
Branching and extention of roots was linked to changes of water and nutrient
availability with the increase of CO, concentration. Several other studies also reported
that with CO, enrichment, root length was increased in many plant species with
becoming more numerous, longer, and thicker (Norby 1994, Prior et al. 1995, Rogers et
al. 1999, Bernacchi et al. 2000, Pritchard and Rogers 2000).

With the steady increase of atmospheric CO, concentration, root biomass also increases

and this reflects to whole plant biomass (Rogers et al. 1994, Obrist and Arnone 2003).
4



Free air CO, enrichment studies (FACE) with spring wheat also showed about 37%

increase in total root dry mass in the elevated CO, (Wechsung et al. 1999).

Kimball (2011) and Kimball et al. (2002) worked on both sufficient and deficient level
of water and N for 300 umol mol* increase in atmospheric CO, concentration. They
reported an increase of root biomass in all conditions, but this was less pronounced in

plants grown under N deficiency levels.

Elevated atmospheric CO, concentration has also impact on protein and elemental
concentration of plants. Manderscheid et al. (1995) indicated how elevated atmospheric
CO,, concentrations affected nutrient concentrations and grain quality. They determined
the concentrations of macro and micronutrients and amino acid composition of the grain
protein. They reported that concentrations of all amino acids in grain were decreased in
wheat cultivars grown under elevating [CO;]. They also concluded concentration of
nearly all macro and micronutrients were also reduced by elevated atmospheric CO,

concentrations.

According to study of Hogy et al. (2009), wheat aboveground biomass, leaf ear
biomass, number of ears and grains per unit ground area were increased with
encrichment of CO, concentration. However, concentrations of total grain protein and
amino acids per unit of flour were significantly reduced because of elevated
atmospheric CO, concentration. Hogy et al. (2013) also reported that total protein
concentration was decreased due to elevating [CO;]. However, the increment of C/N
ratio was observed under elevated atmospheric CO, concentrations. It could be linked
with increased C and lower amount of total N which was related with decrement of
protein under CO, enrichment. They also indicated that concentrations of Ca, Fe, Co
and Mg were decreased while B, K, Pb and Mo were increased by elevated atmospheric

CO, concentrations.

Fernando et al. (2012) reported similar results about nutrient concentrations in grains.
They concluded that nutritive value of grain including protein concentration, flour
protein concentration and most of the macro and micronutrients was decreased due to
elevated atmospheric CO, concentrations. According to their study, concentrations of
Zn, Na S and P were also decreased by elevating [CO,] while no differences were
observed in K, Cu and Mn concentrations. They also indicated total grain uptake of Fe

Mn B, Cu, Zn, Ca, Mg, K, P and S on an area basis was increased while the
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concentrations of most macro and micronutrients were reduced due to elevated
atmospheric CO; concentrations. This could be related with the increment of grain yield
with elevating [CO,].

Myers et al. (2014) reported that C3; grains and legumes grown under elevated
atmospheric CO, concentrations have lower concentration of zinc and iron. According
to their study, C3 crops are more sensitive to elevating [CO;] and lower concentrations
of protein have been observed in Cz crops grown under elevated atmospheric CO,

concentrations than in legumes and C4 crops.

A.3. Roles of Magnesium in Plants

Magnesium is one of the most important nutrients for plant growth. It has several
structural and physiological roles, and is the most abundant cation in the cytosol of
plants. Magnesium has also an impact on activity of enzymes in chloroplasts (Shaul
2002, Epstein and Bloom 2004, Cakmak and Kirkby 2008). Magnesium is known as the
central atom in the structure of chlorophyll molecule. Therefore, leaf chlorosis is
primarily observed in the Mg deficient plants. It is also related with increase of ROS
generation and oxidative damage because of Mg deficiency (Cakmak 1994, Sun and
Payn 1999, Marschner 2012, Waraich et al. 2012). Photosynthesis process is also
adversely affected from low level of Mg due to the role of Mg on photosynthetic
enzymes, reduction of stomatal conductance and increase of carbohydrate accumulation
in leaves (Fischer and Bremer 1993, Sun and Payn 1999, Laing et al. 2000, Hermans et
al. 2004, Cakmak and Kirkby 2008).

As it is known, one of the physiological roles of magnesium is to harvest solar enegry
by occupying central position in the chlorophyll structure as a cofactor and promoter for
many enzymes (i.e. carboxylases, kinases, phosphatases, RNA polymerases and
ATPases) (Cowan 2002, Shaul 2002). Therefore, magnesium has crucial roles in
chlorophyll synthesis, photochemical reactions, carbon fixation and stomata
functioning. Under Mg deficiency, increment of chlorophyll a/b (Chl a/b) ratio was
reported in several studies (Lavon et al. 1999, Hermans et al. 2004, Hermans and
Verbruggen 2005, Verbruggen and Hermans 2013). Chl b is related with the light
harvesting complex connected to photosystem Il (PSII), and the increased Chl a/b ratio



by Mg deficiency causes the loss of PSII peripheral antenna or change in photosystem
stoichiometry in favour of photosystem | (PSI). Under Mg deficiency, photosynthesis
rate is altered and an excess of absorbed light is evident. As a result of excess light
absorption, D1 protein which has important role in activation of PSII is disrupted, and
excess electrons are produced by PSI. It ends up with light dependent generation of
ROS in chloroplast which causes the oxidative cell damage as a result of disruption of
chloroplast pigments and membranes (Richter et al. 1990a, b, Hermans et al. 2004, Gill
and Tuteja 2010).

Magnesium is also important for phloem transport and carbon fixation. Magnesium
deficiency causes the impairment of photosynthetic carbon fixation, accumulation of
carbohydrates in source leaves because of altered phloem transport, and enhancement of
antioxidative damage (Fischer and Bremer 1993, Cakmak et al. 1994b, Hermans et al.
2004, Hermans et al. 2005, Hermans and Verbruggen 2008). Magnesium deficient
plants become very susceptible to high light because of decline of CO, fixation that
causes less absorbed light energy captured by chlorophyll molecule and consequently
over-reduction of the photosynthetic electron transport induces activation of O, to ROS
(Cakmak and Kirkby 2008, Yang et al. 2012, Verbruggen and Hermans 2013).

Another crucial role of Mg is about phloem loading of sucrose, carbohydrate
partitioning between source and sink tissues and transport of photoassimilates into sink
organs (Cakmak et al. 1994a, b, Marschner et al. 1996, Hermans et al. 2005, Cakmak
and Kirkby 2008, Cakmak 2013). In magnesium deficient plants, accumulation of
carbohydrates is generally observed in source tissues. Due to accumulation of sugar and
amino acids under Mg deficiency, growth of sink organs was inhibited, and
photosynthesis rate decreased (Verbruggen and Hermans 2013). Accumulation of
sugars under Mg deficiency may pave the way for pathogen invasion and infection
(Cakmak 2013). There are also several other studies that link nutrient deficiencies to
increase susceptibility of crops to infection (Schroth et al. 2000, McMahon 2012).
Marschner (2002) also indicated that adequate nutrition helps to reduce pest/disease
damage.

Magnesium has role on ATPase enzyme that drives the phloem loading of sucrose,
hence Mg deficiency directly alters the phloem assimilates. Phloem loading is known as

an energy requiring process and involves formation of electrochemical gradients by H*-



ATPase and H*-sucrose cotransport into the phloem. At this stage Mg-ATP is the source
of energy utilized and formed from Mg* and ATP (Bush 1989, Cakmak and Kirkby
2008, Gerendas and Fiihrs 2013).

Magnesium is also one of the most important nutrients for growth and development of
plants. Magnesium status plays role in the transport and utilization of photosynthates,
and has influence on carbohydrate partitioning between sourse and sink organs. Mg
deficiency alters root to shoot dry weight ratio due to impaired phloem export of
photoassimilates from source to sink tissue, and decrease of root:shoot ratio was
observed in several studies. Reduction of root growth may also be related with the
disrupted photosynthate supply and reduction of dry matter partitioning to roots. There
is convincing evidence in the literature that Mg deficiency induces the reduction of
carbohydrate transport towards the roots, and thereby causes the accumulation of
sucrose and starch in leaves that is in accordance with inhibition of sucrose export from
leaves into roots. Magnesium deficiency also reduces root uptake of nutrient from soil,
and thereby causes the reduction of root growth and surface (Cakmak et al. 1994b,
McDonald et al. 1996, Hermans et al. 2005, Cakmak and Kirkby 2008, Cakmak 2013).
Magnesium has also impact on specific leaf weight which is calculated as the leaf dry
weight per unit leaf area. According to study of Verbruggen and Hermans (2013),
specific weight was increased in Mg deficient plant. Chen and Black (1983) indicated
that specific leaf weight was related to net photosynthesis, respiration and translocation.
Under Mg deficiency, accumulation of sucrose and starch became evident as a result of
disruption of phloem export from source to sink organs as well as impairment of
photosynthesis process, and thereby increment of specific leaf weight was observed in
plants grown with low Mg supply. Marschner (2002) also indicated that insufficient root
supply under Mg deficiency provided the remobilization of magnesium from mature

leaves, hence leaf area was reduced.

Reduction in protein biosynthesis was observed under Mg deficiency in several studies
(Fischer et al. 1998, Marschner 2012, Gerendas and Fiithrs 2013). Magnesium is
essential for consistance and stability of ribosomes and their aggregation to polysomes.
Another crucial role of Mg nutrient is the bridge formation between two subunits of
ribosomes that are responsible for protein biosynthesis. Adequate Mg?* concentration is
necessary for amino acid incorporation, gene transcription and translation. Magnesium

also plays role in activation of enzymes concerned with energy metabolism, and thereby
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is required for amino acid activation as well as for the release of the peptide chain from
the ribosome (Amberger 1975, Maathuis 2009). Moreover, Harper and Paulsen (1969)
indicated that nitrate reductase activity and nitrate content were decreased under
nutrient deficiencies (i.e. nitrogen, magnesium, phosphorus and calcium), and nitrate

reductase activity requires ability of the tissue to synthesize protein.

Increase in levels of antioxidants and activities of antioxidative defence enzymes were
other observations in Mg deficient plants. Enhancement of antioxidative capacity was
observed at an early stage of Mg deficiency, hence it is thought as one of the first
physiological responses of plants to Mg deficiency as well as reduction of partitioning
of dry matter to roots (Cakmak and Kirkby 2008).

In brief, functions of magnesium include chlorophyll formation, phloem loading, and
photophosphorylation as ATP formation, CO, fixation, protein synthesis and
partitioning of photoassimilates. Generation of ROS, photooxidation in leaf tissues,
inhibition of phloem exports, carbohydrate accumulation, and reduction of root growth
and surface are main responses of plants to Mg deficiency (Cakmak and Kirkby 2008,
Cakmak and Yazici 2010).

A.4. Roles of Potassium in Plants

Potassium is among the essential mineral nutrients for growth and development of
plants. It is important for survival of crop plants under environmental stress conditions
(Waraich et al. 2012). There are several roles of K such as photosynthesis, translocation
of photosynthates, activation of enzymes, and turgidity of plants (Marschner 2002,
Kirkby 2011, Mikeld et al. 2012). As in magnesium deficiency, reduction in CO;
fixation and disruption in partitioning of photosynthates were observed under K
deficient plants (Waraich et al. 2012). Generation of ROS was also induced with K
deficiency by excess of photosynthetically produced electrons and enhancement of
activity of NADPH oxidases. This may also be linked to membrane damage and
chlorophyll degradation in plants grown under K deficiency (Waraich et al. 2011, Hafsi
et al. 2014).

Increase of antioxidative enzyme activity, chlorosis and necrosis at high light intensity

were other responses of K deficient plants (Waraich et al. 2012). Phloem export was
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also inhibited by K deficiency, and linked to restriction of sucrose transportation into
roots and accumulation of photoassimilates in leaves (Hafsi et al. 2014). Kanai et al.
(2007) reported that photosynthesis was impaired by K deficiency. There were several
studies that corroborate the reduction of photosynthesis activity in K deficient plants
(Bednarz et al. 1998, Zhao et al. 2001). Because of growth inhibition, translocation of
photosynthates was also reduced by K deficiency (Kanai et al. 2007). Cakmak (2005)
also indicated that K deficiency caused to decrease in photosynthetic C metabolism and
utilization of fixed carbon. Potassium deficiency also induced accumulation of
carbohydrates in source leaves because of inhibition of photosynthetic C reduction.
With alteration of photosynthetic C metabolism, an excess of light energy and
photoelectrons which leads to photoactivation of molecular O, and occurence of photo-

oxidative damage was existed in K deficient plants.

Potassium ion is important for various metabolic reactions because of the roles on
activation of many enzymes such as vacuolar Ppase isoforms, pyruvate kinase, ADP-
glucose starch synthase, and phosphofructokinase (Maathuis 2009). It is also a
fundamental nutrient for crop yield, and related with sugar allocation, amino acid levels
and nitrogen assimilation. Hence, potassium deficiency causes downregulation of nitrate

uptake and synthesis of nitrogen-rich amino acids (Amtmann and Rubio 2012).

Potassium deficiency has an impact on plants likewise Mg deficiency about shoot to
root dry weight ratio. Enhancement of shoot:root ratio was observed in K deficient
plants with the accumulation of sugars in source leaves (Cakmak and Kirkby 2008).

Another crucial role of potassium is about ion diffusion whose efficiency depends on
the availability of K. According to study of Miser et al. (2002), K* is essential for
phloem solute transport and maintenance of cation:anion balance in the cystol. Makela
et al. (2012) indicated that the cuticle and walls of epidermis thickened in barley straw
with increasing K fertilizer treatment, and thought that thickening of cuticle is linked to

guard cell movement in which availability of K plays a crucial role.

Potassium plays an important role in the regulation of osmotic potential and turgor
(Hafsi et al. 2014). Cell turgor recovery in osmotically-generated stress was regulated
by elevating K ion by root cells, which was mediated by voltage-gated K™ transporters

at the cellular plasma membrane. Potassium also induces solute accumulation, thereby
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plays role in lowering osmotic potential and maintaining plant cell turgor under osmotic
stress (Wang et al. 2013).

Stomata have a vital role as to control plant water loss via transpiration. Potassium
maintains turgor regulation within the guard cells during stomatal movement. Under
stress conditions, rapid release of K* from the guard cells into the leaf apoplast helps the
stomatal closure (Marschner 2012, Wang et al. 2013). Based on the effects of K ion on
guard cells, K deficiency induce stomatal closure and stomata would be difficult to
remain open (Jin et al. 2011). According to study of Benlloch-Gonzalez et al. (2008), K

deficiency provided stomatal opening and induced transpiration under drought stress.

In brief, functions of K nutrient include photosynthesis, enzymes activation, protein
synthesis, osmoregulation, maintenance of cation-anion balances, and regulation of

stomatal movement (Hafsi et al. 2014).
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(B) MATERIALS AND METHODS

B.1. Plant Growth and Experimental Design

B.1.1. Experiments on Effects of Varied Mg Nutrition under Ambient and

Elevated Carbon Dioxide Environments

In this experiment the aim was to study the effects of varied Mg nutrition under
different atmospheric CO, concentrations. Bread wheat (Triticum aestivum cv. Adana
99) and durum wheat (Triticum durum cv. Sariganak 98) were grown hydroponically in
growth chambers under controlled climatic conditions. Plants were grown with 16 hours
day and 8 hours dark cycles. The light-period temperature was set to 24°C and the dark-
period temperature to 20°C. The photosynthetic photon flux density was 400 pmol m™
s™ at the canopy level. The elevated CO, conditions were 600 pmol mol™ and 900 umol
mol™. The relative humidity was kept at 65% and 75% during the light and dark

periods, respectively.

Seeds were germinated in perlite wetted with saturated CaSO,4.2H,O solution.
Following 6 days of germination at room temperature in dark, the resulting seedlings
were then transferred to nutrient solution culture pots filled with 2.7 L of the following
nutrient solution: 4 mM Ca(NQg3),, 0.75 mM K;S04, 1 mM MgSQOy, 0.25 mM KH,PO,,
0.1 mM KCL, 1 uM ZnSOg4, 1 uM MnSO4, 1 pM H3BOg3, 0.2 uM CuSQg4, 0.01 uM
(NH4)sM07024, 0.01 uM NiCl; and 100 uM Fe-EDTA. Magnesium was added in the
form of MgSO,.7H,0 at three different concentrations to achieve low (i.e 75 pM),
marginal (i.e. 150 uM) and adequate (i.e. 1000 uM) nutrition with Mg. Nutrient
solutions were continuously aerated and renewed every three days throughout the

experiment.

The experiment was designed as a three pot-replicate with six plants in each pot.
Twenty days after sowing, all plants were harvested. Three plants were used for analysis

of soluble carbohydrate, and three plants for Mg analysis.

Same experiment was designed for analysis of total antioxidant capacity, lipid
peroxidation, membrane stability, root properties (i.e. volume, surface area, length and

tips) and phloem export of carbohydrates. Four plants were used for analysis of total
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antioxidant capacity and lipid peroxidation, four plants for membrane stability, and
three plants for collection of phloem exudate.

B.1.2. Experiments on Effects of Varied K Nutrition under Ambient and Elevated

Carbon Dioxide Environments

In this experiment the aim was to study the effects of varied K nutrition under different

atmospheric CO; concentrations.

All plant growth conditions were identical with the previous experiment (see B.1.1.)
except for K and Mg supplies in nutrient solution. Magnesium was supplied at adequate
level (i.e. 1000 pM) whereas K was added in the form of K,SO, at three different
concentrations to achieve low (i.e. 10 uM), marginal (i.e. 30 uM) and adequate (i.e. 750
uM) nutrition with K. 0.1 mM CaCl, and 0.25 mM Ca(H,PO,), was supplied at
deficient level instead of KH,PO,4 and KCI.

B.2. Digestion and Elemental Analysis

All shoot and root samples were ground to fine powder in an agate vibrating cup mill
(Pulverisette 9; Fritsch GmbH; Germany) for elemental analysis. Around 0.3 g of
ground shoot and root samples was weighed respectively for acid digestion in a closed-
vessel microwave system (MarsExpress; CEM Corp., Matthews, NC, USA) with 2 ml
of 30% H,0; and 5 ml of 65% HNO3. After digestion, each sample was diluted to 20 ml
with ultra deionized water and then the samples were filtered by quantitative filter
papers. Elemental analysis was performed with inductively coupled plasma optical
emission spectrometry (ICP-OES; Vista-Pro Axial; Varian Pty Ltd, Mulgrave,
Australia) to determine Mg and K concentrations in shoot and root samples.

B.3. Determination of Leaf Specific Weight and Shoot and Root Dry Matter

Production

For determination of leaf specific weight, second oldest leaf was used from three plants
per pot. Following determination of fresh weight, leaf sample were quickly scanned and
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dried until a constant weight in a forced oven set to 50°C. Area of scanned leaf images
were determined by the ImageJ software. Specific leaf weight was calculated by the

ratio of leaf dry weight to leaf area and expressed as mg cm?.

Whole plant shoot and root samples were harvested separately and dried at 70°C in a
forced oven until constant weight. Dried samples were weighed for determination of
shoot and root dry matter. Whole biomass production was calculated by summing shoot
and root dry matter per plant.

B.4. Detection of Photosynthetic Parameters

A portable photosynthesis measurement system (LiCor-6400; LiCor Inc. Lincoln, NE,
USA) was used to determine photosynthesis rate (umol m™?s™), stomatal conductance
(mol m™?s™), and transpiration rate (umol mol™). All measurements were performed in
the second oldest leaf prior to harvest of plants. During measurement of gas exchange,
light intensity and temperature were set to 500 pmol m™?-s™ and 24°C, respectively.
Carbon dioxide concentration was set according to experimental CO; levels (i.e. 400,
600 or 900 umol mol™).

Chlorophyll concentration was measured by a portable chlorophyll-meter instrument
(Minolta SPAD-502). Readings of SPAD values were obtained from middle of leaf

blade of each fully expanded second oldest leaf.

B.5. Soluble Carbohydrate Analysis

Yemm and Wills’ (1954) anthrone method was used for soluble carbohydrate analysis
with slight modifications. The anthrone reagent was prepared by dissolving 0.15 g of
anthrone in 75 ml of 98% H,SO, and 25 ml of 20% ethanol. Soluble carbohydrates in
dried and ground leaf and root samples were extracted with 10 ml of 80% ethanol and
vortexed for 10 min at room temperature. The suspensions were centrifuged at 4600 g
for 10 min, and 1 ml supernatant was collected in 2 ml centrifuge tubes. The ethanol
extraction was repeated twice and finally 2 ml supernatant was collected. In 250 pl of
sample extract, 4 ml of anthrone reagent was added and the mixture was incubated in a

water bath set to 95°C for 11 min. The samples were then quickly cooled down to room
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temperature in ice bath. The absorbance of samples was read at 620 nm against D-
glucose standards by a spectrophotometer.

B.6. Analysis of Antioxidative Systems

B.6.1. Measurement of Membrane Stability Index

Second oldest leaf was used to determine membrane stability index (MSI). The leaf was
cut into three parts, rinsed in distilled water and then placed in 50 ml falcon tubes
containing 25 ml of ultra deionized water. Tubes were horizontally placed on a rotating
shaker set to 50 RPM for 18 hours. Electrical conductivity of incubation solution was
measured after the incubation period and recorded as C1. All tubes were then incubated
in a water bath set to 100°C for 20 min and cooled down to room temperature. Electrical
conductivity was measured for the second time and recorded as C2. MSI was calculated

by using the equation below:

MSI= [1-(C1/C2)] x 100

B.6.2. Measurement of Lipid Peroxidation

Lipid peroxidation was signified as malondialdehyde (MDA) content and performed
according to the spectroscopic method described by Heath and Packer (1968). First and
second oldest leaves were used for the measurement of lipid peroxidation. Weighed and
frozen leaf samples were homogenized by 10 ml 0.1% trichloroacetic acid (TCA), and
then centrifuged at 4600 g for 5 min. 1 ml of supernatant was collected to 15 ml falcon
tubes and added with 4 ml of 20% TCA and 5% thiobarbituric acid (TBA) solution.
Tubes were incubated in a water bath set to 95°C for 30 min and cooled down
immediately in ice bath. The samples were centrifuged at 4600 g for 10 min and
absorbance was read at 532 and 620 nm. MDA was calculated by using the equation

below and expressed per unit fresh weight:

MDA (nmol ml™%) = [(A532-A600)/155,000] x 10°
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B.6.3. Measurement of Total Antioxidant Activity

Total antioxidant activity was determined according to the spectroscopic method
described by Prieto et al. (1999). Third and fourth leaves were used for the
measurement of total antioxidant activity. Leaf samples were extracted by 5 ml ethanol,
centrifuged for 10 min at 4600 g and 0.1 ml of supernatant was collected into 15 ml
falcon tubes. 3 ml of reaction solution consisted of 0.6 M H,SO,4, 28 mM Na-phosphate
and 4 mM ammonium molibdate was added to samples and the mixture was incubated
in a water bath set to 95°C for 90 min. Following cool down, absorbance of samples was
read at 695 nm. L-ascorbic acid was used to prepare standard solutions for generation of

a calibration curve. Results were expressed as mg g™ per unit fresh weight.

B.7. Determination of Root Properties

Roots of plants were weighed to determine fresh weight and then spread on a
transparent plastic tub filled with water at a depth of 1 cm. Roots were scanned with a
calibrated scanner dedicated to the WinRHIZO digital imaging software. Total root
length, number of root tips, root surface area and root volume of each plant were
analyzed. Root samples were finally dried at 70°C until constant weight to determine

root dry matter production.

B.8. Collection and Analysis of Phloem Exudates

Collection of phloem exudates was performed according to the EDTA method described
by King and Zeevaart (1974) with slight modifications. Second, third and forth leaves of
two plants were placed in eppendorf tubes filled with 2 ml of 20 mM EDTA. The part
collected in first 15 min was discarded, and leaves were placed in a new tube. Then
leaves were incubated at dark for three hours, and photoassimilates collected in the
eppendof tubes were frozen at 80°C for analysis. Leaf samples were weighed to
determine fresh weight and then dried at 70°C until constant weight to determine dry

weight.

Yemm and Wills” (1954) anthrone method was used for soluble carbohydrate analysis

with slight modifications. The anthrone reagent was prepared by dissolving 0.2 g of
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anthrone in 75 ml of 98% H,SO4 and 25 ml of 20% ethanol. To 250 pul of phloem
exudate, 4 ml of the anthrone reagent was added, and the mixture was incubated in a
water bath set to 95°C for 11 min. When the samples were cooled down to room
temperature in ice bath, the absorbance was read at 620 nm against D-glucose standards.
Results were expressed as D-glucose equivalent soluble carbohydrates per unit dry

weight.

B.9. Statistical analysis

Statistical analyses were performed by using the JMP software. Student t-test was used
to indicate the differences between cultivars and treatments and p-values were indicated
as * (p<0.05), ** (p<0.01) or *** (p<0.001) where the effects were found significant.
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(C) RESULTS

C.1. Growth of Experimental Plants

As expected, low-and also marginal-Mg supplied plants showed typical interveinal
chlorosis and reduced shoot biomass resulting from Mg deficiency. The development of
leaf chlorosis caused by Mg deficiency became more severe with elevating [CO2] in
both cultivars. Severe K deficiency symptoms of brown scorching, necrosis and leaf tip
burns were observed in K deficient plants mostly in the older leaves. Adequate Mg and
K supplied plants produced more biomass with elevating [CO.], however elevating
[CO;] had no such effect in low and marginal Mg or K supplied plants (Figure 1.1 and
Figure 1.2).
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Saricanak 98

Low Mg Marginal Mg Low K Marginal K Adequate Mg & K

Ambient CO,

600 pmol mol™
CO,

900 pmol mol™
CO,

Figure 1.1: Growth of Saricanak 98 (T. durum) plants grown with adequate Mg and K
(1000 uM Mg and 750 uM K), low Mg (75 uM), marginal Mg (150 uM), low K (10uM)
and marginal K (30 uM) supply under three different CO, environments (ambient: 400

umol mol™, elevated: 600 and 900 pmol mol™)
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Adana 99

Low Mg Marginal Mg LowK  Marginal K Adequate Mg & K

Ambient CO,

600 pmol mol™
Co,

900 pmol mol™
CO;,

Figure 1.2: Growth of Adana 99 (T. aestivum) plants grown with adequate Mg and K
(1000 uM Mg and 750 uM K), low Mg (75 uM), marginal Mg (150 uM), low K (10uM)
and marginal K (30 uM) supply under three different CO, environments (ambient: 400

umol mol™, elevated: 600 and 900 pmol mol™)
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C.2. Experiments on Mg Nutrition under Ambient and Elevated Carbon Dioxide

Environments

Dry Matter:

Magnesium deficiency caused decrease of shoot dry matter production of plants,
whereas shoot dry weight significantly increased with elevating [CO;] in both Saricanak
98 and Adana 99 cultivars supplied with adequate Mg supply. However, according to
statistical analysis, this increase was more in Adana 99 cultivar than in Saricanak 98
cultivar. Shoot dry matter of adequate Mg plants of Saricanak 98 showed significant
increase in 600 pmol mol™ [CO,] compare to ambient [CO,], whereas there was no such
difference between plants in 600 pmol mol™ [CO,] and 900 pmol mol™ [CO]
conditions. While shoot dry weight was increasing with elevating [CO;] in adequate Mg
plants, there was a decrement or a very slight increment in low- and marginal-Mg
plants. Moreover, while shoot dry matter of both cultivars was differently affected by
Mg deficiency, they were affected by CO, treatment in a similar way (Figure 2.1 and
Table 2.1).
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Figure 2.1: Shoot dry weight of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

p)
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Mg deficiency also reduced root growth. Root dry matter results showed similar trend
with shoot dry matter results. A statistically significant increment of root dry weight
was observed in Saricanak 98 plants grown with adequate Mg supply and elevated 600
umol mol™ [CO,]. Interestingly, a decrease was observed when 600 and 900 pmol mol™
CO;, concentrations were compared. There was a slight increase in plants of Adana 99
with enhancement of CO, concentration. While root dry weight of both cultivars was
affected by CO, treatment in a similar way, they were affected differently by Mg
deficiency (Figure 2.2 and Table 2.1).
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Figure 2.2: Root dry weight of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol’

p)
A significant decrease in whole biomass dry weight (i.e. shoot+root) was observed in
Mg deficient plants. Biomass of adequate Mg plants significantly increased with the

elevated [CO;] in both cultivars. However, there was a very slight increase or no change

in Mg deficient plants’ biomass with elevated [CO,] (Figure 2.3).

Under ambient [CO;] conditions, almost no differences of shoot-to-root ratio were
observed among different Mg treatments. However with elevating [CO,], highest
change of shoot-to-root ratio was observed in plants grown with lowest Mg supply
(Figure 2.4).
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Figure 2.3: Total dry weight of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

)
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Figure 2.4: Shoot-to-root ratio of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low Mg (75 uM) and marginal Mg (150 pM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

)
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In summary shoot, root and total (shoot+root) dry matter productions were very
significantly affected by Mg supply and cultivar treatments (p < 0.0001, p < 0.0001).
Consequently, Mg*cultivar interaction was also found significant for shoot, root and
total dry weight. Carbon dioxide treatments alone positively affected shoot dry weight,
however root dry weight was affected negatively. As a consequence, total dry weight
was not statistically affected by elevating CO,. Also there was no CO,*cultivar
interaction in shoot and root dry matter production, meaning that cultivars did not differ
in dry matter production upon CO, treatments. Moreover there was statistically
significant interaction of CO, with Mg supply, suggesting that Mg supply responded
differently upon CO, treatments in terms of shoot, root and total dry weight (Table 2.1).

According to statistical analysis of shoot-to-root ratio, p-values of CO,, Mg and cultivar
treatments were found less than 0.0001, meaning that significant differences were
observed among CO,, Mg and cultivar treatments, respectively. However, the cross
analysis of CO, treatment with cultivar was not found statistically significant. There

were significant differences in Mg treatments upon cultivars (Table 2.1).

Table 2.1: p-values of shoot, root and total dry weight, and shoot-to-root ratio according
to statistical analysis

p-value

Treatments Shoot Dry Weight Root Dry Weight Total Dry Weight Shoot-to-Root Ratio
co, 0.0385 0.0261 0.7183 <.0001
Mg <.0001 <.0001 <.0001 <.0001
Cultivar <.0001 <.0001 <.0001 <.0001
CO,*Mg 0.0042 0.0004 0.0018 0.0017
CO,*Cultivar 0.7336 0.0857 0.4183 0.2498
Mg*Cultivar <.0001 0.0207 0.0002 0.0548
CO,*Mg*Cultivar 0.0752 0.0532 0.0676 0.1119

Specific Weight:

In Saricanak 98 plants, a slight increase of specific weight was observed with
enhancement of CO, concentration. However, there was no change among Adana 99
plants. Highest value of specific weight was observed in plants grown with lowest Mg

supply under elevated 900 pmol mol™ [CO,] (Figure 2.5).
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Figure 2.5: Specific weight of plants grown with adequate Mg and K (1000 uM Mg and
750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three different
CO; environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)

Cultivars responded differently at a given CO, and Mg supply revealing significant
interactions of COj*cultivar (p = 0.0011) and Mg*cultivar (p = 0.0001). CO;
treatments, Mg supply and cultivars also showed statistically significant differences,
respectively (p = 0.0001, p =0.0011, p < 0.0001) (Table 2.2).

Table 2.2: p-values of specific weight according to statistical analysis

p-value

Treatments Specific Weight
co, 0.0001
Mg 0.0011
Cultivar <.0001
CO,*Mg 0.0009
CO,*Cultivar 0.0011
Mg*Cultivar 0.0001
CO,*Mg*Cultivar 0.0004
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Carbohydrate Concentration:

There were statistically significant differences in the leaf carbohydrate concentration of
plants. Highest level of leaf carbohydrate concentration was observed in plants grown
with the lowest Mg supply. Enhancement of CO, concentration caused increase in leaf
carbohydrate concentration in all treatments, especially in 75 uM Mg supply
(Table 2.3).

Table 2.3: Leaf carbohydrate concentration of plants grown with adequate Mg and K
(1000 uM Mg and 750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply
under three different CO, environments (ambient: 400 pumol mol?, elevated: 600 and
900 pmol mol™)

Treatments Leaf Carbohydrate Concentration
Cultivar CO, Supply Mg Level (mg g‘l)
Saricanak 98 Ambient-400 pmol mol™ 75 uM Mg 65+ 12 BCD
150 uM Mg 43 + 11 EFGH
Adequate Mg&K 25+ 4 H
Elevated-600 umol mol™ 75 uM Mg 109 + 13 A
150 pM Mg 78+ 5 B
Adequate Mg&K 35+ 7 FGH
Elevated-900 umol mol™ 75 uM Mg 110+ 3 A
150 uM Mg 74 £ 4 BC
Adequate Mg&K 33+ 3 GH
Adana 99 Ambient-400 pmol mol™ 75 UM Mg 58 + 22 BCDE
150 uM Mg 77+ 32 B
Adequate Mg&K 42 + 11 EFGH
Elevated-600 umol mol™ 75 UM Mg 58+ 3 BCDE
150 uM Mg 46 + 16 DEFGH
Adequate Mg&K 31+ 7 H
Elevated-900 umol mol™ 75 UM Mg 54 + 13 CDEFG
150 uM Mg 54+ 8 CDEF
Adequate Mg&K 55+ 12 CDEF
LSD (0.05) 21.5
CV(%) 22.3
F Test il

*Values given meantstandart deviation. Mean values compared by Student’s t-test.
*Levels not connected by same letter are significantly different.
*If p <0.001, F-test="**; if p < 0.01, F-test=**; if p < 0.05, F-test=*

Root carbohydrate concentration was affected from both Mg and CO, treatments.
Significant increase was observed in Mg-deficient plants. However, root carbohydrate
concentration was found higher in adequate-Mg plants than in Mg-deficient plants in

900 pmol mol™ CO, treatments. There was no meaningful change in root carbohydrate
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concentration upon different Mg treated plants. A slight decrease was observed in root
carbohydrate concentration of Saricanak 98 plants with elevated [CO,] (between
ambient and 600 pmol mol™® [CO,] treatments). However, this trend was not observed
when ambient condition results were compared with results of 900 umol mol™ [CO;]
treatments. Adana 99 cultivar responded differently to CO, treatments, when compared
with Saricanak 98. While significant increase was observed in adequate Mg supplied
plants with elevated [CO,], slight increase was observed in Mg-deficient plants
(Figure 2.6).
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Figure 2.6: Root carbohydrate concentration of plants grown with adequate Mg and K
(1000 uM Mg and 750 uM K), low Mg (75 pM) and marginal Mg (150 uM) supply
under three different CO, environments (ambient: 400 pmol mol™, elevated: 600 and
900 pmol mol™)

According to results of leaf carbohydrate concentration, statistically significant
interactions were observed in COy*cultivar and Mg*cultivar. Although different CO,,
Mg and cultivar treatments resulted significant differences respectively, CO,*Mg
interaction was not found statistically significant. The only statistically significant
difference in the results of root carbohydrate concentration was found in the CO,
treatments (Table 2.4).
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Table 2.4: p-values of both leaf and root carbohydrate concentrations according to
statistical analysis

p-value

Treatments Leaf Carbohydrate Concentration Root Carbohydrate Concentration
Cco, 0.0398 0.0305
Mg <.0001 0.4101
Cultivar 0.0039 0.4579
CO,*Mg 0.2242 0.2313
CO,*Cultivar <.0001 0.1411
Mg*Cultivar <.0001 0.5373
CO,*Mg*Cultivar 0.0490 0.8193

Photosynthetic Parameters:

Photosynthesis rate was altered among CO; treatments. Statistically significant increase
was observed in Saricanak 98 plants grown under elevated [CO;]. Similar trend was
observed in Adana 99 plants, however the increase was less pronounced in Adana 99
plants than in Saricanak 98 plants. Mg deficiency clearly induced the reduction of
photosynthesis rate irrespective of CO, and cultivar treatments (Figure 2.7).
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Figure 2.7: Photosynthesis rate of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

p)
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Stomatal conductance and transpiration rate showed similar trends with respect to
different CO, conditions. Elevated [CO,] caused decrease in both stomatal conductance
and transpiration rate. While Saricanak 98 plants grown with low Mg supply were more
affected by elevating CO, than Adana 99 cultivar, Saricanak 98 plants grown with
adequate Mg supply were less affected than Adana 99 plants. Interestingly, the
downward trend between ambient and 600 pmol mol™ [CO,] was not observed between
600 and 900 pmol mol® [CO,], especially plants grown with low Mg supply
(Figure 2.8 and Figure 2.9).
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Figure 2.8: Stomatal conductance of plants grown with adequate Mg and K (1000 uM
Mg and 750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

)
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Figure 2.9: Transpiration rate of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

)

Photosynthetic parameters (i.e. photosynthesis rate, stomatal conductance and
transpiration rate) showed statistically significant differences with CO, (p < 0.0001) and
Mg (p < 0.0001) treatments, respectively. There were statistically significant differences
in cultivar upon stomatal conductance and transpiration rate. The interaction of cultivar
with Mg supply was also found statistically significant in all three parameters (i.e
photosynthesis rate, stomatal conductance and transpiration rate). However, no
significant results were observed when CO,, Mg and cultivar treatments were taken into

account together (Table 2.5).

Table 2.5: p-values of photosynthetic parameters according to statistical analysis

p-value

Treatments Photosynthesis Rate = Stomatal Conductance Transpiration Rate
co, <.0001 <.0001 <.0001
Mg <.0001 <.0001 <.0001
Cultivar 0.1561 0.0032 0.0008
CO,*Mg 0.1930 0.1645 0.0781
CO,*Cultivar 0.8708 0.5972 0.3889
Mg*Cultivar <.0001 <.0001 <.0001
CO,*Mg*Cultivar 0.8798 0.7760 0.7822
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Chlorophyll Concentration:

As expected, Mg deficiency caused statistically significant decrease in chlorophyll
concentration. The lowest chlorophyll concentration was observed in plants of Adana
99 cultivar grown with the lowest Mg supply under elevated CO, conditions.
Chlorophyll level did not change significantly upon increasing CO, at the adequate Mg
supply. However, with elevated CO, concentrations, significant decrement was
observed in plants grown with deficient Mg supplies (Figure 2.10).
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Figure 2.10: Chlorophyll concentration of plants grown with adequate Mg and K (1000
uM Mg and 750 uM K), low Mg (75 pM) and marginal Mg (150 uM) supply under
three different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900
umol mol™)

According to chlorophyll concentration results, the interactions between CO,*cultivar
and Mg*cultivar were found statistically significant. CO, treatments, Mg supply and
cultivars also caused statistically significant differences, respectively (p < 0.0001,
p < 0.0001, p < 0.0001). Mg supply also showed significant differences with alteration
of CO, concentration (Table 2.6).
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Table 2.6: p-values of chlorophyll concentration according to statistical analysis

p-value
Treatments Chlorophyll Concentration

Cco, <.0001

Mg <.0001
Cultivar <.0001
CO,*Mg <.0001
CO,*Cultivar 0.040
Mg*Cultivar <.0001
CO,*Mg*Cultivar 0.292

Shoot and Root Mg Concentrations:

Shoot Mg analysis results proved that low and marginal Mg levels were achieved in the
test plants. Adequate and low Mg supply resulted statistically significant differences of
Mg concentration in both shoot and root of plants (Figure 2.11 and Figure 2.12).
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Figure 2.11: Shoot Mg concentration of plants grown with adequate Mg and K (1000
uM Mg and 750 uM K), low Mg (75 puM) and marginal Mg (150 uM) supply under
three different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900
umol mol™)
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Figure 2.12: Root Mg concentration of plants grown with adequate Mg and K (1000 uM
Mg and 750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

p)

Different Mg supplies caused statistically significant differences in Mg concentration of
shoot (p < 0.0001). Cultivars also showed significant differences with respect to Mg
concentration of shoot. However, there were no significant differences when CO,, Mg

and cultivar treatments were taken into account together (Table 2.7).

According to root Mg concentration, CO, and Mg treatments showed statistically
significant differences, respectively (p = 0.001, p < 0.0001). Moreover, interaction
between CO, and Mg treatments was found statistically significant (p = 0.0044)
(Table 2.7).

Table 2.7: p-values of magnesium concentration of both shoot and root according to
statistical analysis

p-value
Magnesium Concentration

Treatments Shoot Root
co, 0.1338 0.0010
Mg <.0001 <.0001
Cultivar <.0001 0.0661
CO,*Mg 0.9744 0.0044
CO,*Cultivar 0.2245 0.1510
Mg*Cultivar 0.1466 0.1962
CO,*Mg*Cultivar 0.3694 0.6638
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Root Properties:

Root length was altered with both Mg and CO, concentration. According to statistical
analysis, significant increase in root length was observed with elavating [CO,] in all
treatments. When the effects of Mg concentration on root length were considered, it was
clear that Mg deficiency caused decrease in root length, especially in Saricanak 98

cultivar (Figure 2.13).

Similar trend was observed in root surface area. Statistically significant decrease was
found in low Mg supplied plants compare to adequate Mg plants. The highest area of
root surface was observed in Saricanak 98 cultivar treated with the adequate Mg supply
and highest [CO;] treatment. Enhancement of CO, concentration caused significant
increase in root surface area in all treatments. However, Saricanak 98 cultivar was

seemed to be more affected by CO, concentration than Adana 99 cultivar (Figure 2.14).
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Figure 2.13: Root length of plants grown with adequate Mg and K (1000 uM Mg and
750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three different
CO; environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)
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Figure 2.14: Root surface area of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

D)

According to root volume results, both Mg and CO, treatments had significant effects.
Magnesium deficiency significantly decreased root volume, whereas elevating [CO,]
induced increase of root volume and these effects were more evident in Saricanak 98
(Figure 2.15).

Same trend was observed in root tips with the alteration of Mg concentration. Mg
deficiency caused decrease in root tips in Saricanak 98 cultivar. However, Adana 99
cultivar did not show similar results. With elevating CO, concentration, there were

slight increases in root tips (Figure 2.16).
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Figure 2.15: Root volume of plants grown with adequate Mg and K (1000 uM Mg and
750 uM K), low Mg (75 pM) and marginal Mg (150 uM) supply under three different
CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)
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Figure 2.16: Root tips of plants grown with adequate Mg and K (1000 uM Mg and 750
uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three different CO,
environments (ambient: 400 pmol mol™?, elevated: 600 and 900 umol mol'l)
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According to root length values, different Mg supplies caused statistically significant
differences (p < 0.0001). CO, treatments also caused significant differences in root
length values. The interaction of Mg supply with cultivar was also found statistically
significant (p = 0.0067). However, there was no significant difference when CO,, Mg

and cultivar treatments were taken into account together (Table 2.8).

According to statistical analysis, both CO, treatment and Mg supply showed significant
differences with respect to root surface area (p < 0.0001, p < 0.0001). Mg supply also
caused significant differences upon cultivars (p = 0.0034) (Table 2.8).

Similar results were observed in root volume. CO, and Mg treatments showed
significant differences, respectively (p < 0.0001, p < 0.0001). The interaction of Mg
supply with cultivar was also found statistically significant (p = 0.0034). However, there
was no significant difference when CO,, Mg and cultivar treatments were taken into
account together (Table 2.8).

Although CO, treatments did not show significant results with respect to root tips,
statistically significant differences were observed in both Mg supply and cultivar,
respectively (p < 0.0001, p = 0.0058). There was also significant difference found in the
interaction of Mg with cultivar (p = 0.0004). However, there was no significant
difference when CO,, Mg and cultivar treatments were taken into account together
(Table 2.8).

Table 2.8: p-values of length, surface area, volume and tips of root according to
statistical analysis

p-value

Treatments Root Length Root Surface Area Root Volume Root Tips
co, <.0001 <.0001 <.0001 0.2926
Mg <.0001 <.0001 <.0001 <.0001
Cultivar 0.5949 0.3897 0.2941 0.0058
CO,*Mg 0.4665 0.5999 0.7115 0.3834
CO,*Cultivar 0.5669 0.7258 0.8518 0.2299
Mg*Cultivar 0.0067 0.0034 0.0034 0.0004
CO,*Mg*Cultivar 0.5521 0.6177 0.6081 0.3352
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Total Antioxidant Capacity:

Total antioxidant concentration was altered with both Mg and CO; concentrations.
According to statistical analysis, significant increase was observed among low Mg
supply with elavated [CO,]. Different trend was observed in plants grown under

ambient condition (Figure 2.17).

The highest level of total antioxidant concentration was observed in Adana 99 plants
grown with low Mg supply and 900 pmol mol™ [CO,] treatment. Enhancement of CO,
concentration also induced significant increment of total antioxidant capacity
(Figure 2.17).
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Figure 2.17: Total antioxidant capacity of plants grown with adequate Mg and K (1000
uM Mg and 750 uM K), low Mg (75 puM) and marginal Mg (150 uM) supply under
three different CO, environments (ambient: 400 pmol mol?, elevated: 600 and 900
umol mol™)

According to total antioxidant capacity, different Mg supply and CO, treatments were
found statistically significant (p = 0.0009, p = 0.0038). There were also significant
differences in interactions of cultivar with both Mg and CO, treatments (p = 0.0008,
p = 0.0005). However, there was no significant difference when CO,, Mg and cultivar

treatments were taken into account together (Table 2.9).
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Table 2.9: p-values of total antioxidant capacity according to statistical analysis

p-value

Treatments Total Antioxidant Capacity
co, 0.0009
Mg 0.0038
Cultivar 0.7520
CO,*Mg 0.0018
CO,*Cultivar 0.0005
Mg*Cultivar 0.0008
CO,*Mg*Cultivar 0.1722

Lipid Peroxidation:

Lipid peroxidation was altered with different Mg supplies. Mg deficiency caused
statistically significant increase in lipid peroxidation levels and the highest level of lipid
peroxidation was observed in the lowest Mg supplied plants. However, enhancement of

CO,, concentration did not affect lipid peroxidation levels in a similar way (Figure 2.18).
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Figure 2.18: Lipid peroxidation of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low Mg (75 uM) and marginal Mg (150 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol’

p)
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Different Mg supplies caused significantly different lipid peroxidation levels
(p < 0.0001). Cultivar also responded statistically different with respect to lipid
peroxidation levels (p < 0.0001). However, there was no significant difference when

CO,, Mg and cultivar treatments were taken into account together (Table 2.10).

Table 2.10: p-values of lipid peroxidation according to statistical analysis

p-value

Treatments Lipid Peroxidation
co, 0.0627
Mg <.0001
Cultivar <.0001
CO,*Mg 0.1055
CO,*Cultivar 0.0520
Mg*Cultivar 0.4256
CO,*Mg*Cultivar 0.2921

Carbohydrate Concentration in Phloem Exudate:

Mg supply altered the phloem carbohydrate concentration and significant increment was
observed in Mg-deficient plants. While elevating [CO;] caused increase in phloem
carbohydrate concentration in plants grown with adequate Mg supply, same trend was
not observed in low Mg supplied plants (Figure 2.19).
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Figure 2.19: Phloem carbohydrate concentration of plants grown with adequate Mg and
K (1000 uM Mg and 750 pM K), low Mg (75 uM) and marginal Mg (150 uM) supply
under three different CO, environments (ambient: 400 pmol mol™, elevated: 600 and

900 pmol mol™)

According to statistical analysis, there were significant differences in both CO, and Mg

treatments, respectively (p = 0.0042, p = 0.0014). However, there was no significant

difference when CO,, Mg and cultivar treatments were taken into account together

(Table 2.11).

Table 2.11: p-values of phloem carbohydrate concentration according to statistical

analysis

p-value

Treatments Phloem Carbohydrate Concentration
co, 0.0042
Mg 0.0014
Cultivar 0.0677
CO,*Mg 0.1216
CO,*Cultivar 0.5903
Mg*Cultivar 0.4955
CO,*Mg*Cultivar 0.5388
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Membrane Stability Index (MSI):

Slight decreases were observed in plants grown with low Mg supply. The highest level

of MSI was observed in adequate Mg supplied plants of Saricanak 98 cultivar under

elevated CO, treatments. There was no significant effect of CO, treatments upon

membrane stability index (Figure 2.20).
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Figure 2.20: Membrane stability index of plants grown with adequate Mg and K (1000
uM Mg and 750 uM K), low Mg (75 pM) and marginal Mg (150 puM) supply under
three different CO, environments (ambient: 400 pumol mol™, elevated: 600 and 900
umol mol™)

According to statistical analysis of MSI results, p-value of cultivar was found smaller

than 0.0001, meaning that significant differences were observed upon cultivars.

However, the cross analyses between all treatments were not found statistically
significant (Table 2.12).
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Table 2.12: p-values of membrane stability index according to statistical analysis

p-value

Treatments Membrane Stability
Co, 0.0777
Mg 0.2944
Cultivar <.0001
CO,*Mg 0.3395
CO,*Cultivar 0.7489
Mg*Cultivar 0.8105
CO,*Mg*Cultivar 0.1463

C.3. Experiments on K Nutrition under Ambient and Elevated Carbon Dioxide

Environments

Dry Matter:

Potassium deficiency triggered reduction of shoot dry weight of plants. Shoot dry
weight was significantly increasing with elevated [CO,] in adequate K plants of both
Saricanak 98 and Adana 99 cultivars. Shoot dry matter of adequate K plants of
Saricanak 98 cultivar showed significant increase in 600 pmol mol™ [CO,] compare to
ambient [CO,], whereas there was no such difference between plants in 600 pmol mol™
[CO,] and 900 umol mol™ [CO,] conditions. Statistical analysis demonstrated that the

change of shoot dry matter of Adana 99 cultivar was similar with Saricanak 98 cultivar.

While shoot dry weight was increasing with elevated [CO;] in adequate K plants, there
was a continuous decrement in K-deficient plants of both cultivars. However, there was
no statistically different result between 600 and 900 pmol mol™ [CO,] treated plants of
Adana 99 cultivar. Moreover, while shoot dry matter of both cultivars was differently
affected by K deficiency, they were affected by CO, treatment in a similar way
(Figure 3.1).
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Figure 3.1: Shoot dry weight of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under three different
CO; environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)

Potassium deficiency also reduced root growth. Root dry matter results showed similar
trend with shoot dry matter results. A statistically significant increment of root dry
weight was observed in Saricanak 98 plants grown with adequate K supply and elevated
600 pmol mol™ [CO;]. Interestingly, a decrease was observed when 600 and 900 pmol
mol™ CO, concentrations were compared. There was a slight increase in plants of
Adana 99 cultivar when adequate K and 600 pmol mol™ [CO,] treated plants were
compared. However, a statistically significant difference was observed between
adequate K and 900 ppm [CO] treated plants of Adana 99 cultivar. There was a slight
decrease in K deficient plants with elevated [CO,]. Moreover, no statistically significant
difference was observed in the low K supplied plants with alteration of [COy]
(Figure 3.2).
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Figure 3.2: Root dry weight of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under three different
CO; environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)

Significant decrease in total dry weight was observed in K deficient plants. Total dry

weight of adequate K plants significantly increased with the elevated CO; concentration

in both cultivars. However, there was a slight decrease or no change in deficient plants
with elevated [CO;] (Figure 3.3).
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Figure 3.3: Total dry weight of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low K (10 pM) and marginal K (30 uM) supply under three different
CO; environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)

Under ambient [CO,] conditions, very slight difference of shoot-to-root ratio was
observed upon different K supplies. Different shoot-to-root ratio was observed among
two cultivars. While the lowest shoot-to-root ratio was found in 30 uM K supplied and
900 pmol mol™ [CO;] treated plants of Saricanak 98 cultivar, statistically similar results
were observed in 10 and 30 uM K supplied plants of Adana 99 cultivar with elevated
[CO,] (Figure 3.4).
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Figure 3.4: Shoot-to-root ratio of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under three different
CO; environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)

Different K supplies caused statistically significant differences in shoot dry weight
(p < 0.0001). There was also significant difference among cultivars when considered
shoot dry weight. Significant difference was found in the interaction of K supply with
cultivar, meaning that cultivars responded differently to K treatments (p < 0.0001).
However, there was no significant difference in interaction between CO, and cultivar

treatments.

Similar statistical results were found in root dry weight. Potassium supply and cultivar
caused statistically significant differences, respectively (p < 0.0001, p = 0.0003).
Cultivars also responded differently to both CO, and K treatments (p = 0.0339,
p < 0.0001). Interaction of CO, with K supply was also found statistically significant
(Table 3.1).

Different K treatments and cultivars caused significant different total dry weight results,
respectively. Plants supplied with different K concentrations showed statistically
significant differences in total dry weight with respect to both CO, and cultivar

treatments, meaning that interactions of K supply with both CO, and cultivar were
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found statistically significant (p < 0.0001, p < 0.0001). However, no significant results
were observed in interaction between CO; and cultivar treatments (Table 3.1).

According to statistical analysis of shoot-to-root ratio, p-values of K supply and cultivar
were found smaller than 0.0001, meaning that significant differences were observed
upon different K supplies and cultivars, respectively. The interaction of CO, treatment
with K supply was also found statistically significant (p = 0.0444). However, the cross
analysis of CO, treatment with cultivar was not found statistically significant
(Table 3.1).

Table 3.1: p-values of shoot, root and total dry weight, and shoot-to-root ratio according
to statistical analysis

p-value

Treatments Shoot Dry Weight Root Dry Weight Total Dry Weight Shoot-to-Root Ratio
co, 0.0393 0.1530 0.0693 0.3347
K <.0001 <.0001 <.0001 <.0001
Cultivar <.0001 0.0003 <.0001 <.0001
CO,*K <.0001 0.0024 <.0001 0.0444
CO,*Cultivar 0.5573 0.0339 0.2776 0.1628
K*Cultivar <.0001 <.0001 <.0001 0.1700
CO,*K*Cultivar 0.9811 0.1503 0.8254 0.4558

Specific Weight:

Plants of Saricanak 98 cultivar grown under ambient CO, conditions did not show any
significant differences with alteration of K concentrations. There was a slight or no
difference in Adana 99 plants with elevated [CO;]. Both different K supplies and
enhancement of CO, concentrations had not significant impact on both cultivars with

respect to specific weight (Figure 3.5).
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Figure 3.5: Specific weight of plants grown with adequate Mg and K (1000 uM Mg and
750 uM K), low K (10 uM) and marginal K (30 uM) supply under three different CO,
environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)

According to specific weight, statistically significant difference was observed upon
cultivar (p < 0.0001). Different K supplies also showed statistically significant
differences with cultivars, meaning that interaction between K and cultivar treatments
was found statistically significant (p = 0.0226). However, no significant result was
observed when CO,, K and cultivar treatments were taken into account together
(Table 3.2).

Table 3.2: p-values of specific weight according to statistical analysis

p-value

Treatments Specific Weight
co, 0.6617
K 0.8222
Cultivar <.0001
CO,*K 0.3392
CO,*Cultivar 0.2735
K*Cultivar 0.0226
CO,*K*Cultivar 0.4115
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Carbohydrate Concentration:

There were statistically significant differences in different K supplied plants with
respect to leaf carbohydrate concentration. Highest level of leaf carbohydrate
concentration was observed in plants grown with low K supply for ambient and 900
umol mol™ [CO,] treatments. In 600 pmol mol™ [CO,], 30 uM K supplied plants
showed the highest level of leaf carbohydrate concentration in both cultivars.
Enhancement of CO, concentration caused increase in leaf carbohydrate concentration

in all treatments, except 600 pmol mol™ [CO,] treatment (Table 3.3).

Table 3.3: Leaf carbohydrate concentration of plants grown with adequate Mg and K
(1000 uM Mg and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under
three different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900
umol mol™)

Treatments Leaf Carbohydrate Concentration
Cultivar CO, Supply K Level (mg g™
Saricanak 98  Ambient-400 umol mol™ 10 uM K 62 + 18 ABCD
30 uM K 45+ 6 DEFGH
Adequate Mg&K 25+ 4 H
Elevated-600 pmol mol™ 10 uM K 43+ 9  DEFGH
30 uM K 51+ 6 CDEFG
Adequate Mg&K 35+ 7 EFGH
Elevated-900 pumol mol™ 10 pM K 78+ 19 A
30 uM K 57 + 17 ABCDE
Adequate Mg&K 33+ 3 FGH
Adana 99 Ambient-400 pmol mol™® 10 uM K 51+ 28 CDEFG
30 uM K 53+ 8 CDEFG
Adequate Mg&K 42 + 11 DEFGH
Elevated-600 pmol mol™ 10 uM K 35+ 6 EFGH
30 uM K 43 + 21 DEFGH
Adequate Mg&K 31+ 7 GH
Elevated-900 pmol mol™ 10 uM K 75+ 9 AB
30 uM K 68 £+ 15 ABC
Adequate Mg&K 55+ 12 BCDEF
LSD (0.05) 22.28
CV(%) 27.42
F Test ok

*Values given meantstandart deviation. Mean values compared by Student’s t-test.
*Levels not connected by same letter are significantly different.
*If p <0.001, F-test="**; if p < 0.01, F-test=**; if p < 0.05, F-test=*

Root carbohydrate concentration was affected from both K and CO, treatments.
Significant differences were observed among different K supplies, and statistically

significant increment was observed in plants grown with low K supply. Lowest root
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carbohydrate concentration was observed in adequate K supplied plants. However,
slight or no change was observed in plants grown with adequate condition with
elevating [CO,]. While slight decrement was observed in K-deficient plants of
Saricanak 98 cultivar grown under 600 pmol mol™ [CO;], there was slight increment in
30 uM K supplied plants of Saricanak 98 cultivar grown under 900 pmol mol™ [CO,].
However, statistically significant increase was observed in K-deficient plants of Adana
99 cultivar with elevating [CO,], especially in plants grown under 900 pmol mol™
[CO,] (Figure 3.6).
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Figure 3.6: Root carbohydrate concentration of plants grown with adequate Mg and K
(1000 uM Mg and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under
three different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900
umol mol™)

According to results of leaf carbohydrate concentration, statistically significant
differences were observed in different CO, and K treatments, respectively (p = 0.0001,
p = 0.0001). However, no statistically significant differences were found with the cross

analysis among CO, treatment, K supply and cultivars (Table 3.4).

According to statistical analysis of root carbohydrate analysis, significant differences
were observed in CO, treatments, different K supplies and cultivars, respectively

51



(p < 0.0001, p < 0.0001, p = 0.0006). According to cross analysis, cultivars responded
differently to both CO, treatments and different K supplies, respectively (p = 0.0004,
p = 0.0154). K supply also responded differently to CO, treatments, meaning that
interaction of CO, treatment with K supply was found statistically significant
(p = 0.0076). When CO,, K and cultivar treatments were taken into account together,
significant difference was also observed (Table 3.4).

Table 3.4: p-values of both leaf and root carbohydrate concentrations according to
statistical analysis

p-value

Treatments Leaf Carbohydrate Concentration Root Carbohydrate Concentration
Co, 0.0001 <.0001
K 0.0001 <.0001
Cultivar 0.4561 0.0006
CO,*K 0.1536 0.0076
CO,*Cultivar 0.1694 0.0004
K*Cultivar 0.1338 0.0154
CO,*K*Cultivar 0.7989 0.0021

Photosynthetic Parameters:

Photosynthesis rate was altered with different K supplies. Statistically significant
increase was observed in Saricanak 98 plants grown under elevated [CO,]. Similar trend
was observed in Adana 99 plants, however the increase was less pronounced in Adana
99 plants than in Saricanak 98 plants. The low K supply clearly caused reduction of
photosynthesis rate. Different CO, treatments significantly affected the photosynthesis
rate. Enhancement of CO, concentrations caused increase in photosynthesis rate in all
treatments. As expected, the highest photosynthesis rate was observed in plants grown
under elevated [CO,]. However, slight increase was observed in plants grown under 900

umol mol™ [CO,] compare to plants grown under 600 pmol mol™ [CO,] (Figure 3.7).

52



35

Photosynthesis rate (umol CO, m2s1)

30 1

25 4

20

15 1

10 1

HI

GH

CD

AB!

FGH

EFg

Elevated-600
ppm

Ambient

Sariganak 98

Elevated-900
ppm

Ambient

Cultivars & CO; Supply

Elevated-600
ppm

Adana 99

ppm

Elevated-900

O Adequate Mg&K
E30uM K
010 uM K

Figure 3.7: Photosynthesis rate of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under three different
CO; environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)

Significant decrement was observed in both stomatal conductance and transpiration rate

in plants grown with low K supplies. Stomatal conductance and transpiration rate

showed similar trend with respect to different CO, conditions. Elevating [CO,] caused

decrease in both stomatal conductance and transpiration rate. Interestingly, the

downward trend between ambient and 600 pmol mol™ [CO,] was not observed between

600 and 900 pmol mol™ [CO;], especially plants grown with low K supplies
(Figure 3.8 and Figure 3.9).
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Figure 3.8: Stomatal conductance of plants grown with adequate Mg and K (1000 uM
Mg and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

)
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Figure 3.9: Transpiration rate of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under three different
CO; environments (ambient: 400 umol mol™?, elevated: 600 and 900 umol mol'l)
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Photosynthetic parameters (i.e. photosynthesis rate, stomatal conductance and
transpiration rate) showed statistically significant differences with CO, treatments and
different K supplies, respectively. CO, treatments also showed significant differences
with different K supplies with respect to both stomatal conductance and transpiration
rate, meaning that interaction of CO, with K treatment was found statistically
significant upon stomatal conductance and transpiration rate (p = 0.0077, p = 0.0034).
However, no significant results were observed when CO,, K and cultivar treatments

were taken into account together (Table 3.5).

Table 3.5: p-values of photosynthetic parameters according to statistical analysis

p-value

Treatments Photosynthesis Rate Stomatal Conductance  Transpiration Rate
co, <.0001 <.0001 <.0001
K <.0001 <.0001 <.0001
Cultivar 0.2904 0.8570 0.8683
CO,*K 0.7457 0.0077 0.0034
CO,*Cultivar 0.9414 0.7007 0.7229
K*Cultivar 0.4540 0.2295 0.2162
CO,*K*Cultivar 0.5529 0.8358 0.8924

Chlorophyll Concentration:

As expected, K deficiency caused statistically significant reduction in chlorophyll
concentration. Cultivars responded differently to both K and CO, treatments. The
lowest chlorophyll concentration was observed in Adana 99 plants grown with low K
supply under elevated CO, conditions. Similar results were observed in adequate K
plants with enhancement of CO, concentrations. The highest chlorophyll concentration
was observed in Saricanak 98 plants grown with adequate K supply under 900 umol
mol™ CO, concentration. While adequate K supplied plants showed upward trend with

elevated [CO,], low K supplied plants behaved contrarily (Figure 3.10).
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Figure 3.10: Chlorophyll concentration of plants grown with adequate Mg and K (1000
uM Mg and 750 pM K), low K (10 uM) and marginal K (30 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

)

According to chlorophyll concentration results, CO, treatment, K supply and cultivar
showed statistically significant differences, respectively (p < 0.0001, p < 0.0001,
p < 0.0001). Interactions of cultivar with both CO, and K treatments were found
statistically significant (p = 0.0412, p < 0.0001). K supplies also showed significant
differences with alteration of CO, concentration, meaning that interaction of CO, with
K treatment was found statistically significant. Moreover, statistically significant result
was observed when CO,, K and cultivar treatments were taken into account together
(Table 3.6).

Table 3.6: p-values of chlorophyll concentration according to statistical analysis

p-value

Treatments Chlorophyll Concentration
co, <.0001
K <.0001
Cultivar <.0001
CO,*K <.0001
CO,*Cultivar 0.0412
K*Cultivar <.0001
CO,*K*Cultivar 0.0008
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Shoot and Root K Concentrations:

Results of both shoot and root K analyses proved that low and marginal K levels were
achieved in the test plants. Adequate and low K supply resulted statistically significant
differences of K concentration in both shoot and root of plants (Figure 3.11 and
Figure 3.12). Alteration of CO, concentrations caused slight differences in ambient K
supplied plants. However, no or very slight differences were observed in deficient
plants in both shoot and root K concentration. The highest K concentration of shoot was
observed in ambient K supplied and 600 pmol mol™ CO, treated plants in both cultivars
(Figure 3.11). However, the highest K concentration of root was observed in ambient K

supplied and 900 pmol mol™ CO, treated plants of Adana 99 cultivar (Figure 3.12).
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Figure 3.11: Shoot K concentration of plants grown with adequate Mg and K (1000 uM
Mg and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

)
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Figure 3.12: Root K concentration of plants grown with adequate Mg and K (1000 uM
Mg and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

)

Different K supplies caused statistically significant differences in both shoot and root K
concentration. Although cultivars did not show statistical significance with respect to
shoot K concentration, significant difference was found in cultivars with respect to root
K concentration. Moreover, interaction between K and cultivar treatments was found
statistically significant upon shoot K concentration. However, there was no significant
difference in both shoot and root K concentration when CO,, K and cultivar treatments

were taken into account together (Table 3.7).

Table 3.7: p-values of potassium concentration of both shoot and root according to
statistical analysis

p-value

Potassium Concentration

Treatments Shoot Root
co, 0.0157 0.9965

K <.0001 <.0001
Cultivar 0.4018 <.0001
CO,*K 0.0736 0.2703
CO,*Cultivar 0.0934 0.2495
K*Cultivar 0.0038 0.4466
CO,*K*Cultivar 0.9154 0.8359
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Root Properties:

Root length was altered with both different K and CO, concentrations. When effects of
K concentration on root length were considered, it is clear that K deficiency caused
significant decrease in root length in both cultivars. According to statistical analysis,
significant increase was observed with elavated [CO] in all treatments. However, slight
decrement was observed in low K supplied and 900 pmol mol™ [CO,] treated plants
compare to 600 pmol mol™ [CO;] treated plants (Figure 3.13).
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Figure 3.13: Root length of plants grown with adequate Mg and K (1000 uM Mg and
750 uM K), low K (10 uM) and marginal K (30 uM) supply under three different CO,
environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)

Similar trend was observed in root surface area. Statistically significant decrease was
found in low and marginal K supplied plants compare to adequate supplied plants. The
highest area of root surface was observed in Saricanak 98 cultivar treated with adequate
K supply and highest [CO;] treatment. Enhancement of CO, concentration caused
significant increase in all treatments. However, when low K supplied plants treated with
600 pmol mol™ and 900 pmol mol™ [CO,] treatments were compared, there was a slight
decrease in 900 pmol mol™ [CO,] treated plants in both cultivars (Figure 3.14).
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Figure 3.14: Root surface area of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under three different
CO; environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)

According to root volume, K deficiency caused significant decrease in root volume in
both cultivars. Whereas elavated [CO;] caused significant increase in root volume in
adequate K supplied plants, no significant differences were observed in K-deficient

plants with enhancement of CO, concentration (Figure 3.15).

Same trend was observed in root tips with alteration of K concentration. K deficiency
caused significant decrease in root tips in both cultivars. With enhancement of CO,
concentration, slight increase was observed between ambient and 600 umol mol™ [CO;]
treatments. However, there was slight or no difference between 600 pmol mol™ and 900

umol mol™ [CO,] treatments with respect to root tips (Figure 3.16).
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Figure 3.15: Root volume of plants grown with adequate Mg and K (1000 uM Mg and
750 uM K), low K (10 uM) and marginal K (30 uM) supply under three different CO,
environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)
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Figure 3.16: Root tips of plants grown with adequate Mg and K (1000 uM Mg and 750
uM K), low K (10 uM) and marginal K (30 uM) supply under three different CO,
environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)
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According to root length values, different K supplies caused statistically significant
differences (p < 0.0001). CO, treatments also caused significant differences in root
length. The interaction between K and cultivar treatments was found statistically
significant (p < 0.0001). However, there was no significant difference when CO,, K and

cultivar treatments were taken into account together (Table 3.8).

According to statistical analysis, both CO, treatments and different K supplies showed
significant differences with respect to root surface area (p < 0.0001, p < 0.0001).
Interactions of K with both CO, and cultivar treatments were also found statistically
significant, respectively (p = 0.0436, p = 0.0021). However, there was no significant
difference when CO,, K and cultivar treatments were taken into account together
(Table 3.8).

Similar results were observed in root volume. CO, treatments and K supplies showed
significant differences, respectively (p = 0.0006, p < 0.0001). However, there was no
significant difference when CO,, K and cultivar treatments were taken into account
together (Table 3.8).

Although CO, treatments did not show significant difference with respect to root tips,
statistically significant differences were observed in both K supplies and cultivars,
respectively (p < 0.0001, p = 0.0109). K supplies responded differently to cultivars,
meaning that K*cultivar interaction was found statistically significant (p = 0.0004).
However, there was no significant difference when CO,, K and cultivar treatments were

taken into account together (Table 3.8).

Table 3.8: p-values of length, surface area, volume and tips of root according to
statistical analysis

p-value

Treatments Root Length Root Surface Area Root Volume Root Tips
co, <.0001 <.0001 0.0006 0.0796
K <.0001 <.0001 <.0001 <.0001
Cultivar 0.0668 0.8384 0.2256 0.0109
CO,*K 0.0765 0.0436 0.0624 0.0830
CO,*Cultivar 0.7872 0.5465 0.3716 0.1251
K*Cultivar <.0001 0.0021 0.0858 0.0004
CO,*K*Cultivar 0.4785 0.5176 0.6156 0.1439
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Total Antioxidant Capacity:

Significant differences were observed in different K supplies. K deficiency caused
increase in total antioxidant capacity. Although significant increase was observed
between ambient and 600 pmol mol™ [CO,] treatment, no continuous increase was
observed in 900 pmol mol™ [CO,] treatment (Figure 3.17).
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Figure 3.17: Total antioxidant capacity of plants grown with adequate Mg and K (1000
uM Mg and 750 puM K), low K (10 puM) and marginal K (30 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

)

According to statistical analysis, both CO, treatments and K supplies caused significant
differences with respect to total antioxidant capacity (p = 0.0003, p < 0.0001).
Interaction of CO, with cultivar was also found statistically significant (p = 0.0084).
However, there was no significant difference when CO,, K and cultivar treatments were

taken into account together (Table 3.9).
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Table 3.9: p-values of total antioxidant capacity according to statistical analysis

p-value

Treatments Total Antioxidant Capacity
Co, 0.0003
K <.0001
Cultivar 0.1550
CO,*K 0.0975
CO,*Cultivar 0.0084
K*Cultivar 0.1247
CO,*K*Cultivar 0.3366

Lipid Peroxidation:

Different K supplies altered the level of lipid peroxidation and there was significant

difference between adequate and low K supplied plants. Significant increment was

observed in K-deficient plants. However, there was no significant difference with

enhancement of CO, concentration (Figure 3.18).
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Figure 3.18: Lipid peroxidation of plants grown with adequate Mg and K (1000 uM Mg
and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under three different
CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol™)
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According to statistical analysis, significant differences were observed in both K and
cultivar treatments, respectively (p < 0.0001, p < 0.0001). Cultivars also responded
differently to different K supplies, meaning that the interaction of K with cultivar was
found statistically significant (p = 0.0483) (Table 3.10).

Table 3.10: p-values of lipid peroxidation according to statistical analysis

p-value

Treatments Lipid Peroxidation
co, 0.9366
K <.0001
Cultivar <.0001
CO,*K 0.9597
CO,*Cultivar 0.8848
K*Cultivar 0.0483
CO,*K*Cultivar 0.6178

Pholem Carbohydrate Concentration:

According to phloem carbohydrate concentration, both different K and CO;
concentrations altered phloem carbohydrate concentration. Whereas slight increase was
observed in Saricanak 98 plants grown with low and marginal K supply, significant
increment was observed in K-deficient plants of Adana 99 cultivar. However, slight or
no differences were observed with enhancement of CO, concentrations. The highest
level of phloem carbohydrate concentration was observed in the lowest K supplied

plants of Adana 99 cultivar grown under 900 pmol mol™ [CO;] (Figure 3.19).
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Figure 3.19: Phloem carbohydrate concentration of plants grown with adequate Mg and
K (1000 uM Mg and 750 uM K), low K (10 uM) and marginal K (30 uM) supply under
three different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900
pmol mol™)

According to statistical analysis, significant differences were observed in CO,
treatments, K supplies and cultivars, respectively (p < 0.0001, p < 0.0001, p < 0.0001).
When cross analysis were considered, CO, treatment responded differently to both K
supply and cultivar, meaning that interactions of CO, with K and cultivar treatments
were found statistically significant (p = 0.0294, p = 0.0071). The interaction of K with
cultivar was also found statistically significant (p < 0.0001) (Table 3.11).

Table 3.11: p-values of phloem carbohydrate concentration according to statistical
analysis

p-value

Treatments Phloem Carbohydrate Concentration
Co, <.0001
K <.0001
Cultivar <.0001
CO,*K 0.0294
CO,*Cultivar 0.0071
K*Cultivar <.0001
CO,*K*Cultivar 0.2047
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Membrane Stability Index:

Membrane stability was altered by K supplies and significant decrement was observed
in K-deficient plants, especially in Saricanak 98 cultivar. While elevated [CO,] had
almost no effect on plants grown under ambient CO, condition, significant increase in
membrane stability index was observed in deficient plants with enhancement of CO,

concentration (Figure 3.20).
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Figure 3.20: Membrane stability index of plants grown with adequate Mg and K (1000
uM Mg and 750 pM K), low K (10 puM) and marginal K (30 uM) supply under three
different CO, environments (ambient: 400 pmol mol™, elevated: 600 and 900 pmol mol”

)

According to statistical analysis, there were significant differences in all treatments, and
p-value was found smaller than 0.0001 in CO, treatment, K supply and cultivar.
According to cross analysis, different K supplies responded differently to CO;
treatments, meaning that CO,*K interaction was found statistically significant
(p = 0.0242). The interaction of CO, with cultivar was also found statistically
significant (p < 0.0001). Moreover, there was also significant difference when CO,, K

and cultivar treatments were taken into account together (p = 0.0036) (Table 3.12).
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Table 3.12: p-values of membrane stability index according to statistical analysis

p-value

Treatments Membrane Stability
co, <.0001
K <.0001
Cultivar <.0001
CO,*K 0.0242
CO,*Cultivar 0.8139
K*Cultivar <.0001
CO,*K*Cultivar 0.0036
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(D) DISCUSSION & CONCLUSIONS

D.1. Discussion

The main leaf symptom of Mg deficiency is known as interveinal chlorosis and it is
observed in older leaves firstly since Mg is a highly mobile nutrient (Marschner and
Cakmak 1989, Hermans et al. 2005, Tewari et al. 2006, Marschner 2012). Wheat plants
particularly supplied with low Mg (i.e. 75 uM) supply in this study also exhibited
severe interveinal chlorosis in their older leaves while younger leaves remained green
(Figure 1.1, 1.2).

Magnesium has a vital role in growth and development of plants. Consequently
significant decreases were observed in both shoot and root dry weight because of Mg
deficiency (Figure 2.1, 2.2, 2.4). In studies conducted with bean, silver birch and wheat
plants an increment of shoot:root ratio was observed with Mg deficiency (Cakmak et al.
1994b, McDonald et al. 1996, Cakmak and Kirkby 2008, Cakmak and Yazici 2010,
Cakmak 2013). However, there was only a slight increase or no change in shoot:root
ratio of wheat cultivars used in this experiment. This could be caused by the same
proportion of decrease in both shoot and root of plants. However, a significant increase
in shoot:root ratio was observed with respect to elevated CO, concentration, especially
under low Mg supply. When the effects of CO, concentration on biomass are
considered, several studies indicated that increase of plant biomass was observed with
rising [CO;] (Rogers et al. 1994, Kimball et al. 2002, Obrist and Arnone 2003, Kimball
2011). In the present study, significant biomass increase was also observed in both
shoot and root of wheat plants grown under elevated CO, conditions. However,
induction of Mg deficiency severely reduced the biomass gain brought about by the
elevated CO, environment, due to its negative effects on photosynthesis and
carbohydrate transport as well as production of reactive O, species under Mg
deficiency.

Specific leaf weight of wheat cultivars was increased with low Mg availability which is
consistent with previous reports in pea (Verbruggen and Hermans 2013), and bean
(Cakmak 1994a). Among the cultivars, Saricanak 98 had particularly accumulated more
specific weight, and elevation of CO, concentration induced build up of leaf specific

weight. Obviously, carbohydrate accumulation interferes with plant productivity and
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both Mg deficiency and elevated CO, exacerbate utilization of carbohydrates by the

sink tissues.

As expected, photosynthesis rate was significantly reduced in plants supplied with low
or even marginal Mg nutrition. This could be a consequence of altered chlorophyll
biosynthesis and photosynthetic enzyme activity under the given conditions (Fischer
and Bremer 1993, Sun and Payn 1999, Laing et al. 2000, Hermans et al. 2004, Cakmak
and Kirkby 2008). One of the roles of magnesium is to harvest solar enegry by
occupying central position in the chlorophyll structure as a cofactor and promoter for
many enzymes (Cowan 2002, Shaul 2002). Therefore, magnesium is a crucial element
for chlorophyll synthesis, photochemical reactions, carbon fixation. Because of
alteration of Chl a/b ratio by Mg deficiency, photosystem stoichiometry is changed. The
increase of photosynthesis rate and decrase of stomatal conductance is a well
established physiological response in plants subjected to elevating [CO;] (Devakumar et
al. 1998, Bernacchi et al. 2006, Ainsworth and Rogers 2007, Reddy et al. 2010). The
reason of increment of photosynthesis rate could be related with the increase of
substrate availability with rising [CO,] for Csz plants which are influenced by RuBP
carboxylase-oxygenase (Rubisco), and enhancement of CO, concentration provided the
increase of activity of Rubisco and thus a more efficient carboxylation process. The
findings of present study supported the literature in accordance with photosynthetic
parameters, and significant reduction was observed in both stomatal conductance and
transpiration rate with rising [CO,] (Teng et al. 2006).

In literature, several studies showed an increase in soluble sugar and starch
concentration with elevating CO, concentration (Long and Drake 1992, Moore et al.
1997, Rogers et al. 2004, Teng et al. 2006). In the present study, statistically significant
increase of carbohydrate concentration was observed, especially in Saricanak 98
cultivar. However, Adana 99 cultivar was less affected compared to Saricanak 98
cultivar in terms of carbohydrate accumulation in source leaves. The reason of
carbohydrate accumulation in source leaves could be the structural damage of phloem
tissues, and hence impairment of phloem loading (Fischer and Bremer 1993, Cakmak et
al. 1994b, Hermans et al. 2004, Hermans et al. 2005, Hermans and Verbruggen 2008).
However, results derived from wheat species used in this study have revealed that
carbohydrates can also accumulate in the phloem stream (Figure 2.19 and Table 2.12),

suggesting that Mg deficiency-incuced accumulation of carbohydrates in source tissue
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can be a consequence of impaired unloading of carbohydrates at the sink sites rather
than the loading at the source sites. This study also showed the existence of a substantial
difference in Mg-deficiency induced carbohydrate accumulation among wheat species.
It is proposed that fast growing cultivars such as Saricanak 98 in this study can suffer
more from the impaired phloem carbohydrate unloading probably due to lack of
immediate Mg reserves at the unloading sites.

As expected, Mg deficiency caused significant reductions in chlorophyll concentration
(Figure 2.10). Mg element is the central atom of the chlorophyll molecule, thus
chlorophyll concentration is directly linked to Mg availability in the shoot tissue. The
changes in chlorophyll concentration detected in this study was in agreement with the
study of McGrath and Lobell (2013) who have shown a decrease in chlorophyll due to

reduced Mg and elevated CO; levels.

Root properties were directly affected by Mg supply and low Mg resulted in significant
decreases in root length, surface area and volume which could be attributed to inhibition
of root cell proliferation and thus growth in general. On the contrary, elevation of CO,
concentration increased root length, number of root tips, surface area and volume per
plant. Increase in root length upon elevating [CO2] has been previously shown in many
studies (Norby 1994, Rogers et al. 1999, Pritchard et al. 2000, Bernacchi et al. 2000,
Reedy et al. 2010, Mahdu and Hatfield 2013). Increment of root properties could be
related with increase in the C allocation towards the roots by elevated [CO,]. These
results are also in accordance with Mahdu and Hatfield (2013) who concluded that roots

became more numerous, longer and thicker under elevated CO, conditions.

Significant decreases were observed with elevating [CO] in both shoot and particularly
root Mg concentrations. Teng et al. (2006) showed similar effects of elevated CO, on
Mg in Arabidopsis thaliana. Reduced Mg concentrations can result from accumulation
of soluble sugars, and/or dilution in tissue. It may also be related with the alteration of
stomatal conductance and transpiration rate by elevating [CO,]. Decrease in both
stomatal conductance and transpiration rate probably interfere with uptake of Mg which

is mostly taken up by mass flow from the rhizosphere.

Both low Mg supply and elevated CO, concentration induced total antioxidant capacity
in leaves. The increment of total antioxidant capacity could be related with the increase

of ROS generation in plants grown with low Mg supply. It is well-known that plants
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supplied with low Mg enhances generation of ROS that causes direct damage to
membrane lipids, proteins and DNA, and consequently cell death. At adequate Mg
supply, ROS formation and detoxification are balanced by the plant antioxidative
defence system (Hameed et al. 2011). However, in Mg deficient plants, it has been
reported that synthesis of antioxidant metabolites and activity of antioxidant enzymes
are upregulated (Tewari et al. 2006, Cakmak and Kirkby 2008, Yang et al. 2012,
Verbruggen and Hermans 2013).

Measurement of malondialdehyde (MDA) concentration in stressed tissues is a widely
used method to analyse the extent of lipid peroxidation, a stress indicator in cellular
membranes (Taulavuori et al. 2001). In the present study, Mg-deficient plants showed a
significant increase in lipid peroxidation. Mg deficiency induces the generation of ROS
that causes directly to membrane damage, thereby it is expected to see increase in lipid
peroxidation under stress conditions. In concert with the increased lipid peroxidation,
Mg deficiency also caused slight decrease in membrane stability, which can be
attributed to Mg deficiency-induced ROS generation (Cakmak 1994, Sun and Payn
1999, Marschner 2012, Waraich et al. 2012).

The main leaf symptom of K deficiency is known as brown scorching and chlorosis
between leaf veins. The experiment results supported the literature with observation of
chlorosis and reddish brown necrosis in leaf tips (Figure 1.1, 1.2). Potassium deficiency
was observed firstly in older leaves because of the mobility property of K (Hopkins and
Huner 2009).

Potassium is one of the essential mineral nutrients for growth and development of plants
because of its major effects on cell metabolism. In particular, K is important for survival
of crop plants under environmental stress conditions (Waraich et al. 2012). In
agreement with literature, statistical analysis showed that significant decreases were
observed in both shoot and root dry weight of K deficient plants (Figure 3.1, 3.2, 3.4).
According to Cakmak and Kirkby (2008), enhancement of shoot:root ratio is a major
growth response in K deficient plants in relation to accumulation of sugars in source
leaves. However, shoot:root ratio in the present study showed no significant change
upon low K treatments. However, elevating [CO,] caused significant increases in
shoot:root ratio, especially under low K supply. Several studies indicated that increase

of plant biomass had been observed with rising [CO,] (Rogers et al. 1994, Kimball et al.
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2002, Obrist and Arnone 2003, Kimball 2011). In the present study, significant increase
was observed in both shoot and root biomass of plants grown under optimum
conditions. However, a similar trend was not observed when plants were grown with

low K.

Potassium had also impact on photosynthetic parameters. Significant decrease was
observed in photosynthesis rate with K deficiency. This could be related with the
influence of K on CO; exchange rates (CERs) and also stomatal closure (Huber 1984).
Potassium deficiency caused the decrease of CERs, and hence accumulation of
carbohydrates. Therefore, the photosynthesis rate decreased as a result of K deficiency
(Hermans et al. 2006). There were also several studies that supported the findings of the
present study about photosynthesis rate in K-deficient plants (Bednarz et al. 1998, Zhao
et al. 2001, Kanai et al. 2007). Other studies showed increase of photosynthesis rate and
decrase of stomatal conductance by elevating [CO,] (Devakumar et al. 1998, Bernacchi
et al. 2006, Ainsworth and Rogers 2007, Reddy et al. 2010). In accordance with
literature, significant increase in photosynthesis rate was observed with elevated [CO,]
irrespective of the K supply. The reason of increment of photosynthesis rate can be
related with the increase of substrate availability with rising [CO,] for C3 plants which
are influenced by RuBP carboxylase-oxygenase (Rubisco), and enhancement of CO,
concentration provided the increase of activity of Rubisco which means increase of
carboxylation process. There were also significant decreases in both stomatal
conductance and traspiration rate because of K deficiency, as in Mg deficiency which is

also supported by other studies (Teng et al. 2006).

In mature leaf tissue, carbohydrate concentration was significantly increased upon low
supply of K. The reason of low-K induced impairment of soluble sugar export from
mature leaves is not fully understood. Many researchers suggest involvement of a
structural damage of phloem tissues due to K deficiency, and hence impairment of
phloem loading (Fischer and Bremer 1993, Cakmak et al. 1994b, Hermans et al. 2004,
Hermans et al. 2005, Hermans and Verbruggen 2008). Significant increase in
carbohydrates was also observed with enhancement of CO, concentration. This finding
is also further supported by literature showing increment of soluble sugar and starch
content with elevating CO, concentration in various plant species (Long and Drake
1992, Moore et al. 1997, Rogers et al. 2004, Teng et al. 2006).
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Significant reduction in chlorophyll concentration was another observation in plants
grown with low K supply (Figure 3.10). Most probably K deficiency caused excess
production of ROS which in turn cause membrane damage and chlorophyll degradation
in K-deficient plants (Waraich et al. 2011, Hafsi et al. 2014).

Similar to Mg, K deficiency also had significant effects on root properties. Root length
was significantly decreased with low K supply. Reduction of root length could be
caused by restriction of sucrose transportation into roots (Hafsi et al. 2014) in plants
with low K supply. On the other hand, elevated CO, concentration significantly
increased root length irrespective of K supply. Increment of root length with elevating
[CO,] has been shown by many studies (Norby 1994, Rogers et al. 1999, Pritchard et al.
2000, Bernacchi et al. 2000, Reedy et al. 2010, Mahdu and Hatfield 2013). When root
volume and surface area are considered, elevated CO; also had an additive effect. In
agreement with the literature, significant increase was observed in both surface area and
volume of roots with rising [CO,], especially in plants grown with adequate K supply.
Increase of root surface area and volume could be related with increase of C allocation
to root growth by elevating [CO;]. However, K deficiency caused significant decrease
in both surface area and volume of the roots. The present study also showed a

significant reduction in number of root tips by K deficiency.

Potassium also significantly affected total antioxidant capacity. Unfavorable
environmental conditions such as nutrient deficiency, drought or pathogenic infections
are known to enhance ROS production. Antioxidant defense systems take part in the
protection of plants against to these toxic oxygen intermediates. There are several
studies that showed the increase of antioxidant capacity against several environmental
stresses (i.e. salinity, drought) (Sudhakar et al. 2001, Cakmak 2005, Gill and Tuteja
2010, Pi et al. 2014). In the present study, K deficiency induced total antioxidant

capacity and this result was consistent at all [CO,] levels studied.

Under environmental stresses, production of ROS is induced causing oxidative damage
to nucleic acids, lipids and proteins. Membrane damage is generally used as a parameter
to determine the level of lipid destruction (Gill and Tuteja 2010, Simova-Stoilova et al.
2010, Pi et al. 2014). In the present study, K deficient plants showed more lipid

peroxidation levels comparing to adequate K plants suggesting an enhanced.
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Phloem transport is a major route for nutrient and photoassimilate transport, and can be
altered by nutritional status of plants. As similar in low Mg plants, low K plants also
exhibited an increased phloem carbohydrate concentration particularly in Adana 99

cultivar.

Potassium has a crucial role in cell membrane stability and maintenance of membrane
integrity. There are several studies that showed the role of K on cell membrane
properties and alteration of cell membranes under environmental stresses (i.e. drought,
water stress) (Premachandra et al. 1991, Wang et al. 2013). In the present study
membrane stability was significantly reduced in plants with low K supply suggesting
that cellular membranes were damaged most probably due to ROS attack induced by K
deficiency stress. In summary results presented here indicate the importance of an
adequate nutrition with Mg and K to benefit from the positive effects of an elevated

CO, environment.

D.2. Conclusions

Atmospheric carbon dioxide concentration ([CO;]) has been continuously increasing
due to fossil fuel consumption. The [CO,] was increased from 280 pmol mol™ in 1800’s
up to 395 pmol mol™ as of today and today’s atmospheric CO, concentration is the
highest recorded level and continues to rapidly increase (Prentice et al. 2001).
Especially after industrial revolution, CO, concentration entered a rapid growth period.
According to modeling data, it is indicated that atmospheric CO, concentration will be
at a level of 530 and 970 pmol mol™ at the end of 21% century (IPCC 2007, 2013). The
understanding of how elevating CO, concentration affect the plant kingdom is important
to overcome the detrimental effects of climate change. The increase of atmospheric CO,
concentration provides increase in photosynthesis rate of especially Cs plants, and
consequently it could affect the capacity of growth and yield in a positive way
(Ainsworth and Rogers 2007, Taiz ve Zeiger 2010). However, long-term studies pointed
out that other essential nutrients should be in ample quantities in order to get higher
yields and quality from crop plants cultivated under elevated [CO,]. This study
supported this idea, and proved that plants grown with adequate Mg and K can
maximize benefits from elevated CO, environments, whereas supplied with low Mg and

K could not perform better in elevated CO, environments compared to control plants
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with adequate Mg and K nutritional status. Both shoot and root growths are directly
affected by low Mg and K supply. While enhancement of CO, concentration positively
affected shoot and root biomass, root length and volume of adequate Mg and K plants,
no positive effect was detected in Mg and K-deficient plants with respect to
enhancement of CO,. As expected, photosynthesis rate was significantly enhanced by
elevated CO; treatments. However, induction of photosynthesis was hampered by low
Mg and K treatments particularly in the durum wheat cultivar. Elevation of [CO,]
induced accumulation of carbohydrates in source leaves particularly in the case of low-
Mg and low-K plants. Total antioxidant capacity, lipid peroxidation and membrane
stability were altered by low Mg and K supply irrespective of the [CO;] treatments. It is
concluded that an adequate nutrition with Mg and K is crucial for an effective phloem
transport of photo-assimilates particularly under elevated CO, conditions to provide a
balance dry matter distribution and thus higher yields. In several studies, elevating CO,
concentration positively affects plants in accordance with photosynthesis rate, and
provides increase of carbon assimilation, growth and yield. The present study aggrees
with the previous findings in the literature in regard to these plant traits however it is
clearly shown that nutritional status of plants with Mg and K is of crucial importance in

taking advantage of an atmosphere with elevating [CO,] levels.
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