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The sustainable production of crops is being threatened each year by severe abiotic
stress. Recently South Africa has experienced extreme drought events resulting in a
worrying yield reduction of important crops, such as maize. The introduction of climate
resilient crops, for example, quinoa, could assist South Africa in adapting to climate
change. In this study the acclimation strategy of both quinoa and maize was
investigated by means of their photochemical potential and ability to produce

osmoprotectants under water- stressed conditions.
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ABSTRACT

In the current context of climate change, drought events are one of the major causes of
yield reduction in crops. Seeing that South Africa is a water scarce country and along
with the future climate change predictions, the introduction of climate resilient crops is
needed. Quinoa has been identified as a climate resilient crop that could provide
farmers with an alternative option to mitigate the impact of climate change on crop
production. Nevertheless, the question stands, whether the cultivation of quinoa would
be successful in South Africa. The aim of this study is to investigate the physiological
acclimation of quinoa, while subjected to water stress and compare it to the main staple
crop, maize. In this trial, both quinoa and maize were planted in glasshouses at two
different temperature regimes (20°C and 30°C) while subjected to water stress. The
photochemical potential of PSIl was measured by means of chlorophyll a fluorescence
and the photochemical potential of PSI was measured by means of 820 nm reflection.
The antioxidative capacity of the crops was assessed by measuring the superoxide
dismutase (SOD) and glutathione reductase (GR) activities and proline content. In
addition, the stomatal conductance, chlorophyll content, leaf water potential and
membrane leakage was determined for both the crops. The higher proline levels of the
water- stressed quinoa contributed to the ability of PSII to tolerate water deficit stress.
PSI activity of the water- stressed quinoa was more stable under the water- stressed
conditions compared to the water-stressed maize plants. The SOD and GR activities
were higher in the water stressed quinoa, thereby playing an active role in minimizing
oxidative damage. The physiological acclimation strategy of quinoa also included a
decrease in the stomatal conductance, total leaf area, membrane leakage and higher
leaf water content. Compared to the water stressed maize, quinoa was able to
acclimate more successfully to water deficit stress. The ability of quinoa to protect its
photosystems is a crucial acclimation strategy to ensure optimal photochemistry under

water deficit conditions.

Keywords: Chlorophyll a fluorescence, Glutathione reductase, Hydrogen peroxide,

Maize, Modulated reflection, Proline, Quinoa, Superoxide dismutase, Water stress
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CHAPTER 1 INTRODUCTION

It is no secret that abiotic stress is one of the main causes of crop loss, resulting in a
worldwide yield loss of more than 50% (Hinojosa et al., 2018). In recent years, the
process of photosynthesis has been under an enormous amount of pressure due to an
ever- changing climate. Consequently, these changes can cause a reduction in the
photosynthetic pigments and components thereby diminishing the activities of the Calvin
cycle and eventually, causing yield reductions (Farooq et al., 2009). Today, drought is
one of the most critical threats to the world food security and South Africa is of no
exception. As a water scarce country, South Africa frequently experiences high
temperatures and droughts (Vogel and van Zyl, 2016; Baudoin et al., 2017). In South
Africa, maize is considered as a crucial crop, as it is used as the main staple food and
feed grain by the majority of South Africans (DAFF 2016, Mangani et al., 2019). Globally
South Africa is ranked ninth in terms of maize production (Estes et al., 2013), with
nearly 60% of the agricultural land comprised of maize cultivation (Mangani et al.,
2019).

On average, nearly 10.2 million tons of maize is produced annually of which 8 million
tons of the production is used either for food or as feed for livestock (FAO, 2012).
Mpumalanga, the Free State and the North West provinces are considered as the main
maize production areas in South Africa, contributing between 21% and 39% of the total
maize production in the 2011/2012 season (South African Grain Quality, 2011). These
areas also experience mid-summer droughts, which vary from season to season and
are hard to predict (Mangani et al., 2019). Maize is also highly susceptible to changes in
precipitation and temperature and as a result, climate change may have detrimental
effects on its yield (Benhin, 2006; Durand, 2006; BFAP, 2007).

Throughout the 2015/2016 growing season, however, South Africa experienced one of
the worst droughts yet recorded which coincided with heat waves. The production of
maize decreased by 24.3% compared to the 2013/2014 growing season (DAFF, 2016).
According to climate predictions these extreme weather conditions are expected to
increase in the near future. Additionally, the human population is predicted to reach 9
billion within the next decades (Ziervogel et al., 2014). Therefore, leaving an urgent



need for food production to increase despite the limited availability of cultivable land and
water (Ruiz et al., 2014).

As plants are immobile and cannot migrate to escape extreme climatic conditions, they
have to develop mechanisms to either avoid or tolerate these adverse climatic
conditions (Igbal et al., 2018). To survive adverse environmental conditions, plants
adapted morphological, anatomical, physiological, biochemical and molecular strategies
to survive (Solanki and Sarangi, 2014). Biochemically plants produce osmoprotectants
such as, proline, which accumulates naturally in many plant species. Proline can also
be produced as one of the major organic osmolytes during abiotic stress, such as
drought, thereby behaving as a protective mechanism (Oukarroum et al., 2012a). Other
antioxidants include superoxide dismutase (SOD) and glutathione reductase (GR) and
are key in protecting plant cells from the adverse effects of reactive oxygen species
(ROS). For plants to perform vital cell functions the generation and metabolism of ROS
must be well maintained and this is usually compromised during drought or high
temperatures (lgbal et al., 2018).

To mitigate the negative impacts of climate change on agriculture, crops are needed
that are able to acclimatize in an ever- changing climate (Jacobsen et al., 2012; Ruiz et
al., 2014). This can be achieved through crop diversification, away from the overreliance
on staple crops; therefore, species that are underutilized can also play an important role
in agro-biodiversity (Kahane et al., 2013; Yang et al., 2016). The introduction of quinoa
in Africa and more specifically South Africa could further advance the agricultural sector,
and at the same time improve food security (Jacobsen et al., 2003). Quinoa has the
ability to tolerate various environmental stressors, for example, drought, frost and heat
with temperatures ranging between -4 to 38°C and soils with a pH ranging from 4.8 to
9.5 (Jacobsen et al., 2003; Gonzales et al., 2015). Additionally, quinoa can also grow in
semi-desert conditions whilst producing seed in areas such as Chile, the arid mountain
regions of Argentina and in the Altiplano area of Peru and Bolivia (Gonzales et al.,
2015). These areas are extremely arid and have an annual rainfall of less than 200 mm.
Acceptable yields were also produced in areas, for example, the Mediterranean, Asia,
North Africa and the Near East (Gonzales et al., 2015). The ability of quinoa to be
cultivated in arid environments makes it an excellent alternative crop in the face of
climate change (Jacobsen et al., 2012; Miranda-Apodaca et al., 2018).
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Understanding the physiological acclimation mechanisms that establish tolerance in
quinoa is required to know how to utilize it as a crop (Jacobsen, 2011; Ruiz et al., 2014).
An effective way to evaluate the vitality of crop growth and performance is by using
rapid and non-invasive techniques, for example chlorophyll a fluorescence, which
demonstrates the operating quantum efficiency of electron transport through
photosystem Il (PSIl) in the leaves (Strasser et al., 2004). The effect of drought stress
on PSIl has been investigated widely (Oukarroum et al., 2012a). Chlorophyll a
fluorescence can provide vital information regarding the ability of a plant to acclimate to
environmental stresses and to which degree those stresses can damage the
photosynthetic apparatus (Maxwell et al., 2000; Percival et al., 2006; Chen et al., 2016).

Since maize is a C4 plant, it is expected that it would be less susceptible to photo-
inhibition and photo-damage under water stress conditions when compared to quinoa, a
Cs species. However, various authors concluded that limitations caused by stomatal
closure are more pronounced in C4 species than in Cs species (Wand et al., 2001; Killi
et al., 2017), therefore leaving cause to believe that when exposed to water stress, Cs
species have the ability to perform equally or even more efficiently than Cs species.
Currently there is a shortage of comparative information available regarding the effect of
abiotic stressors on the physiological acclimation of both Cs4 and Cs species.
Furthermore, there is also a shortage of data available regarding the relation of the
photosynthetic efficiency of quinoa and its ability to synthesis osmolytes or antioxidants
under water- stressed conditions. Quinoa is one of the few crops with the innate ability
to tolerate drought conditions based on its low water requirements, high photosynthetic
efficiency and increased osmoprotectant content (Zurita et al., 2015). On the other
hand, severe water stress conditions tend to decrease the photochemical activity of

maize drastically (Liu ef al., 2018).

As a result, this study is focused on comparing the different physiological acclimation
strategies used by both quinoa and maize when subjected to water deficit stress. This
was done by investigating the photosynthetic efficiency, proline production as well as
the production of antioxidants of both quinoa and maize while subjected to water stress.
In addition, both crops were grown at two different temperature regimes, 20°C and
30°C. Generally, quinoa is described as a summer crop with ideal growth temperatures
of between 16°C and 20°C (Bertero et al., 1999; Jacobsen et al., 2003), whereas maize
3



grows optimally in temperatures between 25°C and 30°C (Farooq et al., 2008). By
evaluating the growth and response of both crops at 20°C and 30°C it could be
determined whether differences in temperature will influence the acclimation strategy

under water deficit stress.
1.1 The aim of this study

As quinoa is one of the few crops with the ability to grow in arid environments, the aim
of this study is to investigate the acclimation strategy of both quinoa and maize
subjected to water stress, by means of comparing the photochemical potential of quinoa
and maize as well as the successful production of selected osmoprotectants.

1.2 The objectives of the study

e To investigate the acclimation potential of both quinoa and maize subjeted to
water stress.

e The use of prompt fluorescence and modulated 820 nm reflection to quantify the
effects of water stress on the photochemical potential of both quinoa and maize.

e Investigating the relationship between the production of osmolytes (such as
proline, superoxide dismutase and glutathione reductase) and the photosynthetic
efficiency of both quinoa and maize subjected to water stress.

e Probing the biomass and leaf area reduction of both quinoa and maize under

water- stressed conditions.
1.3 Hypothesis

Quinoa has a better acclimatization potential to water stress when compared to maize.
This is due to the fact that quinoa possesses a higher osmoportectant activity and
photochemical potential when compared to maize, especially under water deficit

conditions.



1.4 Thesis layout

This thesis conforms to the guidelines set for a standard thesis at the North-West
University. This thesis includes seven chapters. A selection of the results has been
submitted in article format to the Journal of Integrative Agriculture for possible
publication. References cited in the text are included in the list of references at the end

of the thesis. Abbreviations are defined in each chapter.

e Chapter 2
o A detailed literature review related to the title of this study. Topics
discussed include the acclimation of plants to water and high temperature
stress, the production and activity of selected osmoprotectants and the
morphology and growth of quinoa.
e Chapter 3
o A detailed description of the materials and methods used in this study.
This includes prompt fluorescence, modulated 820 nm reflection and the
extraction and determination of selected osmoprotectant. In addition, the
stomatal conductance, chlorophyll content, relative water content,
membrane leakage and biomass methods has been described in detail.
e Chapter 4
o All results generated during this study. This includes prompt fluorescence,
modulated 820 nm reflection and the extraction and determination of
selected osmoprotectant.
e Chapter 5
o A detailed discussion regarding the results chapter. In short, how quinoa

and maize were able to acclimatize to water deficit stress.

e Chapter 6
o Concluding remarks.
e Chapter7

o Recommendations and future studies.



CHAPTER 2 LITERATURE STUDY

2.1 Quinoa

Quinoa pronounced as “kiuna” or “kinwa” in the Quechua language, belongs to the
genus Chenopodium and is identified as an annual dicotyledonous crop. Scientifically
quinoa is known as Chenopodium quinoa Willd (Wilson, 1990; Hinojosa et al., 2018).

Geographically, quinoa can be found naturally from the south-central coast of Chile
(43°S) to the southern parts of Colombia (2°N), stretching to the north-western region of
Argentina and to the subtropical region in Bolivia (Ruize et al., 2014). However, this
crop was originally domesticated and cultivated close to Lake Titicaca in the southern
parts of Peru and Bolivia almost 5000 years B.C. (Tapia, 1997). Archaeological
evidence revealed that quinoa was cultivated alongside maize during the ancient Inca
times (Zurita et al., 2014). The quinoa seed served as a staple food in the Incan diet
and was considered as a sacred plant (Gonzalez et al., 2015). This however, changed
during the Spanish colonization in 1532 where the consumption and cultivation of other
cereal crops (mainly maize) were enforced, thereby repressing the cultivation of quinoa
(Tapia, 2009). In spite of this, the Andean people preserved this crop for centuries,
therefore ensuring the conservation of the quinoa germplasm in situ (Gonzalez et al.,
2015). However, during the green revolution massive setbacks in crop production were
caused by severe droughts, but due to quinoa’s resilience to the harsh climatic
conditions in the Andean region, the production of quinoa was restored (Cusack, 1984;
Bhargava et al., 2007). As a result of the cultural practices of the Andean people for
preserving quinoa in its natural state, the United Nations General Assembly declared
2013 as the “International Year of Quinoa” (FAO, 2013). As of recently, quinoa has
been introduced in Asia, Europe, North America and Africa (Jacobsen et al., 2003; Ruiz
et al., 2014).

This crop has been widely cultivated and introduced to a variety of environments with
altitudes ranging from sea levels to altitudes between 2000 and 4000 m (Pulvento et al.,
2010). As a result, five different ecotypes have been classified based on the geographic
distribution and adaptation of quinoa (Figure 2-1) (Ruiz et al., 2014; Tapia, 2015;
Hinojosa et al., 2018). The first is the “Valley” quinoa which grows at altitudes ranging
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between 2000 and 3000 meters above sea level (m.a.s.l.). Valley quinoa is late-
ripening, with plant heights reaching 150 to 200 cm and can be found in Colombia,
Ecuador, Peru, and Bolivia. Second is the “Altiplano” quinoa, which grows in areas with
altitudes higher than 3500 m.a.s.l. and are generally found around the Titicaca Lake on
the border of Bolivia and Peru. Altiplano quinoa has the ability to resist severe frost and
a low rainfall. Thirdly, the “Salares” quinoa can tolerant soils with a high salinity and is
found in the salt flats of Bolivia and Chile (Ruiz et al., 2014). Forth is the low-altitude,
sea level quinoa. These plants are commonly small (near 100 cm) with a small number
of stems and they produce bitter grains. The Salares quinoas are also found in the
southern and central areas of Chile. Lastly the subtropical quinoa can be found in the
low-altitude, humid valleys of Bolivia. These plants tend to have small white or yellow

grains (Ruize et al., 2014; Gonzalez et al., 2015).

0°

Valley |

Altiplano |
|Salares If

Figure 2-1: The five quinoa ecotypes and their geographic distribution (Hinojosa et al.
2018).

The quinoa species is naturally highly diverse with various different traits, for example,
seed size, seed colour, inflorescence type, life-cycle duration, saponin content and

salinity tolerance, therefore allowing quinoa to acclimate to various environments. All of



these different traits allow quinoa to adapt to several marginal agricultural soils and

climatic conditions (Ruiz et al., 2014; Hinojosa et al., 2018).

Morphologically quinoa is a dicotyledonous annual herbaceous plant that ranges in
height between 0.1 to 2 m tall depending on the environmental conditions and genotype
(Geerts et al., 2008). The taproot can range from 20 to 50 cm long and is lavishly
branched, therefore forming a dense web of roots that can penetrate to approximately
the same depth as the plant height (Gonzalez et al., 2015). Quinoa has alternating
broad lobed leaves attached to a woody central stem (Mujica, 1994). The leaves are
usually powdery, rarely smooth and depending on the species, can range in colours
from green, purple and red, which occurs due to the varying betacyanin content. It has a

straight stem which ends with a panicle containing small flowers (Figure 2-2). Panicles

can also develop from the leaf junction on the stem (Mujica, 1994).

Figure 2-2: (a) The panicle of quinoa; (b) Opened flowers with anthers and pollen (c)
White quinoa seeds contained within the flower; (d) An unopened flower bud (Photos
provided by William Weeks, 2018).

Quinoa has hermaphrodite, pistillate, or male sterile flowers which are positioned at the

distal end. These flowers can vary in sizes (1 mm in diameter) and weight (+2 mg)
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(Geerts et al., 2008). The wide colour spectrum also extends to the vegetative organs
and perigonium which in turn results in colourful inflorescences. These colours often
range from orange, yellow, white, black and reddish-brown (Jacobsen and Stolen,
1993). The seeds are to some extent flat and measures to 1-2.6 mm. The pericarp of
the seeds may often also contain saponins. As with the inflorescence, the seeds can
also vary in size and colour between the different varieties. In general, black seeds are

more dominant compared to the yellow, white and red seeds (Mujica, 1994).

Depending on the variety, the vegetative period of quinoa can vary between 120 and
240 days and is related to the photoperiod sensitivity. Some varieties from Chile can
have a vegetative period ranging from 110 to 120 days (Gonzélez et al., 2015; Sosa-
Zuniga et al., 2017). Quinoa has nine principle growth stages (Sosa-Zuniga et al.,
2017). The first stage involves the emergence of the photosynthetic leaves attached to
the main stem (Figure 2-3). Typically, the leaves emerge in pairs and are visible once
the two leaves separate from each other. During the second stage, side shoots start to
form (considered visible when 1 cm or more in length) and depending on the genotype,
it will start to emerge before or after the formation of the inflorescence. The third stage
involves the elongation of the stem and occurs simultaneously with leaf growth, side
shoot development, inflorescence formation and flowering. The fourth stage includes

the development of the harvestable vegetative parts (Sosa-Zuniga et al., 2017).

During the fifth stage, the inflorescence develops fully in the main shoot. At emergence
the inflorescence is covered by younger leaves and is not visible, but once elongation
occurs, the inflorescence becomes visible. This stage concludes once the inflorescence
is exposed and not covered with leaves. Next (stage six) the flowers start to develop
within the main inflorescence and depending on the variety, the colour of the
inflorescence could start to change (Sosa-Zuniga et al., 2017). As flowering progresses,
the perigone will change colour and once all visible anthers senesced, flowering is
completed. Fruit development will occur next (stage seven) and starts when the ovary
thickens and the first grains are visible. Stage eight refers to the ripening of the grains,
during which the colour of the pericarp changes from green to either, yellow, white, red
or black. Grains are considered ripe when it is difficult or impossible to crush it and it
has a dry content. The last stage (nine) involves plant senescence. The first



senescence starts with the basal leaves and continues upwards. Once all leaves are

dead the stem will finally start to senesce (Sosa-Zuniga et al., 2017).

Stage 1 Stage 2 Stage 5 Stage 6

Stage 8 Stage 9

Figure 2-3: Phenological growth stages of quinoa (Chenopodium quinoa) (Sosa-Zuniga
et al., 2017).

Ideally, quinoa prefers well-drained semi- deep soils with a supply of nutrients. It thrives
well in sandy—loamy soils containing organic material. Depending on the ecotype,
quinoa is also capable of growing in acidic soils with a pH of 4.5, commonly found in
Peru or alkaline soils with a pH of 9.5 as found in Bolivia (Mujica, 1994). Acceptable
yields are also easily obtained in both sandy and clay soils. Ideal sowing conditions for
quinoa seeds are at a depth of 1 to 2 cm with a minimum temperature of 8°C and 10°C
and an approximate relative humidity of 60%. In the vegetative phase, quinoa can
tolerate temperatures of -5°C depending on the ecotype. Some varieties have the ability

to grow in temperatures of -8°C and still survive for 20 days (Mujica, 1994).

The required temperature for good growth is between 16°C and 22°C and a photoperiod
of 10 to 12 hours (short day length) is needed as quinoa is sensitive to low photoperiods
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(Bertero et al., 1999; Jacobsen et al., 2003). Depending on the ecotype the precipitation
requirements for quinoa can vary from 250 mm (salt plains) to 1500 mm in the humid
Andean valleys. According to Geerts et al. (2008), quinoa only requires 50 to 70 mm of
precipitation during germination, flowering and seed formation. Though quinoa shows
strong tolerance to drought, it needs adequate soil moisture during the start of
cultivation (Lanino, 2006; Geerts et al., 2008). During drought spells, the application of
organic material with a low phosphorus and nitrogen fertilization can increase quinoa
yields. Care should be taken during fertilization since the application of high levels of
phosphorus and nitrogen could decrease the quinoa yields. The decrease in yields is
usually caused by intense lodging and a delay in flowering and seed formation (Oelke et
al., 1992; Bhargava et al., 2003).

Quinoa has also been recognized as a halophyte crop and when compared to crops,
such as, barley, wheat and maize, it has a greater tolerance to salt stress (Gunes et al.,
2007; Peterson and Murphy, 2015). Generally, it has been speculated that the quinoa
genotypes from the Bolivian Salares had a high salt tolerance; however, later various
other quinoa genotypes have been described as salt tolerant. The wild relative of quinoa
(Chenopodium hircinum) was reported as having a much higher tolerance to salt
compared to the quinoa varieties (Orsini et al., 2011; Schmockel et al., 2017). For this
reason, it was found that the tolerance of quinoa towards salt stress does not relate to
the geographical distribution of varieties. The reason being that varieties outside of the
Salares ecosystem were found to have an equivalent or even higher tolerance to salt

stress (Schmdckel et al., 2017; Hinojaosa et al., 2018).
2.2 The acclimation strategy of plants to abiotic stress

Plants tend to respond to different abiotic stresses by using complex mechanisms which
includes genetic molecular expressions and changes in the biochemical metabolism.
For example, plants can escape stress by completing their life cycles earlier; developing
more extensive root systems; enhancing their osmotic adjustment; altering metabolic
pathways; leaf shedding and biochemical traits for plant evolution (Xu et al., 2010).

These changes can also occur simultaneously in response to abiotic stress.
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2.2.1 Acclimation strategy of crops to drought

Plants tend to acquire different response mechanisms to counteract the effects
associated with drought stress. These mechanisms can be grouped as, morphological
strategies, physiological strategies and molecular strategies (Farooq et al., 2009).
Morphological strategies include the formation of deeper root systems, whereas
physiological strategies involve antioxidant defences, plant growth regulation, cell
membrane stability, regulated stomatal closure and osmotic adjustment (Farooq et al.,
2009; Hinojosa et al., 2018).

To understand the effect of water stress on quinoa several studies have been
conducted. One of the common responses of plants to water deficit stress is stomatal
closure. Generally, an increase in the concentration of root abscisic acid (ABA) will
reduced the turgor pressure in the stomata guard cells effectively closing the stomata
(Jacobsen et al., 2009; Cocozza et al., 2013; Yang et al., 2016). In addition, it was
found that the ABA present in the xylem accumulated faster in the shoots compared to

the roots during water stress.

Another drought response mechanism in plants is the synthesis of osmolytes, which
actively scavenges for reactive oxygen species (ROS). This is an antioxidant defence
mechanism and it involves the raffinose and ornithine pathways along with the
accumulation of proline or soluble sugars which amongst other things are known to
adjust the cellular osmotic potential (Bascunan-Godoy et al., 2016; Muscolo et al.,
2016). Additionally, photosynthesis is also inhibited under drought stress conditions.
This will usually result in an excess of excitation energy with the potential for
photoinhibition to occur. Plants can alleviate or avoid damage to the photosystems via
non- photochemical quenching, where radiant energy is dissipated as heat in the light
harvesting antenna of photosystem Il (PSIl) (Yordanov et al., 2000).

In addition, rapid stomatal closure reduces water loss, regulates cellular water deficit as
well as the root to shoot ratios, thereby ensuring a higher water use efficiency (Bosque
et al., 2003; Jacobsen et al., 2009; Killi and Haworth, 2017; Miranda-Apodaca et al.,
2018). Due to quinoa’s low water requirement it has the innate ability to cope with water
stress, and moreover to resume its former photosynthetic activity after a period of

drought stress (Jacobsen et al., 2009). Jensen et al. (2000) observed that the altiplano
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quinoa variety was insensitive to water stress according to its stomatal response during
the early growth stages. This could be justified by the fact that a specific leaf area and a
high photosynthetic rate could support water uptake by larger root systems during the

early growth stages, this will help to counteract drought at a later stage.

Delayed growth is another drought response mechanism of plants and this was
apparent when a delayed growth was documented for quinoa between the fifth and sixth
growth stages (Greets et al., 2008). Prasad et al. (2011) demonstrated that water
stress inhibited the grain weight, pistillate flower development and ovule functions of
wheat. This was brought on by a decrease in the photosynthetic rate in response to
stomatal closure (Reddy et al., 2004). However, according to Gonzalez et al. (2015)
certain quinoa varieties which only receive 160 mm of rain in the growing season,
displayed higher stomatal conductance levels while maintaining a high photosynthetic

rate.

Lastly, the relationship between soil moisture and the root system has been studied in
quinoa. Quinoa has a high water use efficiency which is evident by its ability to grow in
soils lacking soil moisture while producing acceptable yields (Garcia et al., 2003;
Bertero et al., 2004). Quinoa can tolerate up to three months of water deficit stress
during the vegetative growth stage in which the stalk becomes fibrous and the roots
strengthen (National Research Council, 1989). Compared to other crops, quinoa has
the ability to produce roots faster along with rapid root elongation and branching which
advances its foraging capacity (Alvarez-Flores et al., 2013). A study recently conducted
both in a dry habitat and a rainy habitat reported that the quinoa varieties grown in the
dry habitat displayed accelerated root growth longer, coarser, and more roots compared
to the rainy habitat variety (Hinojosa et al., 2018). As a result, quinoa escapes the
harmful effects caused by drought via the development of deep root systems, a reduced
leaf area, stomatal closure, leaf dropping, small and thick-walled cells, which adapt to

water loss while maintaining the turgor pressure (Jensen et al., 2000; Adolf et al., 2013).
2.2.2 Acclimation strategy of crops to temperature

Heat stress can be described as the increase in air temperature above the optimum
growth temperature for an extended time causing reduced growth and development and

finally cellular damage (Wahid et al., 2007). Depending on the current growth stage of
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the plants and the duration of the stress applied, plants tend to respond differently to
heat stress (Prasad et al., 2017). Heat stress can affect a plant in three ways. The first
is morphological, for example a delay in the root and shoot growth with increased stem
branching. Secondly, anatomical changes can occur, which include reduced cell size as
well as an increase in the trichome and stomata densities. Thirdly, physiological
changes can occur which can cause increased membrane leakage, protein
denaturation, osmolyte accumulation, mitochondrial and chloroplast enzyme inactivation
and changes in respiration and photosynthesis (Wahid et al., 2007; Bita and Gerats,
2013; Hinojosa et al., 2018).

A change in the stomatal conductance of plants is one of the primary and rapidly
occurring events during heat stress. These changes aim to regulate the flow of carbon
dioxide (COz2), water loss and leaf temperature (Zandalinas et al., 2018). Generally, heat
will cause an increase in the stomatal conductance so as to cool down the leaves via
transpiration, whereas drought stress prevents any water loss (Mittler and Blumwald,
2010). Maintaining the leaf temperature during heat stress is imperative for tolerance to
heat stress. In studies where tobacco plants were exposed to heat and drought stress,
the leaf temperature was significantly higher compared to plants only subjected to heat
stress. The increasing leaf temperature was therefore, caused by a lower stomatal

conductance induced by the water stress (Rizhsky et al., 2002).

Similar to drought stress, heat stress can also induce ROS and when present in high
concentrations can be severely toxic. The production of osmolytes and antioxidants can
reduce the increased accumulation of ROS. On the other hand, lower levels of ROS can
act as signalling molecules, activating processes such as programmed cell death
(Wahid et al., 2007; Awasthi et al., 2015). Depending on the variety and the growth
stage, quinoa can tolerate a broad range of temperatures ranging between -8°C and
35°C and a relative humidity between 40% and 88% (Jacobsen et al., 2005).
Regardless of quinoas tolerance to heat stress, high temperatures during flowering and
seed production can, however, reduce the yield production significantly (Geerts et al.,
2008; Bazil et al., 2016; Eisa et al., 2017). A high temperature during anthesis can also
reduce the diameter of the seeds (Bertero et al., 1999) and cause pollen sterility
(Hunziker, 1943). Barnabas et al. (2008) concluded that the reproductive tissue of
plants is more sensitive to heat stress compared to the vegetative tissue. Prasad et al.
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(2011) also observed that heat stress affected the pollen fertility and grain number of

wheat.

On the other hand, quinoa can also tolerate low temperatures of -8°C, however,
temperatures lower than this can induce oxidative stress and when accompanied by
ROS can result in cold-induced photo-inhibition. Additionally, frost causes visible
damage on plants leading to foliar senescence (Cui et al., 2003; Rapacz et al., 2004;
Bois et al., 2006; Winkel et al., 2009). Low temperatures during the night combined with
high solar irradiance during the day can result in stunted growth and a long term
reduction in photosynthesis. Colder temperatures will generally also delay seed

germination, radicle elongation and seedling growth (Rosa et al., 2004).
2.3 Comparing Cs3 species to C4 species subjected to stress

Since maize is a C4 plant, it is expected that it would be less susceptible to photo-
inhibition and photo-damage under water stress conditions when compared to quinoa, a
Cs species. In general, Cs4 species, for example, sugarcane, maize and sorghum have
remarkably higher photosynthetic levels compared to Cs species, for example, rice,
wheat (Kajala et al., 2011) and quinoa (Gonzales et al., 2015). This is as a result of the
different morphological, anatomical and biochemical mechanisms existing in Cs and Ca4
species which are used during carbon fixation (Guidi et al., 2019). In general, the
Calvin-Benson cycle is practically used by all plants for the fixation of COz, including C3
species (Sage et al., 2014; Guidi et al., 2019). During Cs photosynthesis ribulose-1, 5-
bisphosphate carboxylase oxygenase (Rubisco) catalyses the formation of
phosphoglycerate (3-PGA), which is a three-carbon compound, therefore, referred to as
the Cs cycle (Figure 1-4) (Reddy et al., 2010). This process occurs inside the
chloroplasts of mesophyll cells. One of the common difficulties with the Cs cycle is that
rubisco is used to catalyse two opposing reactions namely carboxylation and
oxygenation, (Portis and Parry, 2007). Therefore, if the oxygenation pathway is chosen,
the carbon movement is directed towards the photorespiration pathway. As a result,
30% of the carbon fixed can be lost via this pathway (Long et al., 2006). Abiotic
stressors, such as drought and increased temperatures can result in an increase in the

oxygenase reaction (Lara and Andreo, 2011).

15



C, plants C, plants

{CHO)n

Figure 2-4: A representation of the carbon fixation pathways of C; and C, plants (Lara
and Andreo, 2011).

On the other hand, the Ca4 photosynthesis pathway overcomes the limitation of
photorespiration by improving the photosynthetic efficiency and minimizing the water
loss in warm environments (Figure 1-4) (Sage et al., 2014). The Ca4 photosynthetic
activities are divided between the mesophyll and bundle sheath cells (both anatomically
and biochemically distinct). C4 plants utilize a biochemical CO2 pump that relies on the
spatial separation of the CO2 fixation and assimilation. During the carboxylation of PEP
(phosphoenolpyruvate) via PEPC (phosphoenolpyruvate carboxylase), four carbon-
containing organic acids are produced in the cytosol of the mesophyll cells (Lara and
Andreo, 2011; Sage et al., 2014). The C4 compounds are then relocated to the bundle
sheath cells where they are decarboxylated to form CO2. Thereafter, the CO:2 is
assimilated via Rubisco in the Calvin-Benson cycle (Lara and Andreo, 2011). Three
carbon-containing organic acids (Cs) are released in addition during the decarboxylation
reaction, which returned to the mesophyll cells to regenerate PEP via the enzyme
pyruvate orthophosphate dikinase (PPDK) (Sage et al., 2014). In this manner a COz2-

concentrating mechanism is formed around Rubisco. Therefore, by elevating the COz2
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concentration at the site of Rubisco, photorespiration is suppressed in Cs plants,
because the activity of the oxygenase reaction is considerably reduced (Uzilday et al.,
2014).

By adopting this approach, Cs4 species are able to increase the efficiency of energy
consumption by means of energy conservation. Following this approach, Cs4 species
have the ability to maintain a higher photosynthetic performance and water use
efficiency compared to Cs species (Majeran et al., 2010). Various authors speculated
that over time the atmospheric CO2 declined, which in tern induced changes in the CO2
concentrating mechanism of Cs species (Ehleringer et al., 1991; Guidi et al., 2019).
Therefore, allowing Cs4 species to preserve a larger diffusion gradient for CO2. As a
result, C4 species can function at a lower conductance than C3 species. In this way, C4
species reduce water loss via transpiration and as a result ensuring a higher water use

efficiency (Long, 1999).

In addition, C4 species are also classified into different subtypes based on the different
C4 metabolic adaptations used by the species (Guidi et al., 2019). The three subtypes
are NADP-malic enzyme, NAD-malic enzyme and PEP carboxykinase (Hatch, 1987;
Guidi et al., 2019). These features assist C4 plants to tolerate high temperatures and
light intensities. As a result, C4 plants will typically be found in warmer subtropical
regions (Moore et al., 2014). Additionally, these traits assist C4 plants to maintain a
higher growth and photosynthetic rate under high light and temperature conditions. This
is achieved by a greater availability of water and an efficient use of nitrogen and carbon
(Edwards et al., 2010; Sage et al., 2014). As Ca4 plants are normally found in warm
areas, they seldom occur in cooler environments as their distribution is associated to
the amount of rainfall in certain areas (Ghannoum et al., 2011; Lara and Andreo, 2005).
C4 photosynthesis tends to function poorly in colder environments. This could be due to
the limited competency of Rubisco at colder temperatures (Kubien et al., 2003). On the
other hand, Cs plants have increased photosynthetic activities compared to C4 plants in

cooler environments (Sage and McKown, 2006).

Compared to Cs species it can be expected that C4 species would be less susceptible to
photo-inhibition and photo-damage when exposed to drought, high or low temperatures

and high soil salinity levels. In most cases, these stressors would lead to an excess of
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energy, which is absorbed by the leaves relative to altered CO2 assimilation in C4
plants. Various authors, however, questioned the truth of this reasoning (Guidi et al.,
2019). In agreement with this, Ghannoum (2009) questioned the lack of C4 plant
species, as it currently only represents +4% of the world’s total flora, while Sage and
Sultmanis (2016), contemplated the lack of “C4 forests” as the majority of forests are Cs.
While their reasoning sparks for interesting conversation, there is currently a shortage of
information available comparing the effect of abiotic stressors on the photosynthetic

efficiency of both C4 and Cs species.
2.4 The role of osmoprotectants

One of the primary causes of crop loss is abiotic stress and often crops are exposed to
several stresses. The severity and frequency of the abiotic stressors are increasing
mainly due to a diminishing rainfall pattern and the manner in which crops respond to
environmental stress seems to be overlapping (Dutta et al., 2019). Often the various
stressors will result in the production of ROS, signifying that a plant is under oxidative
stress. Generally, ROS are produced as by-products of several metabolic pathways,
though the over-production of ROS and its by-products are extremely reactive and toxic
to plants, which cause oxidative stress in plants (Yousuf et al., 2012). Oxidative stress
causes severe damage to proteins, lipids, nucleic acids and carbohydrates, causing cell
death. Alternatively, low levels of ROS, can in contrast act as signalling molecules
which regulate the vital processes in plants, this includes growth, development, cell
cycle, programmed death, pathogen defence, abiotic defence and systemic signalling
(Dar et al., 2017; Zandalinas et al., 2018).

For plants to perform these vital cell functions, the generation and metabolism of ROS
must be well maintained. In order to do this, plants trigger a series of biochemical
events in response to abiotic stress. Tolerance to stress is granted by transcriptionally
regulating specific gene families (Joshi et al., 2018). Based on their function, the gene
families are classified into three groups. The first group includes the genes that are
involved in osmoprotection, for example, antioxidant enzymes, osmoprotectants, late
embryogenesis abundant proteins and heat shock proteins (Dutta et al., 2019). The
second group contains the genes that are responsible for ion transport and facilitates

the uptake of water. The third group involves genes responsible for signal perception
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and transcriptional regulation, for example, mitogen-activated protein kinases and salt
overly sensitive kinases (Ji et al., 2013). Water stress is responsible for cellular
dehydration which alters the cellular homeostasis. To reduce water loss, protect
proteins and to maintain the integrity of cells, plants have developed different strategies
to produce osmolytes (Dutta et al., 2019). Some of the important osmoprotectants that
accumulate in plants are proline, glycine betaine, polyols, sugar alcohols, superoxide
dismutase (SOD), glutathione reductase (GR) and soluble sugars. These
osmoprotectants are involved in maintaining the cellular redox potential, stabilizing
membranes and proteins structures, osmotic adjustments and scavenging of ROS
(Dutta et al., 2019).

2.4.1 Proline

Proline is an amino acid that plays an important role both in stress defence and
regulating the development and growth of a plant subjected to stress (Ahanger et al.,
2014). The synthesis of proline is common in most plant species under both stressed
and non-stressed conditions. Typically, proline is actively involved in the formation of
seeds and the development of embryos (Mattioli et al., 2009). Proline also acts as a
precursor for the synthesis of various enzymes and proteins (Vives- Peris et al., 2017).
In addition, proline has a superior conformational rigidity, which allows it to play an
important role as a molecular chaperone for stabilizing protein structures (Funck et al.,
2012). During recovery, proline acts as a reservoir for cellular nitrogen and carbon (Kavi
Kishor et al., 2005).

When under stress, plants tend to accumulate a high level of proline (Per et al., 2017,
Mansour and Ali, 2017) where a high concentration of proline is a valuable indicator of
drought injury in plants (Zlatev and Stotanov, 2005). Signorelli et al. (2013) found that
the concentration of proline can increase up to tenfold in the leaves of Lotus japonicas
when under drought stress. As an osmoprotectant, proline can assist plants during
stress, by repairing or preventing the unfavourable effects caused by oxidative and/or
osmotic stress. During extended periods of water stress, increased proline
concentrations accumulate in the cytoplasm of plants. As a result, proline is actively
involved in preventing oxidative stress by scavenging free radicals. In addition, it

controls the redox potential and cellular homeostasis of cells (Heuer, 2003). Recent
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studies, however, revealed that various important crops, including, maize, wheat and
rice are not capable of synthesising the necessary levels of proline needed to
counteract the damaging effects of drought stress (Slama et al., 2015).

Proline is synthesised in the cytosol of plants via two pathways which include the
glutamate or ornithine pathway (Suprasanna et al., 2016; Zarattini and Forlani, 2017).
The glutamate pathway requires two Nicotinamide adenine dinucleotide phosphate
(NADPH) molecules and is completed in two enzyme dependent steps (Figure 2-5). The
first step in the glutamate pathway is ATP dependent and it involves the

phosphorylation of glutamate, therefore resulting in its activation (Jawahar et al., 2019).
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Figure 2-5: The metabolic pathways of proline in plants (Zhang and Becker, 2015).

Secondly, the activated glutamate is reduced to glutamatic-y-glutamyl kinase following
its cyclization to pyrroline 5-carboxylate (P5C). The cyclization of glutamatic-y-glutamyl

kinase to P5C is catalysed by the enzyme pyrroline 5-carboxylate synthetase. Finally,
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P5C is reduced to proline via the pyrroline 5-carboxylate reductase enzyme (Dutta et
al., 2019).

Alternatively, ornithine is used in the ornithine pathway as the predecessor for the
synthesis of proline instead of glutamate. During this pathway ornithine is transaminated
to P5C and catalysed by Orn-D-aminotransferase. Thereafter, P5C is reduced to proline
by the enzyme pyrroline 5-carboxylate reductase (Dutta et al., 2019; Jawahar et al.,
2019).

The synthesis of proline has been studied in various model plants and from these
findings the two enzymes pyrroline 5-carboxylate synthetase and pyrroline 5-
carboxylate reductase were identified as capable of regulating the production of proline
under abiotic stress (Dutta et al., 2019). The genes responsible for the coding of these
enzymes have been integrated into many economically important crops in order to

contradict the effects of drought stress.
2.4.2 Superoxide dismutase

SOD is a metallo-enzyme working in conjunction with Cu, Zn, Mn or Fe, Ni and can be
categorized into four groups based on the metal cofactor at its active side (Gill et al.,
2015). The four groups can be identified as, Cu/Zn-SOD, Mn-SOD, Fe-SOD and Ni-
SOD and have different functions, structures and they occur in different locations
(Figure 2-6) (Saibi and Brini, 2018). Cu/Zn-SOD can be located in the cytosol,
chloroplasts, and peroxisomes, whereas Fe-SOD is mainly situated in the chloroplasts
and to some extent in the peroxisomes and apoplast, while Mn-SOD can be found in the
mitochondria (Corpas et al., 2006). Ni-SOD, however, can be found in marine-

eukaryote, cyanobacteria and marine gammaproteobacteria (Dupont et al., 2008).

21



Peroxisomes
Mn SOD
Antioxidant genes

Cytosol € ———— Nucleus
Cu-Zn SOD

|
|
|
[ Chloroplast \4

Fe and Cu-Zn SODs Mitochondrion
Mn SOD

Figure 2-6: Localization of superoxide dismutase in a plant cell (Saibi and Brini, 2018).

SOD occurs in all oxygen metabolizing cells as well as in all sub-cellular compartments,
such as, chloroplasts, mitochondria, nuclei, peroxisomes, cytoplasm, and apoplasts
(Fink and Scandalios, 2002). SOD is described as one of the most effective
components in combating ROS toxicity and often represents the first line of antioxidant
defence by converting it into hydrogen peroxide (H202) and oxygen (Oz2) (Alscher et al.,
2002; Gill and Tuteja, 2010; Saibi and Brini, 2018). SOD mainly catalyses the

conversion of superoxide radicles into either O2 or H202 (Gill et al., 2015).

20 +2HO SOD O +HO +2HO
2 3 2 2 2 2

From this point H202 is detoxified, once the cellular antioxidant defence mechanisms
become sufficient. Catalase (CAT), a tetrameric heme containing enzyme, has the
ability to convert H20:2 into H20 and O2 (Garg and Manchanda, 2009). CAT can also be
found in glyoxysomes and peroxisomes or in any related organ where an excess of
H202 is present. CAT mainly scavenges ROS, for example H202 and has the ability to

dismutate approximately six million H202 molecules per minute (Gill and Tuteja, 2010).

It could be stated that superoxide dismutase is central in the defence mechanism,
because its activity regulates the amount of Oz and H202 present in cells. Even so, it is
important to note that superoxide is produced as a by-product of the oxygen metabolism
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and if it is not regulated, it can also cause a series of cell damage (Gill et al., 2015).
Additionally, SOD also has the ability to overcome the electrostatic repulsion between
two oxygen radicals (Saibi and Brini, 2018). This will usually occur in two ways, with the
first being a reaction between the Fe-, Mn-, and Cu/Zn-SODs to the oxygen radical
molecules, one at a time. Secondly, SOD will manipulate the negative charge of the
oxygen radicals to rather encourage a specific binding with substrates and not with
products (Miller, 2004). Furthermore, SOD also has the ability to protect PSIl against
oxygen radicals, which are produced due to water stress (Martinez et al., 2001).

Various plants have been identified with increased SOD activities when exposed to
water- stressed conditions, for example, Oryza sativa (Sharma and Dubey, 2005), Vigna
unguiculata (Manivannan et al., 2007) and Catharanthus roseus (Jaleel et al., 2007).
Zhang and Kirkham (1995) found that the SOD activity in Triticum aestivum increased
or remained unaffected during the early phase of water stress, however, it decreased
with prolonged water stress. Ahmed et al. (2013) observed that the SOD activity
increased significantly under both drought and salinity stress during the anthesis period
of the wild Hordeum vulgare genotypes. Bose et al. (2014) also found that halophytes
generally have a higher level of SOD activity, thereby supporting its ability to rapidly
convert superoxide radicals into H202. Hereafter, a series of adaptive responses are
initiated where various other antioxidants could play a role in reducing the basal levels
of H202 (Gill et al., 2015).

2.4.3 Glutathione reductase

Glutathione reductase is a flavo-protein and is known to use NADPH as a reductant to
catalyses the reduction of glutathione disulphide to the sulphydryl form of glutathione
(GSH) (Yousuf et al., 2012). This process occurs in two phases. The first phase
involves the reductive half reaction phase, where FAD (the prosthetic group of GR) is
reduced by NADPH (Figure 2-7). Secondly the resulting dithiol will then react with the
glutathione disulphide. Hereafter, the final electron acceptor, oxidized glutathione
(GSSG), is reduced to two GSH molecules at the GR active site (Yousuf et al., 2012).
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Figure 2-7: Antioxidant pathway mediated by Glutathione reductase in response to

external and inner cellular stresses (Trivedi et al., 2013).

Glutathione reductase can primarily be found in the chloroplasts, but some isoforms of
the enzyme have been found in the mitochondria, peroxisomes and the cytosol in small
amounts (Edwards et al., 1990; Jiménez et al., 1997; Trivedi et al., 2013). There are
three isoforms of GR, identified based on their location. Thus, there are cytosolic
isoforms, chloroplastic isoforms and mitochondrial isoforms (Mullineaux et al., 1996;
Kaminaka et al., 1998). The concentrations of the different isoforms can also change in
the sub-cellular compartments in response to environmental stress. Different
environmental stressors can also activate each isoform with their different functions

during stress (Stevens et al., 1997).

Together GR and GSH play important roles in establishing tolerance in plants in
response to different stressors. GR ensures that proteins function normally by
conserving the reduced state of the intracellular glutathione pool (Yousuf et al., 2012).
Small amounts of GSH also respond as important redox buffers by forming a barrier
between protein cysteine groups and ROS (Kornyeyev et al., 2003). In addition, GSH
also limits metal-induced oxidative stress. GR activities in leaf tissue are responsible for
scavenging ROS such as, H202 and Oz, and maintaining a high ratio of reduced

oxidized glutathione (Alscher, 1989). Another important feature of GR is that it's also
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thermo-stable. Yousuf et al. (2012) also found that an overexpression of GR can result
in tolerance in various crop plants to abiotic stressors due to its efficient ROS

scavenging capacity.
2.4.4 Hydrogen peroxide

Hydrogen peroxide occurs in the peroxisomes, chloroplasts, mitochondria, the
endoplasmic reticulum, nucleus and plasma membranes of all photosynthesising cells
(Figure 2-8) (Edwards et al., 2009; Saxena et al., 2016). The production of H202 in
chloroplasts mainly occurs in the chlorophyll molecules related to the photosynthetic
electron transport chain (the main source of O2) (Hossain et al., 2015). During this
process, superoxide radicals are formed via the photo- reduction of molecular oxygen.
Hereafter, singlet oxygen is produced via an energy transfer to the triplet oxygen in
PSIl. The excitation of PSIl will then result in the oxidation of water to oxygen. In
peroxisomes, H202 is produced during the oxidation of glycolate in the C2 cycle (Saxena
et al., 2016). During this process, xanthine oxidase catalyses the oxidation of xanthine
or hypoxanthine to uric acid, which produces oxygen and in turn is converted to H20:2
(Saxena et al., 2016).

Hydrogen peroxide is also actively present in the development of plants (Hung et al.,
2005), despite being toxic at high concentrations and causing cell death (Dat et al.,
2000). Regardless of its reactive perception, H202 is involved in the last step of
converting ROS (Filippou et al., 2013). When present at low concentrations, H202 acts
as a messenger molecule when a plant experiences biotic or abiotic stress (Mittler et al.,
2004). A series of acclimation mechanisms based on biochemical and physiological

changes are involved when exposed to stress (Fukao and Bailey-Serres, 2004).

These mechanisms usually involve the coding of antioxidants, defence proteins, signal
proteins, and transcription factors (Hung et al., 2005). Drought, temperature and salinity
stress induces oxidative stress in plants. Once plants are exposed to low temperatures,
the early accumulation of H202 leads to the activation and production of antioxidant
enzymes (Filippou et al., 2013). Other studies also revealed that the exogenous
application of H202 assisted sweet potato and sweet peppers to acclimate to low
temperatures (Lin and Block, 2010). In addition, the exogenous application of H202

under a long photo-period had beneficial effects compared to its application under a
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short photo-period. These observations lead to the belief that the H202-mediated
priming phenomena could also be regulated by other factors, either intra- or
extracellular. Furthermore, Kumar et al. (2010) also proposed that brassinosteroids, for
example, 24-epibrassinolide are involved in the H202-induced acclimation against
chilling stress. These authors found that 24-epibrassinolide assisted in preventing the
harmful effect of H20:2 via the production of antioxidants.

Similar results were found in tomato plants, during which the exogenous application of
H202 relieved the effects of oxidative stress caused by water stress through the
activation of antioxidant enzymes (Behnamnia et al., 2009; Filippou et al., 2013).
Comparable results were also found by Larkindale and Huang (2004), when plants were
exposed to heat stress. In cucumber leaves, the exogenous application of H20:2
decreased lipid peroxidation, thereby protecting the ultrastructure of the chloroplasts. In
addition, H202 is also responsible for the up-regulation of Hsp20 and Hsps chaperones,
which are involved in cellular protection during stress conditions (Rhee et al., 2011).
Therefore, H20:2 is believed to be a vital prerequisite factor in the heat stress signalling
pathway to effectively express heat shock genes (Volkov et al., 2006).

The acclimation of plants to salt stress can also be linked to an increase in the
antioxidant enzyme activity, along with certain stress-related genes (Wahid et al., 2007;
Filippou et al., 2013). This includes the expression of transcripts for genes encoding D -
pyrroline-5-carboxylate synthase, sucrose-phosphate synthase, and small Hsp 26
(Uchida et al., 2002).
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Figure 2-8: The production of hydrogen peroxide (H202) in the different
photosynthesising cells (Saxena et al., 2016).

2.5 Chlorophyll a fluorescence

When photosynthetic organisms are illuminated by an approximate wavelength of 400-
700 nm, a red to far red light is produced, which is known as chlorophyll fluorescence
(McCree, 1972; Kalaji et al., 2017). Within this spectrum, the chlorophyll molecules are
excited more efficiently by red and blue light compared to green light. Chlorophyll a
fluorescence only represents 0.5- 10% of the absorbed energy and its intensity is
oppositely proportional to the energy used during photosynthesis (Porcar-Castell et al.,
2014). In addition, it is also inversely correlated to the changes in the dissipative heat
emissions; therefore, a decrease in the fluorescence emission yield is caused by an

increase in the yield of heat emission (Kalaji et al., 2017). As a result, chlorophyll a
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fluorescence can easily be used to investigate the photosynthetic efficiency of plants, as
well as the regulatory processes which affect the photosystem Il (PSll) antenna.

The primary donor of photosystem Il (P680%) is a strong quencher of chlorophyll a
fluorescence and can easily allow the study of the different redox states as the lifetime
of P680* is S state dependent, therefore turning chlorophyll a fluorescence into a great
tool to study photosynthesis in vivo (Kalaji et al., 2017). This includes quenching
analysis (Schreiber et al., 1986), JIP test (Strasser et al., 2004), non-photochemical
quenching (Horton and Hague, 1988), electron transport rate (Krall and Edwards, 1990),
rapid light curves (Ralph and Gademann, 2005), OJIP transients and dark adaption
(Schansker et al., 2005), photo-acoustic spectroscopy (Bukhov et al., 1997), 820-nm
absorbance (Schansker et al., 2003), the wavelength dependence of photosynthesis
(Schreiber et al., 2012), delayed fluorescence (Gorbe and Calatayud, 2012), and the

measurements of parameters (Bussotti et al., 2011).

Chlorophyll a fluorescence can also be used to study a wide variety of topics, for
example, plant breeding, seed vigour and seed quality assessment, the quality of fruit
and vegetables and postharvest regulation, senescence and climate change effects
(Kalaji et al., 2017). In addition, chlorophyll a fluorescence has also been used to
investigate the effects of abiotic stress on plants (Digrado et al., 2017; Banks, 2018;
PSidova et al., 2018). This includes, heat stress, drought, photo-inhibition, UV stress

and salinity stress.

In this study, a M-PEA fluorometer was used to measure the prompt fluorescence (JIP-
test). The theory of energy flow in thylakoid membranes describes the inflow and
outflow of energy in photosynthetic pigments, therefore forming the basis of the JIP-test
(Kalaji and Loboda, 2007). The physiological state of the plant, due to different biotic
and abiotic stressors, will determine the shape of the OJIP-transient (Strasser et al.,
2001, Strasser et al., 2004). As plants cannot move to avoid different stressors, they
have to acclimatize in order to survive. The ability of plants to adapt to different
stressors is therefore, studied through the vitality of PSIl and PSI (Guo et al., 2008,
Longenberger et al., 2009). The JIP- test allows for a separate assessment of the
maximum Yyield of primary photochemistry. As a result, the JIP- test explores the
possibility with which an electron would move into the electron transport chain beyond
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Qa™ (Quinone A) (Kalaiji, et al., 2017). The reduction of the electron transport chain is
represented by the shape of the OJIP transient which is used to investigate the

photochemical potential of plants under stress.

When plotted on a logarithmic time scale the fluorescence rise kinetics can be
described as polyphasic with steps J (2 ms), | (30 ms) and P (300 ms) found between
Fo (initial) and Fm (maximum) (Kalaji et al., 2017) (Figure 2-9). From the JIP test, two
events can be distinguished, the single turn over event (0 — 2 ms) and the multiple
turnover event (2 — 300 ms) (Vredenberg et al., 2006). The single turnover event
represents the photosynthetic light events during which a single reduction of Qa™ occurs
(Tsimilli-Michael and Strasser, 2008). The multiple turnover event further describes the
reaction from Qa" to the reduction of the end electron accepters (Vredenberg et al.,
2006).

To fully visualize and understand the changes in the redox potential of the O-J-I-P
transient, the difference in variable fluorescence from stressed and non-stressed plants
are normalized and plotted on a logarithmic time scale. By doing this, different AV-
bands (O, L, K, J, I, G, H, P) will be revealed, which describe the efficiency of electron
flow through the electron transport chain (Tsimilli-Michael and Strasser, 2008). A AVo—
band (= 0.02 — 0.05 ms) reveals information regarding the oxidised primary quinone
acceptor. The AVi— band (0.15 ms) refers to the energetic connectivity or grouping
between the PSII units (Oukarroum et al., 2007). The AVk - band (0.3 ms) is associated
with the activation of the oxygen evolving complex (OEC) and the flow of electrons
moving from the reaction centre towards the acceptor side, as well as the flow of
electrons moving towards the reaction centre from the donor side of PSII (Strasser et
al., 2007; Yusuf et al., 2010; Bussaotti et al., 2011; Chen et al., 2016; Kalaji et al., 2017,
Kalaji et al., 2018). A AVy - band (2 ms), represents an oxidized primary quinone
acceptor Qa (Strasser et al., 2007) and whether electrons will move beyond Qa~. A AV, -
band (30 ms) represents the transport of electrons between the PSII and photosystem |
(PSI) reaction centres. The AVH— band (20 ms) refers to the reduction of the secondary
quinone acceptor, but two electrons are used to reduce it (Strasser et al., 2007). The
AVe - band (100 ms) refers to the reduction of NADP* to Nicotinamide adenine
dinucleotide phosphate (NADPH). The AVep — band (= 300 ms) reveals information
regarding the fully reduced electron carriers.
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Figure 2-9: A typical chlorophyll a polyphasic fluorescence rise (OJIP), exhibited by
plants plotted on a logarithmic time scale (0.2 ms — 1 s). The different steps are labelled
as O (20 ps), K (0.3 ms), J (2 ms), | (30ms), and P (=300 ms).

In addition, a set of parameters are also calculated by the JIP-test which have been
proven to be sensitive to stress initiated by adverse environmental conditions. These
parameters are based on the theory of energy flow in membranes and can be presented

using a Z-scheme of photosynthesis, expressed by sequential energy fluxes (Figure 2-
10).

The specific energy fluxes are: Absorption of light energy (ABS), trapping of light energy
(TRo), the conversion of excitation energy (ETo) and the reduction of end electron
acceptors (REo) which regulate the initial stage of the photosynthetic activity of a
reaction complex (RC) (Table 2-1).

These four independent steps contributing to photosynthesis leads to the introduction of
the multi-parametric expression (Strasser et al., 2004). The PlrotaL incorporates these

four steps, thereby capturing the kinetics of electron flow through the photosynthetic
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apparatus and making it one of the most sensitive parameters (van Heerden et al.,

2007).

Table 2-1:

Formulae and definitions used by the JIP-test for the analysis of

chlorophyll a fluorescence transient OJIP in this study (from Strasser et al., 2007;
Tsimilli-Michael and Strasser, 2013; Kalaji et al., 2017).

Fluorescence parameters derived from the extracted data

Minimal fluorescence, when all PS Il RCs are

FO=F20ps open

Maximal fluorescence, when all PS Il RCs are
Fp (Fw) closed
Fv=Fm-Fo Maximal variable fluorescence

Vi= ( Ft— Fo)/(Fm — Fo)

Relative variable fluorescence at time t

V= ( Fy — Fo)/(Fm — Fo)

Relative variable fluorescence at the J-step

V= ( Fi — Fo)/(Fm — Fo)

Relative variable fluorescence at the I-step

Specific energy fluxes (per QA-reduced PSII reaction centre)

ABS/RC = Mo (1/V) (1/gpo)

Flux for absorption per RC

TRo/RC = Mo (1/V)

Flux for trapping energy per RC

ETo/RC = Mo (1/Vy)wo

Flux for electron transport per RC

DIo/RC = (ABS/RC) — (TRo/RC)

Energy flux for dissipation in the form of heat, not
intercepted by an RC

Yields or energy flux ratios

@Pt =TR/ABS = Ft/Fm

The quantum yield for primary photochemistry at
time t.

@ro =TRO/ABS

The maximum quantum yield for primary
photochemistry.

@c0 = ETO/ABS

The quantum yield for electron transport.

@ro = REO/ABS

The quantum vyield, at the PSI acceptor side, for
the reduction of end electron acceptors.

Weo = ETO/TRO

The probability of the transportation of an electron
beyond Qa.

@ro = RE0/ABS = [1 — (Fo/Fm)](1 —
Vi)

Quantum vyield for reduction of end electron
acceptors at the PSI acceptor side (RE)

Performance indexes

Plass =[ yrc/(1 - yrc)] X
[pro/(1=¢Po)] * [Weo/(1 = WEo)]

Performance index (potential) for energy
conservation from exciton to the reduction of
intersystem electron acceptors

Pliotai = PlaBs X [ORo/(1 — ORo)]

Performance index (potential) for energy
conservation from exciton to the reduction of PSI
end acceptors

The yield or energy fluxes include: (1) TRo/ABS = @pro = 1— (Fo/Fm), which is described

as the maximum quantum yield of primary photochemistry; (2) ETo/TRo = @weo = (1 — V),

refers to the efficiency with which an electron can move into the electron transport chain

31




further than Qa-; (3) ETo/ABS = ¢ro. Weo, the quantum yield of electron transport further
than Qa7 (4) REo/ETo = dro = (1 — VI)/(1 — W), the efficiency with which an electron can
move from the reduced intersystem electron carriers to the PSI end electron acceptors;
(5) REo/ABS = ¢@ro = @PO. WEo. ORo, the quantum yield for reduction of PSI end electron
acceptors; (6) REo/TRo = @ro = WEeo. ORo, the efficiency with which an electron can move

into the electron transport chain from Qa™ to the PSI end electron acceptors (Table 2-1).
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Figure 2-10: A schematic presentation of the JIP-test (Tsimilli-Michael and Strasser,
2013).

In addition, the M-PEA also measures the photo-induced changes in the light reflection
at 820 nm. In this case, the light beam (820 nm wavelength) is modulated in order to
increase the signal sensitivity (Kalaji et al., 2017). The oxidation of the electron donors
of PSI is reflected within the first 15-20 ms. When exposed to the actinic red light, both
photosystems are excited and the photochemical reaction in the reaction centres are

induced. This will occur during the initial period of illumination. As PSII is activated, the
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electron carries, Qa, Quinone B (Qs), plastoquinone and pheophytin (Pheo) in the
electron transport chain are reduced and as a result of the oxidation of the water
molecules, the oxidized chlorophyll (P680*) decreases rapidly (Kalaji et al., 2017). It is
important that the electron donation to the oxidized chlorophyll is limited; this is to avoid

the stationary concentration of P680* being too low during the light period.

In contrast, the situation in PSI is slightly different, because the pool of intersystem
carriers is mainly oxidized, due to being dark adapted for a longer period, therefore,
there are no electron donors available for the reduction of plastocyanin (PC*), the
primary donor of photosystem | (P700%) (Schreiber et al., 1989; Schansker et al., 2003;
Kalaji et al., 2016). Due to this, the concentration of the PSI carriers (in the oxidized
state) increases, which would lead to a proportional decrease in the scattered light
signal MR820. Between 15 and 20 ms of illumination, the induction curve will reach a
minimum. At the same time, the electron donated from the primary photochemical
reactions in PSII, would reach PC* and P700* (Kalaji et al., 2018).

This occurrence will cause a reduction in the rate of MR820 decrease and increase the
reflection in order to reach the initial dark level. This will occur for approximately 200 ms
and during this time, the MR820 signal will undergo two phases (Kalaji et al., 2016). The
first phase (0-20 ms) refers to the initial decrease, which is related to the photo-induced
oxidation of P700* (Figure 2-11). The second phase (20-200 ms) involves the increase
in reflecting a photo-induced reduction of oxidized P700*. The first phase ends when the
plastoquinone (PQ) pool is semi-reduced and occurs simultaneously with the prompt
fluorescence transition between AV, and AV, (Van Heerden et al., 2007; Oukarroum et
al., 2012b; Gao et al., 2014). The second phase reflects the secondary reduction of PC*
and P700* (movement of electrons from PSII to the PQ pool) and occurs at the same
time with the prompt fluorescence transition between AV and AVe (Schansker et al.,
2003: Strasser et al., 2010). The kinetics of the MR820 signal can, therefore, be
described as the rate of P700 oxidation which is often referred to as the fast phase and
secondly the reduction of P700" also known as the slow phase (Kalaji et al., 2016).
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Figure 2-11:  Kinetics of modulated light reflection at 820 nm in dark-adapted leaves.

However, during stress conditions, the changes that occur with the photo-induced
transitions of the MR820 modulated reflection signal can transpire in several successive
stages. The first change to occur influences the amplitude and the rate of increase in
the slow phase; this will usually refer to the inhibition of electron donors from PSII
(Dabrowski et al., 2019). When the effect of stress is significantly higher, the initial
decline in the signal in the fast phase is delayed and can be ascribed to an inhibition of

the photochemical reaction in PSI (Goltsev et al., 2012).

With a decrease in the water content, the MR signal will also be modified. In terms of
the fast phase, Goltsev et al. (2012) found that if the relative water content drops below
10% changes are induced in the P700 redox state. Whereas, the slow phase, which
refers to P700" re-reduction, was more sensitive as it dropped quickly when the relative

water content dropped to 30% and disappearing with a relative water content of 3%.
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Therefore, with a very low water content, the primary photochemical reactions of both
PSI and PSII are deactivated (Goltsev et al., 2012; Kalaiji et al., 2016).

In response to a decrease in the water content, four drought specific effects were
identified; (1) a decrease in the flow of electrons in PSII will be observed, (2) a delay of
electron transport from the reduced PQ pool to P700* will occur, (3) the re-oxidation of
Qa will be inhibited and (4) a delay in the photo-induced electron transport from P680*
to Qa will occur simultaneously with a reduction in the photo-induced kinetics of the MR
signal (Schansker et al., 2003; Goltsev et al., 2012).
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CHAPTER 3 MATERIALS AND METHODS

3.1 Growth conditions

The maximum day temperatures in the glasshouses were set to 30°C and 20°C and the
night temperatures were set to 16°C. The day length was set to 13 hours by means of
fluorescent light tubes. The photosynthetic active radiation (PAR) during the day ranged

between 600 and 800 umol m2s".
3.2 Plant cultivation

Quinoa (Chenopodium quinoa Willd) seeds, as well as maize (Zea mays) seeds were
hand sown in 2 L pots containing a moistened Hygromix® (Hygrotech, RSA) and potting
soil substrate (3:2). Hygromix® is a soilless sterile growth medium, consisting of inert
and stable components. The plants were fertilized with Osmocote Pro 3-4 months (25
kg); a controlled release fertilizer, with a NPK ratio of 17:11:10. The fertilizer was mixed

with the growth medium (20 mL per pot) prior to planting.
3.3 Water regimes

Two water regimes were used during this trial, namely a well-watered and a water-
stressed treatment. During germination, the plants were watered twice a day through an
automated irrigation system. The water stress treatment was initiated 4 weeks after
emergence (vegetative stage). Decagon® soil moisture sensors GS3 (CS Africa (Pty)
Ltd, Stellenboch RSA) were used to measure the hourly soil moisture status. The water
stress conditions were maintained until the soil water content reached a level of 0.01 m-

3.m3. At this point the water stress treatment was stopped to avoid permanent wilting.
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3.4 Experimental timeline

Table 3-1 below provides details and dates regarding the activities and experiments conducted

during this study and include the activity, area of activity and time of completion.

Table 3-1: Timeline of the experimental work during 2017 to 2019.

Date Activity Time to completion | Area of activity
2017/01/08 Literature study 4 months Office
2017/02/05 Plant seed of quinoa and maize Germination to Greenhouse a and b
vegetative stage £ 4
weeks
2017/03/12 Conduct first trial, commence water 2 weeks Greenhouse a and b
stress, start chlorophyll a fluorescence
measurements.
2017/06 - Adjust trial according to problems found | 7 month Greenhouse a and b
201712 during first trial.
Ventilation system upgrade
2018/04/02 Start second trial, commence water 2 weeks Greenhouse a and b
stress, include stomatal conductance,
chlorophyll content, biomass and leaf
area measurements
2018/06/11 Start third trial, repeat second trial 2 weeks Greenhouse a and b
2018/08/20 Start fourth trial, commence water 3 weeks Greenhouse a and b
stress ,focus on chlorophyll a Lab work
fluorescence and proline measurements
2019/02/05 Start fith trial, commence water stress, 3 weeks Greenhouse a and b
focus on chlorophyll a fluorescence and Lab work
SOD measurements
2019/05/14 Start sixth trial, commence water stress, | 3 weeks Greenhouse a and b
focus on chlorophyll a fluorescence and Lab work
GR measurements
2019/07/08 Start seventh trial, commence water 3 weeks Greenhouse a and b
stress, focus on chlorophyll a Lab work
fluorescence and H202 measurements
2017- 2019 Write-up of results (After each trial) Office
22/12/2019 Conclusion of thesis Office
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3.5 Prompt fluorescence

The kinetics of the polyphasic prompt florescence rise was measured in vivo using the
M-PEA fluorometer (Hansatech Instrument Ltd, King’s Lynn, Norfolk, UK). Prior to the
start of the measurements, the plants were dark adapted for at least one hour. The
measurements were taken on five different spots on the adaxial surface of the fully
developed canopy leaves. Chlorophyll a fluorescence measurements were recorded
after illumination by a red actinic light of 3000 ymol photons m?2s-' provided by 3 light-
emitting diodes with 5§ mm diameter focus spot and 12-bit resolution in one second
(Strasser et al., 2004; Strasser et al., 2007; Kalaji and Loboda, 2007; Guo et al., 2008;
Tsimilli-Michael and Strasser. 2008; Longenberger et al. 2009). PEA Plus (v 1.10)
software was used to calculate the photosynthetic (O-J-I-P) curves, as well as the
photosynthetic parameters. The PltoraL parameter was also used to construct an
estimated vitality index based on the photosynthetic performance of quinoa and maize

under water- stressed conditions.
3.6 MR820 nm Modulated reflection

In addition, the MPEA fluorometer was also used to measure the photo-induced
changes in the light reflection at 820 nm. In this case, the light beam with a wavelength
of 820 nm was modulated in order to increase the signal sensitivity. As with the prompt
fluorescence, five measurements were taken on the adaxial surface of the fully
developed canopy leaves. PEA Plus (v 1.10) software was used to calculate the kinetics
of the modulated light reflection at 820 nm as well as the parameters of the relative MR

signal.
3.7 Membrane leakage

The method of Sullivan (1971) was used to measure the membrane leakage of both
quinoa and maize. The membrane leakage was determined by sampling three 10 mm
discs per plant with a cork borer (0.6 mm in diameter). The leaf discs were rinsed three
times to remove excess electrolytes and placed in separate tubes (15 mL) containing 10
mL de-ionized water. Hereafter, the samples were placed in the dark for 24 hours, after
which the initial ionic leakage was measured with an EC meter (Primo 5, HANNA

Instruments, USA). The samples were autoclaved for 20 minutes to dissociate all
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cellular cytosols into solution. The final ionic leakage was measured after the samples
were cooled to room temperature and calculations were performed as an injury index
percentage at 100 °C.

Final — Initial

L) — 1 —
Membrane leakage (%) = 1 Tritial

Where “final” and “initial” represents the membrane leakage measurements.

3.8 Relative leaf water potential

Leaf discs were cut from the leaves, approximately 1.5 cm in diameter and large veins
were avoided (Barr and Weatherley, 1962). The samples were weighed to obtain the
initial weight, after which the samples were immediately hydrated to full turgidity for 4 h.
Leaf discs were hydrated by floating on de-ionized water in closed petri dishes at
normal room temperature. After this, the samples were taken out of the water and dried
quickly and lightly with tissue paper and weighed immediately to obtain the turgid
weight. The leaf samples were dried at 80°C for 24 h to determine the dry weight. The

relative water content (RWC) was determined as:

FW — DW

RWC (%) = (fiy—pw

)XlOO

Where FW represents the fresh weight, DW the dry weight and TW the turgid weight.
3.9 Stomatal conductance

Stomatal conductance measurements were taken on the abaxial surface of the fully
expanded upper canopy leaves of the quinoa and the top visible dewlap of the maize. A
steady state photometer (Model AP4, Delta-T Devices, Cambridge, UK) was used to
record the measurements. Measurements were taken each day during the water stress
trial. Five readings were taken per plant. Measurements were taken daily between
11:00 am and 13:00 pm.

39



3.10 Chlorophyll content

The chlorophyll content of both quinoa and maize was measured using a CCM 300
chlorophyll content meter (Opti-science, USA). Soil Plant Analysis Development (SPAD)
values were obtained which determined the leaf chlorophyll content. The chlorophyll
content was measured at five different spots on both the quinoa and maize leaves,

avoiding large veins. The chlorophyll content was measured daily.
3.11 Proline content

Plant material and extraction:

A simple and fast ninhydrine-based method as described by Carillo and Gibon (2011)
was used to determine the free proline content in both quinoa and maize leaves. The
proline was extracted using a cold extraction method. Following this method, 50 mg
fresh plant material was weighed and mixed with 1 mL of an ethanol: water (40:60 v/v)
mixture. This mixture was left over night at 4°C. Thereafter, it was centrifuged at 14 000

g for five minutes and stored at -20°C.

Proline determination:

A reaction mixture containing 1% ninhydrine (w/v), 60% acetic acid (v/v) and 20%
ethanol (v/v) was prepared. This mixture is sensitive to light. In 1.5 mL Eppendorf tubes,
the following was added; 1000 yL of the reaction mix and 500 uL of the ethanol extract.
The Eppendorf tubes were closed and placed in a block heater at 95°C for 20 minutes.
Hereafter, the samples were centrifuged at 10 000 rpm for one minute. The supernatant
was transferred to a 1.5 mL cuvette and the absorbance was read at 520 nm. A
respective calibration curve was also generated with known concentrations ranging from
0.04 to 1 mM.

The following equation was used to calculate the amount of proline (umol.g™) in the

extracts:

Abs extract — Abs blank) Vol extract 1

, — X X
Proline ( Vol aliquot =~ FW

Slope
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Where Absextract Wwas the absorbance determined with the extract, and Absbiank Was the
absorbance determined without the extract. The slope (expressed as absorbance-nmol
) was determined via linear regression. Volexiract Was the total volume of the extract and
Volaliquot is the volume used in the assay. FW (mg) refers to the amount of plant material

used for the extraction.

3.12 Superoxide dismutase

The principle:

For the superoxide dismutase (SOD) activity measurements, the method described by
Beauchamp and Fridovich, (1971) was followed. SOD catalyses the dismutation of
superoxide radicals to H202. The SOD activity assay is based on the ability of
superoxide dismutase to inhibit the reduction of nitro-blue tetrazolium (NBT) via
superoxide. In this method, riboflavin is illuminated in the presence of O2 and
methionine (an electron donor) which in turn will produce superoxide anions. In the
absence of any SOD activity, superoxide radicals (O2) will interact with NBT, thereby
reducing the yellow tetrazolium to a blue precipitate (Formazan). The control reaction,
which is done without any enzyme, will show a maximum blue colour. In the presence of
an enzyme, the intensity of the colour decreases with an increase in the enzyme

activity.

Plant material and extraction:

To prepare the extract, 200 mg fresh plant material was pre-weighed and homogenized
in 1.5 mL of a 50 mM ice cold sodium phosphate buffer (pH 7.0), containing 2 mM
EDTA, 5 mM B-mercaptoethanol and 4% PVP-40. Hereafter the extract was centrifuged
at 30 000 g for 30 minutes at 4°C.

The following stock solutions were prepared:

A sodium phosphate buffer (pH 7.8) was prepared with a 50 mM. A 0.12 mM riboflavin
solution was prepared and stored in a dark bottle. A 1.72 mM Nitroblue tetrazolium
(NBT) solution was prepared and stored at 4°C. Lastly a 201 mM Methionine solution as

well as a 1% Trition X-100 solution was prepared.
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Reaction mixture:

From the above stock solutions, a reaction mixture was prepared containing; 27 mL of
the 50mM sodium phosphate buffer (pH 7.8), 1 mL of the NBT solution, 1.5 mL of the

Methionine solution and 0.75 mL of the Triton X-100 solution.
Procedure:

In an Eppendorf tube, 1 mL of the reaction mixture was added with 0.1 mL of the
enzyme extract and 0.03 mL riboflavin. The tubes were placed in a light box to provide
uniform light intensity. A box lined with foil was used with an internally mounted 40 W
fluorescent bulb. The tubes were incubated for 30 minutes under illumination. The
reaction was stopped by switching off the illumination and the absorbance was recorded
at 560 nm using a spectrophotometer. Hereafter, the samples were stored at -20°C and

used for the protein determination.

Protein determination:

The protein content was determined using a simple BioRAD method (Bradford, 1976).
The microplate method was followed and the absorbance was read at 595 nm. A blank
was prepared containing 160 yL H20 and 40 uL BioRAD. In addition, a STD was
prepared with 150 uL H20, 40 uL BioRAD and 10 STD (0.5 uL Globulin & Albumin). The
sample consisted of 150 uL H20, 40 uL BioRAD and 10 L of the extract solution.

Furthermore, the maximum attainable absorbance at 560 nm was determined by
irradiating a sample without the crude enzyme. The SOD activity (A560 mg protein-!

hour') was expressed (Keppler and Novacky, 1987) as:

A560 (with crude extract)mg/ protein
A560 (without crude extract)

SOD activity = log

3.13 Glutathione reductase

The principle:

The method described by Schaedle and Bassham, (1977) was used to measure the

glutathione reductase (GR) activity. In this process GR catalysed the reduction of
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oxidized glutathione (GSSG) to reduced glutathione (GSH) using Nicotinamide adenine
dinucleotide phosphate (NADPH) as a reductant.

Plant material and extraction:

The plant material was extracted according to the same method used during the SOD
extraction. To prepare the extract, 200 mg fresh plant material was homogenized in 1.5
mL of a ice cold 50 mM sodium phosphate buffer (pH 7.0) containing 2 mM EDTA, 5
mM B-mercaptoethanol and 4% PVP-40. Lastly the extract was centrifuged at 30 000 g

for 30 minutes at 4°C.

The following solutions were prepared:

Three solutions were prepared and numbered as A, B and C. Solution A contained a
100 mM phosphate buffer (pH 7.5) and 7.2 mM MgClz. Solution B contained a 3.6 mM

NADPH mixture and lastly solution C contained 15 mM oxidized glutathione.
Procedure:

In an Eppendorf tube (3 mL volume) the following was mixed, 1.5 mL of solution A, 0.1
mL of solution B, 0.1 mL of solution C, 0.3 mL of the enzyme extract and 1 mL distilled
water. The total volume was 3 mL. The reaction was started once solution B is added
and the reaction mixture without solution B (NADPH) serves as the blank. The decrease
in absorbance was recorded at 340 nm at intervals of 60 seconds up to five minutes.
The enzyme activity was calculated based on the extinction coefficient of NADPH 6.22

mM-'cm-! and expressed as nmol NADPH. min-'. mg protein-'.
3.14 Hydrogen peroxide

Plant material and extraction:

To determine the hydrogen peroxide (H202) content present in quinoa and maize leaf
tissue, a simple TiCls method was used as explained by Breenan and Frenkel (1977).
Accordingly, 200 mg fresh plant material was weighed and mixed with 1 mL ice cold
acetone. The extract mixture was placed in an Eppendorf and centrifuged at 10000 g for

20 minutes and stored at -20°C.
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Hydrogen peroxide determination:

The supernatant was placed into new Eppendorf tubes. A 20 % (v/v) TiCla/HCI solution
was prepared of which 0.1 mL was added to the supernatant. While gently shaking the
tubes, 0.7 mL NH4OH (1/5 strength) was added drop wise to the supernatant. While
adding the NH4OH a precipitate started to form. Hereafter, the tubes were centrifuged at
10000 g for five minutes. In order to ensure that the supernatant was colourless the
precipitate was washed repetitively with 1 mL acetone after which it was centrifuged at
10000 g for five minutes. Once the supernatant was colourless, the precipitate was
dissolved in 2 mL of 2N H2SO4. After this the samples were centrifuged again at 10000
g for five minutes and the content was placed into glass cuvettes. The absorbance was
read at 415 nm. A corresponding calibration curve was generated with known

concentrations ranging from 0.2 to 2 mM.

The concentration H202 (mol L'g') was determined using Beer's Law while
incorporating the fresh mass of the sample used:

1
A =¢gbc X (m)

Where A is the absorbance, ¢ is the extinction coefficient (0.3278), b is the path length,
c refers to the concentration and FW represents the fresh weight of the plant material

used in the extraction.
3.15 Fresh and dry biomass

The aboveground biomass was sampled once the soil moisture reached 0.01 m=3.m3.
The pots were sampled destructively by cutting the stalks at the soil surface. The fresh
weight of both quinoa and maize was determined. Hereafter, the samples were dried in
an oven at 70°C for one week after which the dry mass was determined. The

percentage weight difference was determined.

Additionally, the total leaf area (TLA) of both quinoa and maize was determined as the
leaf area multiplied by the total number of the leaves present (m= Plant™). The leaf area
(A) was calculated using a biometric relation between the lengths of the leaves (L), the
widths of the leaves (W) and the k- coefficient (Schurr, 1997). The k- coefficient of the
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maize was 0.75 (Tanko and Hassan, 2106) and for the quinoa it was 0.59 (Schurr,

1997). The following formulas were used to determine the total leaf area:
A=LXW X (either 0.59 or 0.75)

TLA = A X number of leaves

3.16 Statistical analysis

Statistical analysis was implemented using SigmaPlot v12.0 software (Systat Software,
Inc., San Jose California USA). Data sets with parametric distribution and differences
between treatments were subjected to a one-way analysis of variance to compare
treatments at the 5% significance level (Tukey test). Additionally, the correlations
between variables with the same sample size were tested by Pearson's rank-order

correlation for each treatment.
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CHAPTER 4 RESULTS
4.1 Chlorophyll a fluorescence
4.1.1 JIP test

When analysing the OJIP curves, statistical analysis was run according to the different
time intervals on the OJIP curve, for example, between 0 and 2 ms, 2 and 30 ms and 30
and 300 ms. At both the 20°C and 30°C temperature regimes, no significant differences
were found between 0 and 2 ms (single turnover event) for both quinoa and maize at
both temperature regimes (Figure 4-1). However, significant differences (p<0.05) were
found between 2 and 300 ms (multiple turnover events). In figures 4-1 A to D the
changes in the chlorophyll a fluorescence transients were observed over time. At the
20°C regime (Figure 4-1 A and B) a significant decrease in the amplitudes was
observed for both quinoa and maize. The same observation was found at the 30°C
regime (Figure 4-1 C and D). As the water stress period progressed, the shape of the
OJIP transients changed significantly, revealing the negative effect of the water stress
on the photochemical potential of quinoa and maize. After 11 days of water stress, a
significant difference (p<0.001) was found between the control and water- stressed

treatments in the multiple turnover event.

The water- stressed quinoa had a higher OJIP transient than the water- stressed maize
at both temperature regimes (Figure 4-1 E and F). Once the soil water status reached
0.01 m3.m3, the OJIP transient of the water- stressed maize decreased significantly (p<
0.05) when compared to the water- stressed quinoa. The OJIP transients of the water-
stressed quinoa were significantly higher in comparison to the water- stressed maize.
However, at the 20°C regime no significant differences were found between the water-
stressed quinoa and the well- watered maize, signifying that the optimal fluorescence
intensity of the water- stressed quinoa was equal to that of the well- watered maize.
(Figure 4-1 E). When the plants were subjected to the 30°C temperature regime, quinoa
had a significantly higher fluorescence intensity compared to the maize in both the well-

watered and water- stressed treatments (Figure 4-1 F).
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Figure 4-1: The average chlorophyll a fluorescence transient (OJIP) taken over time as
the volumetric moisture content reached 0.01 m=3.m= (A) quinoa at 20°C, (B) maize at
20°C, (C) quinoa at 30°C and (D) maize at 30°C. Comparative chlorophyll a fluorescence
transients for (E) both quinoa and maize at 20°C and (F) both quinoa and maize at 30°C.
The O-J-I-P transients (E and F) were normalized at 0.03 ms and plotted on a logarithmic
time scale. (MWS, maize water stress; MWW, maize well watered; QWS, quinoa water

stress; QWW, quinoa well watered).

4.1.2 Difference in relative variable fluorescence (AV)

To fully visualize and understand the changes in the redox potential of the O-J-I-P
transient, the difference in variable fluorescence (AV) was normalized and plotted on a
logarithmic time scale. Different AV-bands were revealed, which describes the efficiency
of electron flow through the electron transport chain. Under severe water stress, both
quinoa and maize displayed +AVk, +AVy and -AVe bands (Figures 4-2 and 4-3 B, C and
D). However, the water- stressed quinoa had an additional +AV| band at the 30°C
temperature regimes (Figures 4-3 C). The amplitudes of the A-bands were more
apparent in the water- stressed maize. Positive AV-bands indicate that the flow of
electrons was less efficient when compared with the control, while negative AV-bands
values indicate that the flow of electrons was more efficient.

The AVk — band

The AVk - band (0.3 ms) is associated with the inactivation of the oxygen evolving
complex (OEC), leading to an imbalance in the flow of electrons leaving the reaction
centre and moving towards the acceptor side as well as the flow of electrons moving to
the reaction centre from the donor side of photosystem Il (PSIl) (Yusuf et al., 2010;
Bussotti et al.,, 2011; Chen et al., 2016; Kalaji et al., 2017; Kalaji et al., 2018). In this
trial a positive AVk -band was found for both the water- stressed quinoa and water-
stressed maize at the 20°C temperature regime. This indicated that the flow of electrons
was delayed by the water stress between the acceptor side and the donor side of PSII

(when the soil moisture reached 0.01 m=3.m-3) (Figure 4-2 B).

The AV, — band
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A positive AV, - band (2 ms), indicates that the primary quinone acceptor, Quinone A
(Qa), is in an oxidized state (Strasser et al., 2007). For this reason, the water stress
influenced the flow of electrons from the reaction centre to the acceptor side for both
crops at the 20°C temperature regime (Figure 4-2 D). Consequently, the flow of
electrons was less efficient not being able to move beyond Qa to the secondary

quinone acceptor.
The AV — band

The negative AVe - band (100 ms) was found in both crops at the 20°C temperature
regime (Figure 4-2 C). The negative AV - band implies that there was no accumulation
of plastoquinol in the thylakoid membrane (Strasser et al., 2007). Consequently, there

was no decrease in the reduction potential of NADP* to NADPH.
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Figure 4-2: (A) Difference in relative variable fluorescence (AVop= Vop treatment — Vop
control) of intact leaves of the quinoa and maize control and water stress treatments at
20°C, normalized between 0.03 pus and 300 ms respectively to obtain the AVoy and AV e
curves normalized between 0.03 and 300 ms. (B) Difference in relative variable
fluorescence (AVoy= Vo, treatment — Vo, control) normalized between 0.03 ps and 2 ms.
(C) Difference in relative variable fluorescence (AV,e= V,r treatment — Vs, control)
normalized between 2 ms and 300 ms. (D) Difference in relative variable fluorescence
(AVki= Vi treatment — Vk control) normalized between 0.3 ms and 30 ms. (MWS, maize

water stress; QWS, quinoa water stress).

Compared to the 20°C temperature regime, the same trend was observed at the 30°C
temperature regime. A positive AVk -band was found for the water- stressed quinoa and
water- stressed maize at the 30°C temperature regime. This suggests that the water
deficit stress delayed the flow of electrons between the acceptor side and the donor
side of PSII (Figure 4-3 B). A positive AV, - band (2 ms), was found for both the quinoa
and maize. It should be noted that the amplitude of the AVJ- band was significantly
higher compared to the water- stressed quinoa (Figure 4-3 D). This caused a reduction
in the ability of electrons to move beyond Qa to the secondary quinone acceptor.
Additionally, both the water- stressed quinoa and maize had positive AV - bands (30
ms) (Figure 4-3 C). A positive AV, — band (30 ms) implies that the transport of the
electrons was affected due to the accumulation of plastoquinol. As a result, it affected
the activation state of ferrodoxin, NADP* reductase and possibly the inhibition of the
reduction of the end electron acceptors (Figure 4-3 C). This data agrees with the
decrease that was observed for the amount of light energy trapped per RC (¢@pro/ (1-¢pro))
(Figure 4-7). The same trend was observed for the efficiency with which an electron will
move further than QA- (Weo)/ (1-Weo)). (Figure 4-7). The negative AVe - band (100 ms)
found for both crops at the 30°C temperature regime (Figure 4-3 C), implies that there
was no accumulation of plastoquinol in the thylakoid membrane and no decrease
occurred in the reduction of NADP* to NADPH.
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Figure 4-3: (A) Difference in relative variable fluorescence (AVop= Vop treatment — Vop
control) of intact leaves of the quinoa and maize control and water stress treatments at
30°C, normalized between 0.03 ys and 300 ms respectively to obtain the AVo, and AV,p
curves normalized between 0.03 and 300 ms. (B) Difference in relative variable
fluorescence (AVoy= Vo, treatment — Vo, control) normalized between 0.03 ps and 2 ms.
(C) Difference in relative variable fluorescence (AV,e= V,r treatment — Vs, control)
normalized between 2 ms and 300 ms. (D) Difference in relative variable fluorescence
(AVki= Vi treatment — Vk control) normalized between 0.3 ms and 30 ms. (MWS, maize

water stress; QWS, quinoa water stress).

A comparative assessment was made of the AVk- band for both crops at both
temperature regimes (Figure 4-4). The water- stressed maize had a lower AVk- band
(amplitude) compared to the water- stressed quinoa. A distinct difference was observed
between both temperature regimes. The water- stressed maize had a higher AVk- band
at the 30°C temperature regime compared to the 20°C temperature regime. This
indicated that the effect of the water stress was more intense at the 30°C temperature
regime having a greater effect on the OEC. However, the water- stressed quinoa had a
higher AVk- band at the 20°C temperature regime compared to the 30°C temperature
regime. The effect of the water stress caused a delay in the flow of electrons between
the acceptor side and the donor side of PSII of the water- stressed quinoa at the 20°C

temperature regime.
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Figure 4-4: The fluorescence transients were normalized between O-J (AVo,= Vo,
treatment - Vo, control) to visualize the AVk- band. (MWS, maize water stress; MWW,

maize well watered; QWS, quinoa water stress; QWW, quinoa well watered).

Additionally, the effect of the water stress on the I-P phase was further investigated
(Figure 4-5 A and B). These transients were normalized between 30 ms and 300 ms
and plotted on a logarithmic time scale. The |-P amplitude of the fluorescence rise
represents the pool size of the end electron acceptors at the acceptor side of PSI (Yusuf
et al., 2010; Redillas et al., 2011). A significant decrease (p<0.001) in the pool size of
the water- stressed maize was noted when compared to the respected well-watered
control treatment, indicating that the regulation of the pool size had no effect on the
regulation of the reduction of the end electron acceptor pool (Yusuf et al., 2010).
However, no significant differences (p>0.05) were found between the water- stressed
quinoa when compared to the well-watered quinoa at the 20°C temperature regime
(Figure 4-5 A). The effect of the water deficit stress was again more pronounced at the
30°C temperature regime and significant differences were found for both the water-
stressed quinoa and maize (Figure 4-5 B).
54



o mw\?\/ ® MWS
L ADMAAAADLDL A
151 ¢ aws AAAAAAAA 1,5 ; g\\//vvgv AAAAAAAAAAAAAAAAAA
A Qww AA vvvvvvvvv A QWW AA
o 147 N GvvY o 141 A
§u__ N ..oy..oooooooooooo o A
! ey ©
O o [} O o
v vY
§'i:‘ 1,34 N cessceee oL 134 A .......osseovvihc
Su e v oe°’ Suw o vvV XXX
= Ay °® = A ° vV eo00?®
o 12 o o® o 12 ° vV o
ok a Vv ° oL Vie
S oV ° Sy A e xz..
5 i © 5
>> 11 Ly L >= 11 A .xyi
29 e §3
U_e® A¥
° ]
1,0 o 1,0 o
0,9 T T T T 1 09 T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250
Log Time (ms) Log Time (ms)

Figure 4-5: Variable fluorescence (AVo, = V treatment — V control) of intact leaves of the
quinoa and maize control and water stress treatments normalized between 30 ps and
300 ms respectively to obtain the curves (A) at 20°C and (B) at 30°C. (MWS, maize water
stress; MWW, maize well watered; QWS, quinoa water stress; QWW, quinoa well

watered).

4.1.3 Fluorescence parameters

Based on the data collected (once the soil moisture status reached 0.01 m=3.m3) no
significant changes were observed in the minimum fluorescence intensity (Fo) (Figure 4-
6 A). This observation was found for both crops at both temperature regimes. However,
the water- stressed conditions had a greater effect on the maximum fluorescence
intensity (Fm) (Figure 4-6 B). No, significant differences were found in the Fm when
comparing the well-watered quinoa and the water- stressed quinoa at both temperature
regimes. The Fm of the water- stressed maize, decreased significantly (p<0.001)
compared to the well-watered maize. The same trend was observed for Fv/Fm (Figure 4-
6 C). The water- stressed maize had a significantly lower (p<0.05) Fv/Fm value (0.580)
at 30°C when compared to the well-watered maize at 20°C (FvW/Fm = 0.703). No
significant differences were found between the well-watered quinoa and the water-
stressed quinoa when comparing the Fv/Fm. Both the well-watered quinoa and water-
stressed quinoa had F./Fwm values ranging between 0.818 and 0.816 at both temperature
regimes.
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Figure 4-6: Changes in the (A) Fo, (B) Fm and (C) Fv/Fm parameters of PSII relative to

the control treatments of both the water- stressed quinoa and water- stressed maize

grown at 20°C and 30°C. Chlorophyll a fluorescence measurements were taken when the

volumetric moisture content reached 0.01 m=3.m3. (MWS, maize water stress; MWW,

maize well watered; QWS, quinoa water stress; QWW, quinoa well watered).

A statistical (p<0.05) decrease in the electron transport per reaction centre (ETo/RC)

was observed and an increase in the dissipation of heat energy per reaction centres

(DIlo/RC) was found. This occurred due to an increase in the effective antenna size of
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active RCs (ABS/RC) (Figure 4-7). The high amount of energy lost in the form of heat
dissipation (DIo./RC) (energy that is not utilized by photosynthesis) indicated that the
maize plants were under water stress (Lauriano et al., 2006; Kalaji et al., 2017). The
density of the active reaction centres (RCs) of the maize plants decreased significantly
under water deficit stress compared to its corresponding well-watered treatment.
However, no significant differences were observed for the water- stressed quinoa when

compared to the well-watered plants.

Furthermore, the down regulation of PSIl was influenced by the decrease in the ability
to absorb light energy (yrc/(1- yre)), a decreased excitation of trapping energy (TRo/RC)
and a decrease in the movement of electrons between the reaction centres and Qa
(Weo/(1-Wko)) (Figure 4-7). This observation was found for the water- stressed maize at
both temperature regimes when compared to the respective controls. However, no
significant (p>0.05) changes were found in the ability of the water- stressed quinoa to
absorb light energy, to trap energy and to move electrons further than Qa~ compared to
the well-watered quinoa. The PSII activity of the water- stressed maize decreased
significantly (p<0.05) compared to the water- stressed quinoa. Additionally, the water-
stressed quinoa had a significantly higher ability to reduce the end electron acceptors at
the PSI acceptor side (6ro/(1-0ro)), therefore, the ability to reduce NADP* to NADPH
increased compared to its respective control treatment. In contrast, the ability of the
water- stressed maize to reduce NADP* to NADPH decreased significantly (p<0.05)

when compared to the control treatments (Figure 4-7).

57



YRC/(1- yRC) / S, DIO/RC

@Po/(1- Po)

ABS/RC

<)

WEo/(1- WEo)

Normalized Control
= MWS 30°C

QWS 30°C
= MWS 20°C

—_— ° SRo/(1- 8R
Qws 20°C Plags o/(1- 8Ro)

Figure 4-7: Fractional changes in selected functional and structural parameters of PSII
relative to the control treatments of both the water- stressed quinoa and water- stressed
maize grown at 20°C and 30°C. Chlorophyll a fluorescence measurements were taken
when the volumetric moisture content reached 0.01 m3.m3. The treatments were
normalized according to their relevant controls and plotted on a multi parametric radar
plot. (MWS, maize water stress; MWW, maize well watered; QWS, quinoa water stress;

QWW, quinoa well watered).

In addition, the correlation between these parameters is also shown in Table 4-1 which
coincides with Figure 4-7. The values marked in italics in Figure 4-7, are significant at p
< 0.05. The pair of variables with positive correlation coefficients and P values below
0,050 tends to increase together. For the pairs with negative correlation coefficients and
P values below 0,050, one variable tends to decrease while the other increases. For
pairs with P values greater than 0,050, there is no significant relationship between the

two variables.

58



Table 4-1: Correlation between the JIP parameters.
Crop Variables ETo/RC TRo/RC Dlo/RC ABS/RC 8Rol(1-5Ro) | ¢Pol(1-pPo) | ¥Eo/(1-¥Eo) Plass 8Rol(1-5Ro) Plrora
treatment

QWS 20°C ETo/RC 1 0.214 0.00145 0.138 -0.0792 0.241 0.69 0.458 0.0903 0.502
TRo/RC 1 0.913 0.988 -0.979 -0.749 -0.543 -0.678 -0.0646 -0.702
Dlo/RC 1 0,965 -0,964 -0,944 -0,665 -0,773 0,218 -0,736
ABS/RC 1 -0,994 -0,839 -0,601 -0,728 0,0418 -0,73
8Rol(1-5Ro) 1 0,859 0,647 0,781 -0,0352 0,778
oPol(1-pPo) 1 0,754 0,827 -0,311 0,764
WEo/(1-¥Eo) 1 0,973 0,088 0,947
Plass 1 0,12 0,968
S8Ro/(1-5Ro) 1 0,248

Phora 0.502 -0.702 -0.736 -0.73 0.778 0.764 0.947 0.968 0.248 1
QWS 30°C ETo/RC 1 0,901 0,794 0,922 -0,918 -0,285 0,318 -0,588 0,264 -0,053
TRo/RC 1 0,73 0,984 -0,98 -0,0952 -0,122 -0,757 -0,0636 -0,404
DIo/RC 1 0,839 -0,843 -0,749 0,242 -0,659 0,171 0,273
ABS/RC 1 -0,998 -0,269 -0,0344 -0,774 -0,00859 -0,392
8Rol(1-5Ro) 1 0,281 0,0323 0,788 0,000972 0,392
¢Pol(1-gPo) 1 -0,476 0,178 -0,338 -0,014
YEo/(1-¥Eo) 1 0,286 0,798 0,787
Plass 1 -0,199 0,677
8Rol(1-5Ro) 1 0,87
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PlroraL

MWS 20°C ETo/RC 0,509 0,234 0,353 -0,491 -0,426 0,00552 -0,234 0,456 0,038
TRo/RC 1 0,869 0,95 -0,993 -0,971 -0,808 -0,918 0,693 -0,752
Dlo/RC 1 0,98 -0,866 -0,9 -0,722 -0,715 0,748 -0,598
ABS/RC 1 -0,946 -0,958 -0,781 -0,811 0,724 -0,673
8Ro/(1-8Ro) 1 0,988 0,816 0,949 -0,66 0,746
oPol/(1-¢pPo) 1 0,817 0,909 -0,701 0,662
YEo/(1-¥YEo) 1 0,837 -0,465 0,868
Plass 1 -0,47 0,829
S6Ro/(1-5Ro) 1 -0,107
PlroraL 1
MWS 30°C ETo/RC 0,261 0,901 -0,65 0,509 0,618 0,822 0,632 0,162 0,508
TRo/RC 1 0,991 0,184 -0,515 -0,414 -0,292 -0,312 0,224 -0,466
Dlo/RC 1 0,997 -0,968 -0,98 -0,366 -0,922 0,733 -0,478
ABS/RC 1 -0,918 -0,923 -0,79 -0,853 0,35 -0,717
S6Ro/(1-5Ro) 1 0,979 0,84 0,963 -0,391 0,851
oPol/(1-pPo) 1 0,876 0,979 -0,373 0,829
YEo/(1-¥Eo) 1 0,833 -0,0397 0,863
Plass 1 -0,407 0,849
S8Ro/(1-5Ro) 1 -0,113

P ITOTAL
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Changes over time in the energy flux for dissipation in the form of heat of both water-
stressed quinoa and maize (DIlo/RC); the amount of electrons absorbed per RC (yrc/(1-
yrc)); the maximum quantum yield of primary photochemistry (oro/(1-¢ro)); the efficiency
of a trapped exciton to move an electron into the electron transport chain further than
QA (Weo/(1-Weo)); the efficiency with which an electron from the intersystem electron
carriers moves to reduce end electron acceptors at the PS1 acceptor side (6ro/(1-6ro))
are presented in Figure 4-8. The water- stressed maize had a significantly higher
(p<0.05) dissipation of heat energy compared to the water- stressed quinoa throughout
the trial. This was observed at both temperature regimes (Figure 4-8 A). The water-
stressed quinoa had a greater ability to absorb more electrons per RC compared to the
water- stressed maize (Figure 48- B). The water- stressed maize also had a significantly
(p<0.05) higher yrc/(1- yrc) value at 20°C compared to the 30°C temperature regime.
Additionally, the water- stressed quinoa had a greater maximum quantum yield of
primary photochemistry compared to the water- stressed maize (Figure 4-8 C). The
water- stressed maize also had a significantly (p<0.05) higher gro/(1-¢ro) value at 20°C
compared to the 30°C temperature regime. In addition, the efficiency of a trapped
exciton to move an electron into the electron transport chain further than Qa~ was
observed in Figure 4-8 D. The water- stressed quinoa had a greater ability to move an
electron further than Qa- compared to the water- stressed maize. Significant differences
(p<0.05) were observed between the water- stressed quinoa at both temperatures. The
water- stressed quinoa also had a greater ability to move an electron further than Qa™ at
30°C. The same trend was observed for the water- stressed maize which had a greater
ability to move an electron further than Qa™ at the 20°C temperature regime (Figure 4-8
D). Furthermore, the probability with which an electron is transferred to the reduced end
electron acceptors at the PSI acceptor side was observed in Figure 4-8 E. Significant
difference (p<0.005) occurred between the water- stressed quinoa and water- stressed
maize. Although, no significant differences were observed between the two temperature
regimes for the water- stressed maize. However, the water- stressed quinoa had a
greater ability to reduce the end electron acceptors at the PSI acceptor side at 20°C

compared to the 30°C temperature regime (Figure 4-8 E).
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Figure 4-8: Changes in selected functional and structural parameters of PSll relative to
the control treatments of both the water- stressed quinoa and water- stressed maize
grown at 20°C and 30°C. (A) Changes over time in DI,/RC; the energy flux for dissipation
in the form of heat of both water- stressed quinoa and maize. (B) Changes over time in
yrel(1- yre); the amount of electrons absorbed per RC. (C) Changes over time in gro/(1-
¥ro); the maximum quantum yield of primary photochemistry. (D) Changes over time in
Yeo/(1-Weo); the efficiency of a trapped exciton to move an electron into the electron
transport chain further than Qa". (E) Changes over time in 8ro/(1-0ro); the efficiency with
which an electron from the intersystem electron carriers moves to reduce end electron
acceptors at the PS1 acceptor side. Chlorophyll a fluorescence measurements were
taken when the volumetric moisture content reached 0.01 m=3.m3. (MWS, maize water
stress; MWW, maize well watered; QWS, quinoa water stress; QWW, quinoa well

watered).

A decline in both the Plass and PltoraL values were observed, but in both cases the
water- stressed quinoa had a significantly (p<0.05) higher Plass and PlroraL compared
to the water- stressed maize. In Figure 4-8, a steady decline in both the Plass and
PlrotaL was noted for both quinoa and maize compared to the declining soil moisture
status. However the water- stressed quinoa had significantly higher Plass and PlrotaL
values. Table 4-1, indicates the percentage difference between the water- stressed

maize and quinoa.

Table 4-2: The percentage difference between the water- stressed maize and quinoa at
both the 20°C and 30°C regimes.

20°C 30°C
PlroraL 164.99 % 150.34 %
Plass 139.56 % 130.37 %

Water stress conditions (severe drought stress, soil moisture content < 0.01 m=.m-3). Note these

percentages are based on the last day of the water- stressed trial.

The higher Plass and PlroraL values observed in the quinoa suggest that the water

stressed quinoa had a more efficient photochemical efficiency compared to water-

stressed maize. This trend was observed at both the 20°C and 30°C temperature
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regimes. However, the effect of water deficit stress was significantly (p<0.05) higher at

the 30°C temperature regime compared to the 20°C temperature regime.
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Figure 4-9: The (A) Plass and (B) PlroraL values of both quinoa and maize at 20°C and
30°C compared to the declining soil moisture status (severe drought stress, soil
moisture content < 0.01 m3.m3). (MWS, maize water stress; MWW, maize well watered;

QWS, quinoa water stress; QWW, quinoa well watered).

4.1.4 Vitality index scale

Additionally, a vitality index was created for both quinoa and maize using the data
collected for the PlrotaL (Table 4-2). Yusuf et al. (2010) described the PlrotaL as the
most sensitive parameter, since it incorporates several parameters that are evaluated
from the OJIP transient. This index could be helpful to farmers in quantifying the
physiological vitality of crop species during various stress conditions, in this case, water
deficit stressThe steady decrease in the PlroraL, which was in accordance with the
decrease in the soil moisture status, provided information regarding the performance of
the photosynthetic apparatus of both quinoa and maize over time during the water
stress trial. Generally, the maize had significantly (p<0.05) lower PlrotaL values
compared to the quinoa. A PlrotaL value of above 4 (maize) and 6 (quinoa) could
incicate that the crops were not under any stress and that it had an optimal
photochemical potential. Whereas, any values below 1 (maize) and 2 (quinoa) indicated
that the plants were under severe stress.
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Table 4-3: A vitality index for quinoa and maize based on the PlroraL values.

Maize Quinoa
Good- No stress >4 > 6
Fine 1-3 3—5
Poor conditions- severe stress <1 <2

Note that these are estimated values.

4.1.5 Modulated reflection

During stress conditions, a series of changes can occur with the photo-induced
transitions of the MR820 signal. Firstly, the amplitude and rate of increase in the slow
phase will change which coincides with the inhibition of electron donors from PSII.
Secondly, the initial decline in the signal in the fast phase is delayed due to an inhibition
of the photochemical reaction in photosystem | (PSI) (Goltsev et al., 2012). Changes in
the modulated light reflection at 820 nm can be seen over time in Figures 4-9 A to D. At
both temperature regimes little to no changes were observed in the MRmin parameters
of the water- stressed quinoa (Figures 4-9 A and C). As the water stress period
progressed, significant changes were observed in the MRmin parameters for the water-
stressed maize. Based on the results obtained, it should be noted that the transition at
820 nm was significantly (p<0.05) affected by the water stress in the maize at both
temperature regimes (Figure 4-9 E and F). At both 20°C and 30°C the value of the
MRmin parameters were the highest for the water- stressed maize. The value of the
MRmin parameters of the water- stressed quinoa was lower than both the water-

stressed and well-watered maize at the 20°C temperature regime (Figure 4-9 E).
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Figure 4-10: Kinetics of the modulated light reflection at 820 nm in dark adapted leaves

under water stress (severe drought stress, soil moisture content < 0.01 m=>.m3) for (A)
quinoa at 20°C, (B) maize at 20°C, (C) quinoa at 30°C and (D) maize at 30°C. Comparative

66



MR 820 nm reflection transients for (E) both quinoa and maize at 20°C and (F) both
quinoa and maize at 30°C. (MWS, maize water stress; MWW, maize well watered; QWS,

quinoa water stress; QWW, quinoa well watered).

The parameters of the relative MR signal were determined for both the quinoa and
maize. The Vox parameter refers to the rate of initial photo oxidation of the photosystem
| primary donor (P700*), whereas Vred refers to the rate of the re-reduction of P700* via
the electrons from PSII and the reduced plastoquinone pool (PQ pool) (Dgbrowski et al.,
2017). The Vox results showed that no significant (p>0.05) differences occurred between
the water- stressed treatments and the control treatments of both quinoa and maize at
the 30°C temperature regime (Table 4-3). The water stress, therefore, had little effect on
the Vox of both quinoa and maize at the 30°C temperature regime. However, at the 20°C
temperature regime the Vox rate of the water- stressed maize was inhibited, and differed
significantly (p<0.05) from the well-water maize and quinoa treatments. No significant
(p>0.05) differences were found between the Vox of the water- stressed quinoa and the
well-water quinoa, indicating that the water stress had no effect on the photo oxidation

of P700" at the 20°C temperature regime.

Significant differences were found in the Vwed parameter between the water- stressed
maize and the well- watered maize (Table 4-3). The rate of P700" re-oxidation was
significantly (p<0.05) inhibited in the water- stressed maize. This trend was found at
both temperature regimes. Once again, no significant (p>0.05) differences were found
in the Vred parameter between the water- stressed quinoa and the well- watered quinoa.
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Table 4-4: Parameters derived from 820 nm modulated reflection (MR/MRy) in leaves
of both quinoa and maize under water stress conditions (severe drought stress, soil
moisture content < 0.01 m3.m3) at 20°C and 30°C (11 days of water stress). (MWS, maize

water stress; MWW, maize well watered; QWS, quinoa water stress; QWW, quinoa well

watered).
Treatment 30°C 20°C
Vox Vred Vox Vred
Mww -0.2400 @ 0.3133 @ -0,2175 @ 0,3225 @
Mws -0.2311 2 0.1956 ° -0,1583 ° 0,2041 ©®
QwWw -0.3017 @ 0.3217 =@ -0,3025 =@ 0,4051 @
QwWs -0.2690 @ 0.3730 =@ -0,2583 @ 0,3566 @

Vox — P700 and PC oxidation velocity (maximum slope decrease of MRY/MRo); Vieas — P700 and PC re-
reduction velocity (maximum slope increase of MR/MRo). Treatment values not connected by the same

letters are significantly different (P<0.05).

In Figure 4-10 changes in the ability of both plants to oxidize P700 and to reduce P700*
was observed over time in both temperature regimes. The water- stressed quinoa was
able to maintain its ability to oxidize P700 at both the 20°C and 30°C temperature
regimes (Figure 4-10 A and B). However, a significant difference (p<0.05) was found in
the ability to oxidize P700 between the water- stressed quinoa and the water- stressed
maize at both temperature regimes. The water- stressed quinoa had a greater ability to

oxidize P700 compared to the water- stressed maize.

A significant decrease (p<0.05) was found in the ability of the water- stressed maize to
reduce P700* (Figure 4-10 C and D). This decrease was observed at both temperature
regimes. Whereas, the water- stressed quinoa was able to maintain its ability to reduce

P700* throughout the water stress trial.
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Figure 4-11: Parameters derived from 820 nm modulated reflection (MR/MRy) in leaves
of both quinoa and maize under water stress conditions over time (severe drought
stress, soil moisture content < 0.01 m=.m3). (A) P700 oxidation rate of quinoa and maize
at 20°C. (B) P700 oxidation rate of quinoa and maize at 30°C. (C) P700* reduction rate of
quinoa and maize at 20°C. (D) P700* reduction rate of quinoa and maize at 30°C. (MWS,

maize water stress; QWS, quinoa water stress).

Additionally, the difference between the MRo and MRmin parameters were determined in
order to represent the difference in the amplitudes of the MR820 nm signal over time
(Figure 4-11). Based on the data collected, the water- stressed quinoa had a greater
difference in the MRo/MRmin value, indicating that it had a greater ability to oxidize P700*
and to re-reduce P700*. The water- stressed quinoa therefore had a greater ability to
reduce NADP*. In contrast, the water- stressed maize had a smaller difference in the
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MRo/MRmin value, indicating that the water stress conditions had a more negative effect
on the photochemical activities of maize. This trend was noted in both temperature

regimes.
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Figure 4-12: The difference between MR, and MR, representing the difference in the
amplitudes and rise of increase of the MR820 nm signal of both quinoa and maize under
water stress (severe drought stress, soil moisture content < 0.01 m=>.m3) at (A) 20°C and

(B) 30°C. (MWS, maize water stress; QWS, quinoa water stress).

4.2 Membrane leakage

Abiotic stress tends to cause membrane damage and deterioration, thereby initiating
membrane leakage (Peng et al., 2004; Melkonian et al., 2004). Water and temperature
stress modifies the structure and composition of the cell membranes (Rahman et al.,
2004). For the membrane fluidity to cope with the water and temperature stress
effectively, the plants alter the composition of their membranes to optimize fluidity for a
given temperature (Buchanan et al., 2009). In this trial there was a significant difference
(p<0.001) between the water- stressed quinoa and the water- stressed maize (Figure 4-
12). The water- stressed quinoa had a greater ability to maintain its membrane fluidity
compared to the water-stressed maize. The water- stressed maize had a 20% greater
membrane leakage compared to the water- stressed quinoa at the 30°C temperature
regime and a 33% greater membrane leakage at the 20°C. However, no significant

(p>0.05) differences were found between the two temperature regimes.
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Figure 4-13: The membrane leakage (%) of both quinoa and maize under water- stressed
conditions (severe drought stress, soil moisture content < 0.01 m=3.m-) at 20°C and 30°C.
Treatment values not connected by the same letters are significantly different (P<0.05).
(MWS, maize water stress; MWW, maize well watered; QWS, quinoa water stress; QWW,

quinoa well watered).

4.3 Relative leaf water content

The leaf water content is one of the most suitable measures of the plant water status in
terms of the physiological significance of cellular water stress. The leaf water content is
useful in dealing with water transport in the soil-plant-atmosphere continuum as an
estimate of the energy status of plant water (Barr and Weatherley, 1962) (Figure 4-13).
During this trial, the water- stressed quinoa had a significantly higher (p<0.05) leaf water
content compared to the water- stressed maize at both temperature regimes. At 30°C
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the water- stressed quinoa had a 16.4% higher leaf water content compared to water-
stressed maize, and a 15% higher leaf water potential at the 20°C temperature regime.

No significant differences were observed between the two temperature regimes.
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Figure 4-14: The relative leaf water content (%) of both quinoa and maize under water-
stressed conditions (severe drought stress, soil moisture content < 0.01 m3.m) at 20°C
and 30°C. Treatment values not connected by the same letters are significantly different
(P<0.05). (MWS, maize water stress; MWW, maize well watered; QWS, quinoa water

stress; QWW, quinoa well watered).

4.4 Stomatal conductance

After 8 days of water stress, the stomatal conductance of both the quinoa and maize
decreased significantly. At both temperature regimes the water- stressed quinoa had a

significantly higher (p<0.001) stomatal conductance compared to the water- stressed
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maize (Figure 4-14). After 5 days of water stress the stomatal conductance of the water-
stressed quinoa ranged between 122 and 126 mmol m2 s' and for the maize between
15 and 19 mmol m?2 s (20°C). At 30°C, the stomatal conductance of the water-
stressed quinoa ranged between 169 and 173 mmol m- s-! and for the maize between 10
and 14 mmol m? s™'. Once the soil moisture reached 0.01 m=.m3, the stomatal conductance
of the water- stressed quinoa ranged between 33 and 37 mmol m= s-' and for the maize
between 8 and 11 mmol m2 s-' (20°C). At 30°C, the stomatal conductance of the water-
stressed quinoa ranged between 39 and 43 mmol m? s*! and for the maize between 5
and 7 mmol m2 s-'. During this trial, the water- stressed quinoa had a 108 % greater
stomatal conductance at the 20°C temperature range and a 92 % greater stomatal

conductance in the 30°C temperature range compared to the maize
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Figure 4-15: The stomatal conductance (mmol m? s') of both quinoa and maize under
water- stressed conditions (severe drought stress, soil moisture content < 0.01 m=3.m)
at (A) 20°C and (B) 30°C. (MWS, maize water stress; QWS, quinoa water stress).

4.5 Chlorophyll content

The chlorophyll content of the water- stressed maize decreased significantly (p<0.05)

compared to the water- stressed quinoa (Figure 4-15). After 5 days of water stress the
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chlorophyll content of the water- stressed quinoa ranged between 36 and 40 ymol m2,
similarly the chlorophyll content of the water- stressed maize ranged between 34 and 38
umol m?2 (20°C). At the 30°C temperature regime the chlorophyll content ranged
between 33 and 37 ymol m2 for the water- stressed quinoa and between 27 and 29
umol m? for the maize. After 5 days of water stress, the chlorophyll content of the water-
stressed quinoa increased significantly (P<0.05) compared to the water- stressed
maize. After 8 days of water stress the chlorophyll content of the water- stressed quinoa
ranged between 47 and 51 ymol m=, similarly the chlorophyll content of the water-
stressed maize ranged between 28 and 32 ymol m= (20°C) (Figure 4-15 A). At the 30°C
temperature regime the chlorophyll content ranged between 49 and 53 umol m-2 for the
water- stressed quinoa and between 23 and 27 uymol m2 for the maize. After 9 days of
water stress, the water- stressed quinoa had a 48% higher chlorophyll content
compared to the water- stressed maize in the 30°C temperature regime and a 68%
higher chlorophyll content compared to the water- stressed maize in the 30°C

temperature regime (Figure 4-15 B).
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Figure 4-16: The chlorophyll content (umol m) of both quinoa and maize under water-
stressed conditions (severe drought stress, soil moisture content < 0.01 m=3.m) at (A)

20°C and (B) 30°C. (MWS, maize water stress; MWW, maize well watered; QWS, quinoa

water stress; QWW, quinoa well watered).
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4.6 Proline content

Increased levels of proline play an important role in regulating the cellular homeostasis
and redox potential of plants exposed to stress conditions (Mansour and Ali, 2017).
When exposed to water deficit stress, both the water- stressed quinoa and maize
produced significantly (p<0.001) higher levels of proline compared to the respective
control treatments (Figure 4-16). However, the water- stressed quinoa produced
34.72% more proline compared to the water- stressed maize at the 20°C temperature
regime. Similarly, the water- stressed quinoa produced 49% more proline at the 30°C
temperature regime compared to the water- stressed maize. In addition, significant
differences were found between the two temperature regimes. The water- stressed
quinoa produced significantly (p<0.001) more proline (48.69%) at the 30°C temperature
regime compared to the 20°C temperature regime. The same trend was found when
comparing the proline content of the maize between the 20°C and 30°C temperature
regimes (Figure 4-16).
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Figure 4-17: The proline content (umol.g" FW) of both quinoa and maize under water-
stressed conditions (severe drought stress, soil moisture content < 0.01 m3.m) at 20°C
and 30°C. Treatment values not connected by the same letters are significantly different
(P<0.05). (MWS, maize water stress; MWW, maize well watered; QWS, quinoa water

stress; QWW, quinoa well watered).

4.7 Superoxide dismutase content

Superoxide dismutase (SOD) rapidly converts ROS into H202 and Oz, thereby acting as
the first line of antioxidant defence (Saibi and Brini, 2018). Once more the activity of the
superoxide dismutase was significantly (p<0.05) greater for the water- stressed quinoa
when compared to the water- stressed maize (Figure 4-17). This trend was observed in
both temperature regimes, however, significant differences (p<0.05) were also observed
between the two temperature regimes. The water- stressed quinoa had a significantly
(p<0.05) higher superoxide dismutase activity (27.77%) at the 20°C temperature regime
compared to the water- stressed maize at the 30°C temperature regime. The water-
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stressed quinoa had a 52.98% higher superoxide dismutase activity at the 20°C
temperature regime compared to the water- stressed maize. In addition, the water-
stressed quinoa had a 15.17% higher superoxide dismutase activity at the 30°C

temperature regime compared to the water- stressed maize (Figure 4-17).
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Figure 4-18: The superoxide dismutase activity (Asso nm mg™ protein hr') of both quinoa
and maize under water- stressed conditions (severe drought stress, soil moisture
content £ 0.01 m3.m3) at 20°C and 30°C. Treatment values not connected by the same
letters are significantly different (P<0.05). (MWS, maize water stress; MWW, maize well

watered; QWS, quinoa water stress; QWW, quinoa well watered).

4.8 Glutathione reductase activity

In the same way as proline and SOD, glutathione reductase (GR) is capable of
protecting vital cellular components from damage caused by ROS (Trivedi et al., 2013).

Based on the data collected, the water- stressed quinoa had a significantly (p<0.005)
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higher GR activity compared to the water- stressed maize in both temperature regimes
(Figure 4-18). The water- stressed quinoa had a 70.85% higher GR activity at the 20°C
temperature regime compared to the water- stressed maize. Additionally, the water-
stressed quinoa had a 71% higher GR activity at the 30°C temperature regime
compared to the water- stressed maize. Significant differences (p<0.001) were also
found between the two temperature regimes. The water stressed quinoa had a 81.27%
higher GR activity at the 20°C temperature regime compared to the 30°C temperature
regime. The GR activity was also significantly higher in the water- stressed quinoa than
in the water- stressed maize at 20°C compared to the 30°C temperature regime (Figure
4-18).
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Figure 4-19: The glutathione reductase activity (hnmol of NADPH hr' mg" protein) of
both quinoa and maize under water- stressed conditions (severe drought stress, soil
moisture content £ 0.01 m3.m?3) at 20°C and 30°C. Treatment values not connected by
the same letters are significantly different (P<0.05). (MWS, maize water stress; MWW,

maize well watered; QWS, quinoa water stress; QWW, quinoa well watered).

4.9 Hydrogen peroxide content

Increased levels of ROS in plants are responsible for a range of damaging effects on
the DNA, RNA, oxidation of lipids and amino acids (Saxena et al., 2016). During this
trial the water- stressed maize produced significantly (p<0.001) higher levels of
hydrogen peroxide (H202) at both the 20°C and 30°C temperature regimes (Figure 4-
19). The water- stressed maize produced 48.18% more H202 compared to the water-

stressed quinoa at the 30°C temperature regime and 57.27% more H20:2 at the 20°C
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temperature regime. The water- stressed quinoa produced significantly lower levels of
H202 when compared to the well-watered quinoa (Figure 4-19).
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Figure 4-20: The hydrogen peroxide content (mmol L' g' FW) of both quinoa and maize
under water- stressed conditions (severe drought stress, soil moisture content < 0.01 m-
3.m?3) at 20°C and 30°C. Treatment values not connected by the same letters are
significantly different (P<0.05). (MWS, maize water stress; MWW, maize well watered;

QWS, quinoa water stress; QWW, quinoa well watered).
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4.10 Dry Biomass

No significant (p>0.05) differences were found in the dry biomass between the water-
stressed quinoa and the well-watered quinoa at both temperature regimes (Figure 4-20
A). A 12.30% difference in the dry biomass was observed at the 20°C temperature
regime and a 17.39% difference in the dry biomass was found between the water-
stressed quinoa and the well-watered quinoa at the 30°C temperature regime.
Significant differences (p<0.05), however, were found in the dry biomass between the
water- stressed maize and the well-watered maize. A 37.53% difference was observed
at the 20°C temperature regime in the dry biomass was found between the water-
stressed maize and the well-watered maize. At the 30°C temperature regime a 40.13%
difference in the dry biomass was found between the water- stressed maize and the
well-watered maize. When comparing the two temperature regimes, both crops
produced significantly (p<0.05) more biomass at the 20°C temperature regime
compared to the 30°C temperature regime. A significant decrease (p<0.05) in the total
leaf area was also observed at both temperature regimes (Figure 4-20 B). The total leaf
area of the water- stressed quinoa decreased with 78.77% compared to the well-
watered quinoa at 20°C and with 70.80% at the 30°C. Whereas, a 48.74% reduction in
the leaf area was observed when comparing the water- stressed maize with the well-
watered maize at 20°C and 31.18% reduction at 30°C.
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Figure 4-21: (A) The above ground dry biomass (g/pot) and (B) Total leaf area (m? Plant’
) of both quinoa and maize under water- stressed conditions (severe drought stress,
soil moisture content < 0.01 m=.m=) at 20°C and 30°C. Treatment values not connected
by the same letters are significantly different (P<0.05). (MWS, maize water stress; MWW,

maize well watered; QWS, quinoa water stress; QWW, quinoa well watered).
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CHAPTER 5 DISCUSSION

South Africa is a water scarce country with severe drought and high temperature events
occurring frequently. The last few years a persistent decrease in the production of
maize has been observed (Mangani et al., 2019). This decrease in the production of
maize coincided with a noticeable increase in recent drought events. Drought is
considered as one of the main factors inhibiting plant growth causing increased osmotic
stress (Kocheva et al., 2005; Dabrowski et al., 2019). Regardless of the numerous
studies already conducted to understand the intrinsic mechanism by which plants
respond to water stress, this subject still remains of interest (Lawson et al., 2003; Liao
and Wang, 2014). Various authors, however, referred to quinoa as a climate resilient
crop, being able to grow in areas subjected to harsh climatic conditions, for example,
drought and/or high temperatures (Jacobsen et al., 2012, Miranda-Apodaca et al.,
2018). For this reason, the possible introduction of quinoa in the South African
production system could help improve the current threat against food security. In this
study we compared and evaluated the physiological acclimation strategies used by both
quinoa and maize subjected to water stress under two different temperature regimes.
This was done by investigating the photochemical potential and the antioxidant

responses of both quinoa and maize.

One of the most common responses of plants to water stress is stomatal closure which
often ensures a higher water use efficiency (Parry et al., 2005; Singh and Reddy, 2011;
Mathobo et al., 2017). Once a decline in stomatal conductance occurs, a reduction in
the supply of intercellular CO2 could lower the photosynthetic and biochemical activities
of plants (Lawlor, 2002). A decrease in the photosynthetic activity under water deficit
stress could cause an imbalance in the reaction centres of photosystem Il (PSll)
resulting in photoinhibition (Pastenes et al., 2005). Plants, however, have developed
various mechanisms to avoid photoinhibition through processes such as non-
photochemical quenching, transporting electrons to oxygen (O2) and not to carbon
dioxide (CO2) (Flexas et al., 2002) and changing the concentration of chlorophyll
pigments (Govindjee, 1999). In this study the stomatal conductance of both the quinoa
and maize decreased (Figure 4-14). The stomatal conductance of the water- stressed
quinoa decreased rapidly from 500 to 190 mmol m? s in three days at 20°C and from

620 to 230 mmol m? s in four days at 30°C. A similar response was found in the
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water- stressed maize with a stomatal conductance dropping from 170 to 55 mmol m-
s™'in three days at 20°C and from 170 to 63 mmol m= s in four days at 30°C (Figure 4-
14).

In general, the CO2 concentrating mechanism of C4 plants allows for a larger diffusion
gradient for CO2. In this case, C4 species should be able to operate at a lower
conductance when compared to C3 species. Following this approach, C4 species
reduce water loss via transpiration, thereby maintaining a higher water use efficiency
(Long, 1999). In this study the water- stressed quinoa, which is a C3 plant, was able to
maintain a higher stomatal conductance compared to the water- stressed maize at both
temperature regimes (Figure 4-14). According to Guidi et al. (2019), when certain
stressors, for example, drought occurs, stomatal limitations will cause a decrease in the
CO2 uptake during photosynthesis. As a result, these limitations are more prone in C4
species compared to C3 species since C4 photosynthesis generally functions near the
inflection point of the CO2 photosynthetic response compared to C3 species (Wand et
al., 2001). In other studies, a decrease in the photochemical efficiency of Alloteropsis
semialata was observed, which in turn resulted in a decreased CO2 assimilation rate in
C4 species compared to C3 species (Ripley et al., 2007). In addition, it was also found
that maize had a higher degree of photoinhibition and a lower photosynthetic efficiency
compared to sunflower, signifying that C3 species have the ability to perform better than
C4 species when exposed to stress (Killi et al., 2017). Ghannoum, (2009) suggested
that the limited capacity for photorespiration was more harmful under water stress due
to the fact that the absorbed light largely surpassed the carboxylation energy
requirement. This reasoning could further explain why C4 species are equally or
sometimes even more sensitive to water stress compared to C3 species. This also
explains why there is a parallel decrease between the abundance of C4 species and the
annual rainfall (Guidi et al., 2019).

In previous studies, Jensen et al. (2000) found that quinoa only started to reduce its

stomatal conductance once the leaf water potential dropped below -1.2 MPa. The

reduced sensitivity of the stomatal closure response in quinoa was considered as one of

quinoa’s unique features as a drought tolerant specie. Contrasting results, however,

were found in follow-up studies, which demonstrated that quinoa closed its stomata

early during a water stress trial, thereby maintaining its leaf water potential,
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photosynthetic rate and water use efficiency (Jacobsen et al., 2009). Sun et al. (2014)
suggested that these contrasting results could be due to genetic variability of quinoa
accessions, differences in experimental conditions and a difference in the dynamics of
drought stress development. The same authors concluded that depending on the
quinoa variety, a slower response in stomatal closure can occur due to a slower growth
rate and smaller leaf area, whereas, increased concentrations in abscisic acid (ABA)

can cause an immediate closure of the stomata.

The total leaf area is also considered as an important parameter and is related to the
amount of light energy that is captured by leaves, hence affecting transpiration,
photosynthesis and yield production (Xu et al., 2010). During water and temperature
stress, plants can reduce water loss via the production of smaller and less leaves. A
reduced leaf area could, therefore ensure that a higher water use efficiency is
maintained (Dong et al., 2019). However, as the soil dries, the water uptake by the roots
cannot meet the high transpiration rates, ultimately causing a reduction in the stomatal
conductance and the total leaf area. During this study, the water- stressed quinoa had a
lower total leaf area compared to the water- stressed maize (Figure 4-20 B). A lower
leaf area allowed the water- stressed quinoa to maintain its osmotic potential. Similar
results were found in vegetable amaranth (Liu and Statzel, 2004) and soybean (Dong et
al., 2019). Based on the results of this study, both quinoa and maize controlled water

loss by reducing the leaf area and stomatal conductance.

Water deficit conditions and high temperatures also tend to cause a reduction in the
photosynthetic pigments, for example, the chlorophyll content (Gonzales et al., 2011;
Ruiz et al., 2016; Miranda-Apodaca et al., 2018). This will usually occur as a result of a
high chlorophyllase activity or because the synthesis of new pigments is inhibited
(Loggini et al., 1999). However, contrasting results were found in this study. The
chlorophyll content of the water- stressed maize decreased significantly (p<0.05),
however, the water- stressed quinoa had a significantly (p<0.05) higher chlorophyll
content at both temperature regimes (Figure 4-15). Similar results on quinoa were found
by Miranda-Apodaca et al. (2018) under drought and saline stress. These authors
suggested that the increased chlorophyll content could be due to a concentrating effect
of the chlorophylls since the mass production was equivalently greater than the increase
in the degradation of the chlorophylls. Furthermore, Igbal et al. (2019) suggested that
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proline over producing mutants could also inhibit the synthesis of ethylene. During leaf
senescence and fruit ripening, ethylene is known to promote the degradation of
chlorophyll pigments (Ceusters and Van de Poel, 2018). Therefore, suggesting that
ethylene is involved in establishing a normal level of chlorophyll content in young leaves
and initiates chlorosis in mature leaves. Additionally, a higher proline content can also
maintain the integrity of the chlorophyll molecules (Wani et al., 2019) and the water
potential necessary for photosynthesis (Igbal et al., 2019). Wani et al. (2019) reported
that an increase in the proline content resulted in an increase in the chlorophyll content
in saline stressed mustard. In this study we found that the water- stressed quinoa
produced significantly higher (p<0.05) levels of proline (Figure 4-16) compared to the
water- stressed maize, therefore, suggesting that the water- stressed quinoa was able

to protect the chlorophyll molecules from degradation.

Drought and high temperatures influences numerous cellular components and
metabolic processes (Sung et al., 2003; Chen et al., 2016). The photosynthetic
apparatus has been described as one of the most sensitive physiological process to
heat and drought stress on many occasions (Goltsev et al., 2012; Oukarroum et al.,
2016; Chen et al., 2016). Fluorescence, mainly emitted by PSIl can essentially be used
to monitor the successive steps of excitation energy transformation (Willmont, 1982;
Paschenko et al., 1975; Goltsev et al., 2012). One of the most variable parts of
chlorophyll a fluorescence is directly linked to the reduction of Quinone A (Qa’), which
increases during the photo-induced reduction of Qa™ (Goltsev et al., 2012). Additionally,
the photo-induced kinetics of the modulated reflection at 820 nm is in accordance with
the accumulation and reduction of the photosystem | primary donor (P700*) (Schansker
et al., 2003).

In this trial, the shape of the OJIP curve was sensitive to the development of water
stress in the leaf tissue and demonstrates changes induced by the water stress
regarding the function of PSIl. Further analysis of the fast polyphasic fluorescence
transient revealed that the water stress significantly (p<0.05) decreased the
photochemical potential of both quinoa and maize (Figure 4-1 and 4-9). These
differences were especially noticeable in the multiple turnover phase of the OJIP-
transient (Figure 4-1). The change in the fluorescence intensity was determined by the
differences in the reduction of Qa to Qa™ (Haldiman and Strasser, 1995; Redillas et al.,
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2011). The water stress decreased both the ratio of the reduced electron acceptors, Qa
to the reaction centre (RC) and from Quinone B (Qg") to Qa™ (Kalaji et al., 2016).

High temperatures will generally influence the shape of the OJIP curve resulting in a
reduction in the maximum quantum (Fwm) yield of PSII. This was observed for both the
quinoa and maize. The effect of the water stress at both temperature regimes was more
noticeable in the maize compared to the quinoa (Figure 4-6 B). The water- stressed
maize had a significantly (p<0.05) lower Fm value compared to the water- stressed
quinoa. According to Yamane et al. (1997) the decrease in the Fm value is associated
with the denaturation of the chlorophyll molecules. Various authors also reported an
increase in the minimal fluorescence value (Fo) when plants are exposed to heat stress
(Chen et al., 2009; Mathur et al., 2011; Redillas et al., 2011; Brestic et al., 2013; Chen
et al., 2016; Kalaji et al., 2016). According to Kalaji et al. (2016) the increase in the Fo
value could occur due an inhibition in the flow of electrons caused by a reduced transfer
of Qa to Qs. Additionally, it could also occur due to the release of the light harvesting
complex Il (LHC Il) from the PSIl complex and/or the inactivation of the photochemical
reactions centres associated with PSIl (Mathur et al., 2011). In spinach and rice,
Yamane et al. (1997) found that an increase in the Fo was associated with the
permanent dissociation of LHC Il from the PSIl complex and partial reversible
inactivation of PSII RCs. However, in this study, no significant differences were found in
the Fo value between the control treatments and the water- stressed treatments of both
quinoa and maize (Figure 4-6 A). Various authors also found that PSII is quite

insensitive to drought stress (Cornic and Fresneau 2002, Tezara et al., 2003).

The quantum yield of the primary photosystem (Fv./Fm) is commonly used to provide
information regarding the amount of light absorbed by the chlorophyll pigments present
in the photochemical processes (Genty et al., 1989; Liu et al., 2019). An Fv/Fm value of
0.750 has been identified as a boundary value indicating a fully functional PSII (Strasser
et al., 2004). In this study we found that the water- stressed quinoa had the ability to
maintain a high Fv/Fm value (0.818 at 30°C and 0.816 at 20°C), suggesting that there
was no damage to the structure of PSII (Figure 4-6 C). Electrons were therefore, able to
move into the electron transport chain without much difficulty. The water- stressed
maize, however, had Fv/Fm values of 0.580 (30°C) and 0.703 (20°C), indicating that the
flow of electrons into the electron transport chain was effected more negatively (Figure
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4-6 C). Yang et al. (2016), however, found a decrease in the F./Fm value when
exposing quinoa to water deficit conditions. In this study, no significant differences were
observed between the water-stressed and well-watered quinoa treatments. The
decrease in the Fv/Fm in the water-stressed maize was similar to results found by
Efeoglu et al. (2009).

To fully visualize and understand the changes in the redox potential of the O-J-I-P
transient, other normalizations and corresponding subtractions of the fluorescence rise
kinetics were done. The difference in variable fluorescence was, normalized and plotted
on a logarithmic time scale. By doing so, different AV-bands were revealed, describing
the movement of electrons through the electron transport chain. The main changes
observed in the fluorescence rise kinetics of both maize and quinoa was the
appearance of the AVk, AV, and AV| bands (Figure 4-2 and 4-3).

The AVk- band (0.3 ms) revealed information regarding the reactions present on the
donor side of the PSII reaction centre (Zushi et al., 2012, Oukarroum et al., 2016, Chen
et al., 2016). Various studies demonstrated that water stress in plants tend to lead to the
inactivation of the oxygen evolving complex (OEC), therefore resulting in an imbalance
in the flow of electrons between the RC and the acceptor side, as well as the flow of
electrons between the RC and donor side of PSII (Yusuf et al., 2010; Bussotti et al.,
2011; Chen et al., 2016; Kalaji et al., 2017; Banks, 2018; Kalaiji et al., 2018). According
to the results observed, the amplitude of the AVk- band for the water stressed maize
was higher at both temperature regimes compared to the water stressed quinoa (Figure
4-4). The water- stressed maize had a higher AVk- band at the 30°C temperature
regime compared to the 20°C temperature regime. On the other hand, the quinoa had a
higher AVk- band at the 20°C temperature regime compared to the 30°C temperature
regime (Figure 4-4). In previous studies it has been proposed that proline has the ability
to protect the OEC under water deficit stress (De Ronde et al., 2004; Oukarroum et al.
2012a; Gilberti et al., 2014; Rejeb et al., 2014; Chen et al., 2016) and simultaneously
stabilize the manganese (Mn) cluster (Allakhverdiev et al., 1996). According to the
model of De Ronde et al. (2004), an alternative electron donor such as proline can also
donate electrons to PSII instead of water. This will result in a short-lived increase in the
reduced Pheo/Qa" concentration, leading to the appearance of a AVk- band. Hence, the
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degree of OEC injury is directly proportional to the amplitude of the AVk- band
(Strasser, 1997; Chen et al., 2016).

Under water deficit stress, higher levels of proline could therefore, maintain the redox
potential at a suitable level for metabolism (Giberti et al., 2014; Rejeb et al. 2014).
Further, it has been suggested that proline may be synthesised from glutamate in
chloroplasts (Székely et al., 2008). In this case, the oxidation of two Nicotinamide
adenine dinucleotide phosphate (NADPH) molecules to NADP* is required and possibly
recycling NADP* under stress. By restoring the terminal electron acceptor pool, proline
synthesis could lower ROS production and protect the plant from photo-inhibition under
water deficit conditions (Rejeb et al., 2014). And so, there would be a link between the
synthesis of proline and the reduction of NADP* via the pentose phosphate pathway
(Shetty, 2004). In this pathway the production of ribulose-5-phosphate generates two
molecules of NADPH and one of CO2. The regeneration of CO2 would allow the carbon
reduction to continue. The NADPH could be utilized for the synthesis of proline, thereby
preventing the production of harmful ROS (Verslues and Sharma, 2010, Rejeb et al.,
2014).

Based on the results from this study, we found that the detoxification metabolism of
quinoa was more efficient compared to maize. In both temperature regimes the water-
stressed quinoa had significantly (p<0.001) higher levels of proline compared to the
water- stressed maize, suggesting that the water- stressed quinoa had a greater
capability to function under the water deficit condition compared to the water- stressed
maize (Figure 4-17). Additionally, the quinoa produced more proline at 30°C compared
to the 20°C temperature regime. This is reasonable as quinoa prefers a lower optimal
growth temperature, and as a result the increased production of proline coincides with
an increase in the temperature. The significantly lower (p<0.001) production of proline
observed in the water- stressed maize indicated that its osmotic adjustment to water
stress was ineffective compared to that of the quinoa. However, it should be noted that
the water- stressed maize produced more proline at the 30°C temperature regime

compared to the 20°C temperature regime (Figure 4-17).

Recent studies, however, revealed that various important crops, including, maize, wheat
and rice are not able to synthesize the necessary levels of proline that are needed to
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counteract the damaging effects of drought stress (Slama et al. 2015). This was further
supported by the lower leaf water content (Figure 4-14) and lower membrane leakage
(Figure 4-13) that was observed in the water- stressed maize compared to the water-
stressed quinoa. The membrane leakage of the water- stressed quinoa was significantly
lower (p<0.05) compared to the water- stressed maize, suggesting that the maize had
higher levels of electron leakage and higher levels of cell injury (Figure 4-13).

The increased levels of proline present in the water- stressed quinoa prevented the
dissociation of the OEC by providing more electrons for PSII. In addition, the water-
stressed quinoa produced significantly (p<0.001) more proline in the 30°C temperature
regime when compared to the 20°C temperature regime. As a result, it had a greater
ability to exert a more protective effect on the OEC at the 30°C temperature regime
(Figure 4-17). By doing so, an acceptable level of NADPH was maintained, thereby
avoiding more damage (Oukarroum et al., 2012a). During this trial the water- stressed
quinoa was able to maintain its ability to reduce NADP* to NADPH (3ro/(1-8ro))
compared to the decrease in NADPH reduction found in the water- stressed maize
(Figure 4-7 and Figure 4-8 E).

Chen et al. (2016) found that temperatures below 40°C only partially inhibited the OEC,
without creating a visible AVk- band. These authors further suggest that RCs of PSII will
also be affected to some extent, without significantly affecting the antenna complexes,
primary light reactions, energy dissipation and the electron transfer between the

photosystems.

However, in this study the dissipation of heat energy from the active reaction centres
(Dlo/RC) increased significantly (p<0.05) for the water- stressed maize when compared
to the well-watered maize, which coincides with the increase in the effective antenna
size of active RCs (ABS/RC) (Figure 4-7; 4-8 and Table 4-1). The same trend was
observed for the quinoa, but the degree with which the quinoa was affected by the water
stress was significantly lower (p<0.05), compared to the water- stressed maize. The
same effect for both the quinoa and maize was found at both temperature regimes,
although the effect of water stress was more pronounced at the 30°C temperature
regime (Figure 4-7; 4-8 and Table 4-1). If the antenna complexes deliver too much

energy under water stress conditions, the production of singlet oxygen is promoted. This
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can cause photo-oxidation in the chlorophyll and irreversible peroxidation of membrane
lipids (Lauriano et al., 2006; Kalaji et al., 2017). These results, suggests that maize is

less tolerant to water deficit stress when compared to the quinoa.

Furthermore, a reduced TRo/RC and ETo/RC indicates that the active RCs were
converted into inactive RCs, thereby decreasing the efficiency of trapping and
consequently causing a decline in PSII activity (Figure 4-7 and Table 4-1). Several
studies have been identified with similar results regarding the effect of water stress on
Calluna vulgaris (Albert et al., 2011), tomato plants (Zushi et al., 2012) and maize (Liu
et al., 2018). In addition, the PlroraL of the water- stressed maize decreased
significantly (p<0.05) in both temperature regimes, whereas the PlroraL of the water-
stressed quinoa was significantly higher (p<0.05) (Figure 4-7 and Figure 4-9 B).
Therefore, the higher PlroraL values of the quinoa indicated that more energy was
conserved between the photons absorbed by PSII and the reduction of the intersystem

electron acceptors.

A positive AVJ-band suggested that the temperature and water stress depressed the
flow of electrons further than Qa (Chen et al., 2016; Kalaji et al., 2018; Liu et al., 2018)
(Figure 4-2 D and Figure 4-3 D). This effect was more noticeable in the water- stressed
maize at both temperature regimes. However, the water stress and temperature stress
had different effects on the water- stressed quinoa. A significant increase (p<0.05) in
the AV, was found at the 30°C temperature regime compared to the 20°C. Similar
results were found by Chen et al. (2016). This data agrees with the decrease that was
observed for the water- stressed maize in the amount of light energy trapped per RC
(pro/(1-9pro)) and the reduced efficiency with which an electron moved further than Qa-
(Weo)/(1-Weo)) (Figure 4-7). In both these instances, no significant differences were
observed when comparing the water- stressed quinoa with the well-watered quinoa,
suggesting that the water stress had a minor effect on the amount of light energy
trapped per RC and on the movement of electrons further than Qa" (Figure 4-7).

Water stress can also affect the relative amplitude of the | - P phase, which has been
described as the slowest phase of the fluorescence transient and runs parallel with the
re- reduction of plastocyanin (PC*) and P700* of photosystem | (PSI) (Schansker et al.,
2003; Kalaji et al., 2016). Ceppi et al. (2012) noted that the | — P phase was related to
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the content of the PSI RCs, whereas Zivcak et al. (2014) found that the | — P phase was
related to the availability of linear electron transport. In this study, the water- stressed
maize had a significantly lower Vip phase in both the 20°C and 30°C temperatures
regimes (Figure 4-5). Similar results were found in barley (Oukarroum et al., 2009) and
two desert shrubs (Van Heerden et al., 2007). According to these authors, extensive
drought stress can cause a restriction on the acceptor side of PSI, thus leading to an
increase in the reduction of the plastoquinone (PQ) pool. However, the water- stressed
quinoa had a higher Vip phase compared to the water- stressed maize at the 30°C
temperature regime and a Vip phase equivalent to the well-watered maize at the 20°C
temperature regime (Figure 4-5). This suggests that the efficiency of PSI was not

compromised by the water stress in the water- stressed quinoa.

The response of both the water- stressed maize and quinoa was also established based
on the analysis of the MR parameters. At the 20°C temperature regime a significant
decrease (p<0.05) in both the Vox and Vred was found for the water- stressed maize and
at the 30°C temperature regime a decrease was found for the Vred (Table 4-3). For
quinoa, no significant differences were found for the Vox and Vieds parameters between
the water- stressed treatment and the well-watered treatment. A decrease in the Vox
was also observed by Oukarroum et al. (2012b) and Gao et al. (2014), which signifies a
simultaneous decrease in the rate of photo-induced electron transfer through PSI. This
will generally occur as a result of the reduction of the PSI photochemical activity. These
authors also found a decrease in the Viwed parameter under drought stress which,
indicated a slower re-reduction of P700*, caused by the slower electron donation from
P680. In this study, similar results were found at the 20°C temperature regime for the
water- stressed maize. However, at the 30°C temperature regime no decrease in the
Vox parameter was found for the water- stressed maize (Table 4-3) and this corresponds

to the same trend found by Dabrowski et al. (2019).

According to Schansker et al. (2003) the MR signal is mostly affected by the rate of

electron flow from PSII to PSI. A limitation on the acceptor side of PSI, for example

drought stress, could cause changes in the MR signal. Additionally, these authors also

concluded that the fast phase relates to the photo-induced changes of P700" and that

the slow phase reflects the re-reduction of P700*, which tends to change under stress.

In the present study, the MR fast and MR slow parameters changed significantly
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between the water- stressed maize and the well-watered maize, signifying that the
water stress had a more negative effect on PSIl. However, no significant changes in the
MR fast and MR slow occurred between the two quinoa treatments, indicating that the
PSI activity of the water- stressed quinoa was more stable under the water- stressed
conditions (Table 4-3).

When higher plants are exposed to drought stress, photosynthesis is inhibited by
stomatal closure, thereby limiting the flow of CO2 to the chloroplasts (Cornic, 2000;
Chaves et al., 2003; Oukarroum et al., 2009). As stated previously, a significant
decrease (p<0.05) was found in the stomatal conductance of both the water- stressed
quinoa and maize (Figure 4-15). This type of event will cause a decrease in the internal
COz2 concentration leading to a reduction in the activity of Rubisco (Maroco et al., 2002).
When a limit in the available CO2 occurs, PSI can become a possible source of oxygen
radicals (Oukarroum et al., 2009). According to Ke (2001), the reaction of oxygen with
the FeS cluster can be catalysed by methylviologen. However, this reaction can also
occur in the absence of methylviologen via the water-water cycle found in the
chloroplast (an elaborate detoxification system) (Asada, 1999; Heber, 2002; Makino et
al., 2002; Rizhsky et al., 2003)

Mittler (2002) and Dat et al. (2000) both stated that a reduction in the PSI content in
response to various stresses could occur due to an increase in the production of PSI
oxygen radicals. Similar to PSII, PSI can also undergo photoinhibition instigated by
ROS (Sejima et al., 2014; Takagi et al., 2016). When the electron transport chain is in a
highly reduced state, the over production of ROS can occur at the PSI site (Oelze et al.,
2012; Grieco et al., 2012). Once the PSI electron carriers become reduced,
photoinhibition will occur, thereby damaging the net carbon assimilation and plant
growth (Suorsa et al., 2012; Grieco et al., 2012; Kono et al., 2014). Several authors
concluded that PSII could relatively be drought tolerant and only decreases under water
stress (Souza et al., 2004). Additionally, Oukarroum et al. (2009) further suggested that
the decrease in the | — P phase occurred due to an increased change in the ratio
between PSIl and PSI.

Furthermore, PSI tends to recover slower than PSII after photo-inhibition (Sonoike,
2011) therefore; PSI photoinhibition has a more negative effect on the reduction of end
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electron acceptors (Takagi et al., 2016). When the activity of the Calvin-Benson cycle is
reduced due to water stress, an increase in the production of superoxide can occur on
the acceptor side of PSI. Superoxide can form by means of several processes, but the
main sources are the photosynthetic electron transport and the respiratory chains (Pilon
et al., 2011). Generally, superoxide will form when electrons from the electron transport
chain react with molecular oxygen. However, the enzyme superoxide dismutase (SOD)
is responsible for the conversion of superoxide to the more stable form, H202 (Sekmen
et al., 2014).

Various authors found increased levels of SOD in citrus genotypes exposed to drought
and heat stress (Zandalinas et al. 2017), Scutellaris baicalensis Georgi (Cheng et al.,
2018), Cerasus humilis (Ren et al., 2016) and rice (Lum et al., 2014). In the present
study, the water- stressed quinoa had a significantly higher (p<0.05) SOD activity
compared to the water- stressed maize (Figure 4-18). Quinoa therefore, has a greater
ability to convert superoxide into H202, compared to maize. The water- stressed quinoa
also had significantly lower (p<0.05) hydrogen peroxide (H202) levels when compared
to the water- stressed maize (Figure 4-20). This suggests that quinoa possibly had a
greater concentration of catalase (CAT) and ascorbate peroxidase (APX) enzymes
available to convert H202 into water and oxygen, whereas the water- stressed maize
would have had lower concentrations of CAT and APX available. Similar results were
also found in pigeon pea (Kumar et al., 2011), wheat (Omar et al., 2012) and black
gram (Pratap and Sharma, 2010). The higher H202 levels present in the water-
stressed maize increased the oxidative damage in the cells, thereby decreasing the
activity of both PSIl and PSI. As previously mentioned, halophytes generally have
higher activities of SOD (Bose et al., 2014), supporting the fact that the water- stressed

quinoa had a greater ability to reduce superoxide to H202.

An increased glutathione reductase (GR) activity is associated with stress tolerance in
plants. One of the main contributions of GR in conferring stress tolerance lies in the
recycling of reduced glutathione (GSH) and maintaining the GSH/GSSG ratio in a cell
(Pang et al., 2010). When under stress, increased GR activities can also alter the redox
state of important components of the electron transport chain (Gill et al., 2013). In the
present study, a significantly higher (p<0.05) GR activity was found in the water-
stressed quinoa at both temperature regimes (Figure 4-19). The water- stressed maize
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had a significantly lower GR activity (p<0.05). The increased GR activity in the water-
stressed quinoa decreased the accumulated H202 in the cell, thereby decreasing
oxidative stress. Additionally, Ding et al. (2012) found that a decrease in the GR activity
resulted in a higher accumulation of H202 in the chloroplast, which resulted in a
decrease in the PSII activity. This resulted in a slow transfer of electrons between Qa
and Qs, a decrease in the redox potential of Qs and PSII protein accumulation. These
authors further suggested that an increased GR activity stabilizes the PSIl complexes
and it also protects the function of PSIl by maintaining the flow of electrons to the
acceptor side of PSII. Similar results were found by Melchiorre et al. (2009) where the
overexpression of GR enhanced photo- oxidative stress tolerance in plants, which was

accompanied by positive changes in the cellular redox state.

The water- stressed quinoa had a higher SOD and GR activity at the 20°C temperature
regime compared to the 30°C temperature regime (Figures 4-18 and 4-19). Various
authors, for example, Verbruggen and Hermans (2008) and Sekmen et al. (2014)
demonstrated that proline can also act as an OH" scavenger. This gives proline the
additional trait to protect cells from oxidative stress (Ashraf and Foolad, 2007). In the
present study, a significantly higher (p<0.05) proline activity was found for the water-
stressed quinoa at the 30°C temperature regime, therefore not only did the proline
stabilize the osmotic potential and membranes, but it also protected the cells from
damaged caused by ROS. Due to the high proline activity at 30°C, a reduced amount of
ROS, for example, superoxide was present in the cells. As a result, lower SOD and GR
activities occurred in the cells at 30°C compared to the water- stressed quinoa at 20°C.
As the water- stressed quinoa had a lower proline content, it stabilized the ROS activity
with higher SOD and GR activities at the 20°C temperature regime (Figure 4-17, 4-18
and 4-19).

Quinoa was able to acclimatize to the water- stressed conditions more successfully
compared to the water- stressed maize. The water- stressed quinoa was able to
produce more proline, thereby protecting the OEC and increasing the flow of electrons
between PSIlI and PSI. This effect was more pronounced at 30°C (Figure 4-4). With
increasing temperature, quinoa therefore, had the ability to acclimatize more efficiently
compared to the maize. The water- stressed maize’s inability to acclimatize to the water
stress at both temperature regimes, drastically down regulated the photochemical
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efficiency of maize and its capacity to withstand osmotic stress. Additionally, no
significant changes in the MR fast and MR slow occurred between the two quinoa
treatments, indicating that the PSI activity of the water- stressed quinoa was more
stable under water- stressed conditions. In contrast, a significant change in the MR fast
and MR slow parameters were found between the water- stressed maize and the well-
watered maize, signifying that the water stress had a more negative effect on PSI
(Table 4-3). Furthermore, the water- stressed quinoa also had a higher SOD and GR

activity, thereby playing an active role in abiotic stress induced oxidative damage.
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CHAPTER 6 CONCLUSIONS

As a Cs specie, quinoa was able to adapt more successfully to the abiotic stress
compared to maize, a C4 species. The water deficit stress had detrimental effects on the
quinoa and maize at both temperature regimes. However, the water- stressed quinoa
was able to acclimate more efficiently to the water- stressed conditions compared to the
water- stressed maize. The water- stressed quinoa produced higher levels of proline
compared to the water- stressed maize; thereby, increasing the tolerance of PSII to the
water deficit stress. As a result, the flow of electrons between PSIl and PSI continued
unhindered. The water- stressed quinoa also produced more proline at 30°C compared
to the 20°C temperature regime. The water- stressed quinoa was able to acclimatize

more efficiently compared to the maize at the 30°C temperature regime.

Furthermore, the water- stressed quinoa had a higher SOD and GR activity, thus
playing an active role against abiotic stress induced damage. The water- stressed
quinoa was able to maintain a higher photochemical potential and it had a higher
antioxidant capability, thereby eliminating the harmful effects of ROS. On the other
hand, the water- stressed maize produced less proline and had lower SOD and GR
activities compared to the water- stressed quinoa. A decrease in the photochemical
potential of the water- stressed maize was also observed along with a decrease in its
capacity to withstand osmotic stress. The water- stressed maize was unable to

acclimatize successfully to the water stress at both temperature regimes.

The PSI activity of the water- stressed quinoa was also more stable, as no significant
changes occurred when comparing the MR fast and MR slow parameters to the well-
watered quinoa. Whereas, a significant change was found between the water- stressed
maize and well- watered maize when comparing the MR fast and MR slow parameters.
This indicated that the PSI activity of the water- stressed maize was affected more

negatively by the water deficit stress.

As quinoa has the ability to be cultivated in areas with a wide temperature range making
it possible to produce this crop where the majority of food crops, for example, maize
cannot be produced. The production of quinoa in marginal production areas affected by

water stress, salinity and alkalinity would be profitable. Additionally, quinoa could also

97



be used as an alternative winter crop in crop rotation systems where water deficit stress

is likely to occur.

Quinoa could also be used to facilitate small- scale farmers. As quinoa can grow in very
poor soils with a low soil moisture its production by small- scale farmers could improve
their livelihoods in the face of climate change. To produce quinoa successfully in South
Africa it should fit in the current crop production systems and prove its value in properly
designed farm trials. As quinoa is a new crop, more effort would also be needed to
increase the market demands and to improve the crop yields by way of creating more
awareness of its social, cultural and dietary benefits. Compared to maize, quinoa would
definitely be a more suitable crop to face the current climatic conditions in South Africa.
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CHAPTER 7 RECOMMENDATIONS AND FUTURE STUDIES

Quinoa is one of the few crops with the ability to grow and produce yield in adverse
environmental conditions. It has a great ability to acclimatize to various climatic
conditions thereby making quinoa an excellent crop in the face of climate change.
Quinoa is also known to have various mechanisms to withstand unfavourable

conditions, such as the production of an osmoprotectant.

The current study was conducted in glasshouses and even though it gave a good idea
of the effect of water stress on both quinoa and maize, it would be beneficial to compare
the current results to field conditions, taking the complexity and interaction of
environmental stresses into account. Different varieties also display a wide range of
sensitivity to water and temperature stress, therefore understanding variety sensitivity

would be beneficial in the development of tolerant species.

It would also be beneficial to research the combined effect of water and temperature
stress on quinoa. Usually this approach comes with a set of difficulties as maintaining
different heat stress temperatures, such as 40°C and 45°C, could become problematic
without the correct infrastructure. Nevertheless, this research would be beneficial to
further understand the different defence mechanisms used by quinoa during abiotic

stress.

In addition, not much is known of the osmoprotectants present in quinoa and how they
are synthesized. Further research is needed to understand the regulation and
synthesises of the antioxidant capabilities, such as, proline, glycine betaine and
mannitol in quinoa, and how these metabolites accumulate during the onset and
through a time period of water stress. Additionally, the recovery potential of quinoa
should also be observed and what roles the different osmoprotectants play during
recovery. By understanding how the defence mechanisms in quinoa works, this
information can be used to possibly incorporate these tolerant genes into other

susceptible crops in the future.
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