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Oxidative stress in plants may arise as a result of various environmental factors that
causes the overproduction of ROS viz. *OH, H,0,, O,, all which have an impact on
plant metabolism and essential biological function (Hossain et al,, 2011). Often lipid
membranes suffer damage as well as cell viability amidst the inevitable reduction of
cellular O, (Hossain et al., 2011; Hortensteiner and Krautler, 2011). The accumulation
of excessive ROS in plants causes damage in most, if not all, cellular components viz.
chloroplasts, pigments, membrane lipids, enzymes and nucleic acids (Goud and
Kachole, 20110. Vulnerability of said cellular components on their own or in
combination may put enough pressure on cell viability to cause cell death (Verma and
Dubey, 2003; Goud and Kachole, 2011; Ahuja et al., 2015). Goud and Kachole (2011)
describes cell death as a result of hydrolysis of proteins, chlorophyll molecules, lipids,

polysaccharides and DNA.

In B. rapa L. seedlings subjected to Zr stress [1 mM], from seed germination up until
harvesting, early developmental difficulties were observed. The decreased seedling
length (figure 3.2.1C) indicated oxidative and physiological stress. Additionally cell
viability (figure 3.2.6), otherwise referred to as cell survivability or conversely cell

death, was negatively impacted.

MG causes damage to plants, and ROS accumulation has been associated when high
doses were administered (Hossain et al., 2013). However, MG at low levels in this
study showed no change in B. rapa L. cell death levels (figure 3.2.6). Again this
indicates no additional oxidative stress when MG is administered. But when Zr was
applied seedlings were detrimentally affected by a significant increase in cell death of

0.56-fold (figure 3.2.6). A notable difference in seedling biomass (figure 3.2.3),
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increased lipid peroxidation (3.2.4) and a reduction in total chlorophyll content (table
3.1) had occurred after exposure to Zr, all of which have been associated with cell
death by Goud and Kachole (2011) and Gepstein (2004). Fortunately, seedlings treated
with a low dose of MG (6uM) in tandem with Zr indicated that the cytotoxic effects of
Zr were muted or countered that resulted in only a slight increase in cell death by 6%
(figure 3.2.6) compared to the control; a dramatic improvement from seedlings
exposed to Zr on its own. This indicates that although Zr serves no useful purpose in
cellular functioning, it is harmful to plant cells and at 1 mM is toxic in young stage B.
rapa L.. Despite their ability to grow and survive amidst toxic chemicals, damage still

occurs in the presence of 1 mM Zr.

Cell death was detrimentally impacted, upon induction of oxidative stress in higher
plants. Up to 24% cell death was observed in a dose-dependent study by Singh et al.
(2009). This along with our findings in figure (3.2.6) not only further supports the
evidence of physiological stress, but also firmly establishes that Zr causes an increase
in cell death (figure 3.2.6) and affects plant cells similar to another study where ROS-
induced oxidative stress is reported (Shahid, 2013). Furthermore membrane damage
and plant biomass was affected similar to observations in plants with accumulated ROS
(Singh et al., 2009; Shahid, 2014) which means that the physiological signs of stress

exhibited in B. rapa L. seedlings is indicative of rapid ROS accumulation under Zr-stress.

Singh et al. (2009) along with Batish et al. (2007) correlates cell viability indirectly with
cellular respiration in plants, where the TTC in viable healthier cells absorbs electrons
from mitochondrial ETC and is subsequently reduced. Thus positively relating cell

viability to respiration, and so upon increased cell death a decrease in respiratory
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activity should also be expected (Batish et al., 2007; Singh et al., 2009). These authors
simultaneously relate this decrease in respiratory activity with either a reduction or an
interference in energy metabolism during synthesis of macromolecules like proteins,
lipids and nucleotides which can cause impaired growth in plants, just as our
observations of impeding growth (figure 3.2.1) in B. rapa L. seedlings relative to the

increase in cell death (figure 3.2.6).

To conclude this chapter, stark evidence of the harmful impact of short-term Zr-stress
in B. rapa L. seedlings was observed in this study. Not only from a morphological
aspect, with a vast reduction in seedling length (figure 3.2.1) and yellowing of the
young leaves, but also the firm evidence indicated by the physiological tests with
reduced biomass (figure 3.2.3), reduced chlorophyll (table 3.1) and CD content (figure
3.2.5), and an increase in MDA levels (figure 3.2.4). These findings all designate Zr as a
cytotoxic elemental compound, whose low solubility in water and resulting low
phytoavailability have little to no bearing on its adverse effects in B. rapa L. seedlings.
Since lipid peroxidation, cell death and diminished chlorophyll levels have all been
associated with oxidative stress and irreversible damage, there can be no doubt that if
oxidative stress in B. rapa L. seedlings is validated (Chapter 4), that it can be attributed

to the Zr-stress induced from the results of this study.

Similarly striking was our observation of the impact of exogenous MG when applied in
tandem with Zr. Seedlings to whom MG+Zr were administered escaped the fate that
Zr-treated seedlings suffered. Changes in physiological responses were often negligible
and only slightly worse than in the control seedlings across the compilation of tests

(figure 3.2.2 — 3.2.3; figure 3.2.4 — 3.2.6). More telling was the fact that the MG+Zr-
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treated seedlings had increased chlorophyll content (table 3.1) and increased seedling
length (figure 3.2.1) in comparison with control seedlings, again illustrating the
countered response to physiological stress observed, as well as growth-signalling

properties when a low dose of MG was administered.

Even without noting the marked physiological response in MG-treated seedlings, the
damning correlation between Zr-treated seedlings and MG+Zr-treated seedlings
indicates the alleviating and growth-promoting capability of MG at a low administered
dose. In seedlings where MG alone was applied, the beneficial effects of MG were
evident where seedling biomass (figure 3.2.3), length (figure 3.2.1 B and D) and total
chlorophyll (table 3.1) were largely improved which further establishes MG as a

growth-promoting agent.

Despite reports on MG as cytotoxic, at a minimal dose it was shown in this study that
MG is capable of mitigating the toxicity of HM Zr, and that when applied on its own it
resulted in seedlings that were healthier, with an increased dry weights (figure 3.2.3)
and, most importantly showed, no sign of increased oxidative stress. Furthermore MG
can be regarded as a signalling molecule because it confers tolerance to HM stress as
shown by the increased chlorophyll content (table 3.1) and reduced lipid peroxidation
(figure 3.2.4 - 3.2.5) in seedling subjected to MG+Zr, two critically important aspects of
plant physiology both known to indicate the onset and occurrence of oxidative stress
(Ahsan et al., 2003; Hossain et al., 2011). Based on these findings, the next chapter
(MODULATION OF ROS AND THE ANTIOXIDANT RESPONSE VIA EXOGENOUS MG IN B.

RAPA L. SEEDLINGS UNDER ZR STRESS) will be used for validation of MG’s capability to
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mitigate oxidative stress due to Zr, by investigating antioxidant activity and the toxic

ROS they metabolise.
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CHAPTER FOUR

MODULATION OF ROS AND THE ANTIOXIDANT
RESPONSE VIA EXOGENOUS MG IN B. RAPA L.
SEEDLINGS UNDER ZR STRESS

4.1. INTRODUCTION

Plants' antioxidant defence system act as a network to scavenge and effectively
prevent the accumulation of toxic intermediates of molecular O, known as ROS, under
both stressed and normal conditions (Ahsan et al., 2003; Mourato et al., 2012). ROS
increases upon perceived stress which in turn activates these ROS-scavenging enzymes
such as Superoxide dismutase (SOD), Ascorbate peroxidase (APX) and Catalases (CAT).
SOD scavenges O, and converts it to H,0, (Cheeseman, 2007). H,0, is then scavenged
and removed by APX in chloroplasts and the cytosol and by CAT in peroxisomes and
glyoxisomes (Ahsan et al., 2010; Held et al., 2011; Mourato et al., 2012). Ahuja et al.
(2015) describes oxidative stress as a result of the rate of ROS accumulation surpassing
the rate the of ROS sequestration. From this notion it is fair to infer that upon ROS
accumulation, either rapidly or over a period of time, in plants whose antioxidant

enzymes cannot metabolise all the present ROS, that cell damage will occur.

It is known that when ROS increases so will the their scavenging antioxidant enzymes,
in defence against oxidative damage (Mourato et al., 2012) and therefore increased
ROS and antioxidants are indicators of oxidative stress in plants. However, increased
antioxidant activity might not always be effective in mitigating the inevitable damage

caused by ROS (Ahsan et al., 2003), since the damage to tissue and vital cellular
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structures may be irreversible despite ROS being removed (Ahsan et al., 2003; Hossain

etal., 2011).

Therefore, it was imperative to determine the accumulation of ROS as well as the
activity of their scavenging enzymes; SOD, APX and CAT, in B. rapa L. seedlings under
Zr-stress. More importantly, this investigation was themed with observing the
mitigation of HM-induced oxidative stress (caused by Zr), through the induced
modulation of the antioxidant response with exogenous Methylglyoxal (MG). MG is a
ubiquitous by-product of aerobic metabolism whose accumulation in cells is inevitable
(Hossain et al., 2009). Its formation occurs by a number of pathways such as glycolysis
and photorespiration. Moreover, more critical is MG’s involvement as a reducing agent
where it reacts directly with molecular O, to yield reactive oxygen intermediate; O,
(Saito et al., 2011; Hossain et al., 2011). MG has been suggested as a signalling
molecule in plants (Kaur et al., 2014). However, in literature it has only been
extensively researched at high concentrations, often exceeding normal basal levels
(Yadav et al., 2005; Kaur et al., 2014). Because the accumulation is ever-present in
plants under different stresses, the possible signalling function of MG under normal

and HM-stressed conditions was considered in this study.

HM-stress is a known inducer of free radical accumulation in plants (Ahsan et al., 2003;
Yadav et al., 2005; Hossain et al., 2011). These ROS are known to cause considerable
damage especially if not metabolised efficiently, and will subsequently lead to serious
metabolic constraints (Ahsan et al., 2003; Cheeseman, 2007; Igbal et al., 2010). As a

result the antioxidant defence in plants is also induced under HM conditions with SOD,
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APX and CAT having increased activity under both HM- and oxidative stress conditions

as reported (Wang et al., 2000; Hossain et al., 2011).

Many metal ions viz. Zn, Ni, Cu and Mn, although toxic at elevated levels are required
by plants for their biochemical processes, either directly or indirectly (Hossain et al.,
2011). These metals accumulate mostly in the cytosol of plants and once a level of
toxicity is reached, vital functions like transpiration and carbohydrate metabolism
initiates responses to oxidative stress which can be very harmful to plants (Yhang and
Chu, 2011). Sequestration of metal ions prevents the formation of toxic *OH; formed
by Haber-Weiss and Fenton reactions (Ahsan et al., 2003). Therefore, SOD, APX and
CAT are crucial, not only in preventing the formation of more toxic radicals such as
*OH and H,0,, but also in preventing extensive oxidative damage by inhibiting the
accumulation of ROS (Wang et al., 2000; Ahsan et al., 2003; Igbal et al., 2010). If MG
confers improved tolerance to harmful HMs in plants, through activation of

antioxidants, then a crucial role of MG negating oxidative damage will be established.
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4.2. RESULTS

4.2.1. MITIGATION OF ROS ACUMULATION IN ZR-
STRESSED B. RAPA L. SEEDLINGS UPON THE
ADDITION OF MG

The generation of ROS is a consequence of biotic and abiotic stresses (Rabanni and
Thornally, 2012). The latter includes salt stress and drought, along with other forms
such as extreme cold, toxic chemicals and heavy metals (Yadav et al., 2005). All of
which require the interference of antioxidants to counteract and alleviate the damage
caused by ROS (Yadav et al., 2005). In a similar fashion to salinity stress, HMs induce a
host of stress and damage in plants (Yadav et al., 2005; Hossain et al., 2009) that may
be studied and quantified by performing assays and antioxidant activity tests.

In cells superoxide (O,’) is one of the first active oxygen species to occur from the
reduction of molecular O, (Pua and Douglas, 2004; Hung and Kao, 2007). Oxygen upon
its journey to being converted to H,0 requires the interaction of four e, however this
reduction occurs in a stepwise manner that sees only a single e acting upon it (O,), and
so through this single-electron reduction, mainly via the mitochondrial ETC, O, is
formed (Ahsan et al., 2003). O, is a harmful and reactive molecule known to cause
oxidative damage observable by increased lipid peroxidation and increased
physiological stress (Ahsan et al., 2003; Yadav et al., 2005; Held et al., 2012; Ahuja et
al., 2015). This may lead to damage of cell components and a loss of chlorophyll
molecules which eventually affects photosynthesis (Igbal et al., 2010; Hortensteiner

and Krautler, 2011).
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In B. rapa L. the O, content (figure 4.2.1) was observed in seedlings subjected to 6 uM
MG (Methylglyoxal), 1 mM Zr (Zirconium) and MG+Zr-treatments with which a clear
discrepancy was observed between seedlings subjected to Zr and MG+Zr respectively.
The control set exhibited the lowest O, levels at 21 nmol.g'1 fresh weight, whereas the
Zr-stressed seedlings showed an increase of 1-fold. This was the highest observed O,
content. The O, levels in MG-treated seedlings showed a 39% increase from control B.
rapa L. seedlings. Furthermore O, content between MG-treated seedlings and those
subjected to MG+Zr-treatments was unchanged. Despite the presence of Zr-stress,

MG+Zr-treated seedlings had a 25% decrease in O, compared to Zr-treated seedlings.
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Figure 4.2.1. The effect of Methylglyoxal on Superoxide content in B. rapa L. seedlings under Zr stress.
Superoxide occurs as a by-product of normal aerobic metabolism when O, is reduced. Superoxide
content was determined in B. rapa L. seedlings after exposure to Zr stress and MG treatments
respectively. The different letters indicate a significant change across means at P< 0.05 (DMRT). Values
are means * S.E (N=3).

The production of hydroxyl radicals (¢OH) in cells is an unavoidable fate that occurs
when hydrogen peroxide (H,0;) is not efficiently metabolised and traverses cell

membranes to react with metal ions such as Fe’" and Cu" (Igbal et al., 2010). Once this
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occurs H,0, is readily converted to *OH (Ahsan et al., 2003). Another means to form
*OH is from Haber-Weiss reactions where the interaction of H,0, with O, results in
the formation of ¢OH, H,0 and O, (Ahsan et al., 2003; Igbal et al., 2010). *OH cannot
diffuse across the membrane therefore it is important that it is metabolised to render
it less reactive. If eOH accumulates it is capable of reacting with any biomolecule
(Mittler, 2002; Ahsan et al., 2003). *OH is known to have an avid affinity for PUFAs and
it readily interacts with RNA, proteins and nucleotides that results in fragmented DNA,
base changes and single- and double-strand breaks (Hossain et al., 2011; Held et al.,
2012). Given the extent of damage to cells that accumulated ¢OH is capable of causing,
it was important to determine the degree to which Zr-stress would affect *OH levels in
B. rapa L. seedlings (figure 4.2.2) of this study, and also to establish the impact that
exogenous MG elicits on the production of this radical when under Zr-stress.

Noteworthy was the effect of MG-supplementation at a low dose (6 uM) in Zr-stressed
seedlings (figure 4.2.2). There was no change, or signs of stress, in MG-treated
seedlings as the ¢OH levels were nearly identical to the control-treated seedlings. Zr-
treated seedlings however, were negatively affected by a 29% increase in ¢OH content.
In MG+Zr-treated seedlings ¢OH levels were not only lower than in Zr-stressed

seedlings, by 23.75%, but also lower than in unstressed control sample set by 5.75%.
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Figure 4.2.2. The effect of Methylglyoxal on Hydroxyl radical content in B. rapa L. seedlings in
response to Zr stress. ®OH is readily produced from commonly occurring species viz. H,0, and O,. via
Fenton-like reaction and due to its high reactivity it is known to cause damage in plant cells. ¢OH-
content was determined in B. rapa L. seedlings after exposure to Zr stress and MG treatments
respectively. The different letters indicate a significant change across means at P< 0.05 (DMRT). Values
are means + S.E (N=3).

Hydrogen peroxide (H,0O;), the least reactive and damaging of the active oxygen
species, is known to be involved in cell-signalling, but has also been reported to
alleviate ROS-induced oxidative damage in plants (Singla-Pareek et al., 2006; Hossain et
al., 2012). This has been reported to occur through its involvement in environmental
responses and plant development (Singla-Pareek et al., 2006; Cheeseman, 2007;
Hernandez et al., 2010; Mhamdi et al., 2010). However this is achievable only at
maintained relatively low to moderate levels of H,0, (Cheeseman, 2007; Hossain et al.,
2011; 2012). Hossain et al. (2012) states that maintaining H,0, levels at low
concentrations may reinforce the defence mechanisms in plants, it may also stimulate

plant development by modulation of gene expression and signalling pathways. In
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young stage B. juncea L. H,O;, content under normal conditions was observed to be at
50 - 60 nmol.g-1 fresh weight in young stage plants (Igbal et al., 2010).

H,0, content (figure 4.2.3) in B. rapa L. seedlings was measured in this study and as
with the previous two ROS assays; O, (figure 4.2.1) and ¢OH (figure 4.2.2), MG-, Zr-
and MG+Zr-treatments were administered. Seedlings subjected to exogenous MG had
accumulated lower levels of H,0, than in Zr-stressed seedlings. A 51% increase in H,0,
levels were measured in MG-treated seedlings was observed compared to the control.
A far more drastic change was noted in Zr-stressed seedlings with a 1.3 fold increase in
accumulated H,0,. In MG+Zr-treated seedlings, despite experiencing apparent stress,
H,O, content decreased by 26% compared to Zr-treated seedlings by the mere
presence of MG. Supplementation of MG in seedlings under Zr-stress resulted in a 21%
and 84.5% increase when compared to MG-treated seedlings and the control
respectively. A much lower level of accumulated H,0, than the increase observed in

seedlings treated with Zr on its own.
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Figure 4.2.3. The effect of Methylglyoxal on H,0, content in B. rapa L. seedlings in response to Zr
stress. Under perceived stress plants’ changes in H,0, levels serves as an indicator of stress. This ROS
has a relatively low reactivity however relatively long half-life and often leads to oxidative damage. H,0,
content was determined in B. rapa L. seedlings after exposure to Zr stress and MG treatments
respectively. The different letters indicate a significant change across means at P< 0.05 (DMRT). Values
are means + S.E (N=3).

4.2.2. MODULATION OF PLANTS" DEFENCE
SYSTEM OBSERVED IN ZR-STRESSED B. RAPA L.
SEEDLINGS WITH EXOGENOUS ADDITION OF MG

SOD is the primary defence against O, catalysing its dismutation to H,0, and O, (table
1.1); two far less reactive and harmful species (Mourato et al., 2012). Especially the
ROS by-product; H,0, which although has a longer viability within the cell, is far less
reactive with cell components, and thus less damaging (Broadbent et al., 1995; Held et
al., 2012). For its catalytic function SODs make use of metal cofactors viz. Cu/Zn, Mn

and Fe (Buettner et al., 1998; Mourato et al., 2012). Cu/Zn SOD is localized in the
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cytosol and in chloroplasts; Mn-SOD occurs in the mitochondria and peroxisomes and
Fe-SODs are localized in chloroplasts (Bradbent et al.,, 1995; Almeselmani et al., 2006).
SODs’ widespread occurrence in cells is indicative of a vital role in cell viability and

against the effects of ROS.

In B. rapa L. seedlings SOD activity was determined (figure 4.2.4), in MG-, Zr- and
MG+Zr-treated seedlings, as a measure of its unit of activity per gram of fresh weight.
Where one unit (U) is designated as the amount of enzyme activity required to
catalyse the conversion of one micro mole of substrate in one minute (NC-1UB, 1979).
In seedlings subjected to MG- and MG+Zr-treatments an increase of 15.05 U.g'1 fresh
weight was observed. No change was observed between seedlings subjected to MG
and MG+Zr. SOD’s response in MG+Zr-treated seedlings was reduced by 2% in
comparison with Zr-treated seedlings. Zr-treated seedlings exhibited the highest SOD
activity in response to HM stress with a change of 14.45%, or an increase of 18 U of

SOD activity.gram™ of fresh weight in comparison with the control.
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Figure 4.2.4. The effect of Methylglyoxal on SOD activity in B. rapa L. seedlings in response to Zr
stress. Under perceived stress in plants SOD activity has been known to increase. SOD scavenges
harmful radicals and decreases oxidative damage in plants. SOD activity was determined in B. rapa L.
seedlings after exposure to Zr stress and MG treatments respectively. The different letters indicate a
significant change across means at P< 0.05 (DMRT). Values are means + S.E (N=3).

APX is described as one of the most important ROS-scavenging antioxidants. Like CAT,
APX is involved in plants' defence mechanisms whereby it detoxifies H,0, to
dehydroascorbate and H,0 using ascorbate (table 1.1). APX has a much higher affinity
for H,0, than CATs and along with its ubiquitous localization in the cell; cytosol,
mitochondria, apoplast, peroxisome and chloroplasts, its significance in the cell's
biological function and metabolic efficiency cannot be mistaken (Mittler, 2003;
Mourato et al., 2012; Hossain et al., 2011). In literature APX has been observed to
increase upon HM stress by up to 4-fold (Igbal et al., 2010; Hossain et al., 2011).
Because the increase in APX is indicative of oxidative stress, and because of the crucial
role of APX in H,0, detoxification, its levels in B. rapa L. seedlings were investigated.

B. rapa L. seedlings were subjected to MG, Zr, and MG+Zr treatments. In seedlings

subjected to MG a 1.45-fold increase was observed (figure 4.2.5). Zr-treated seedlings
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showed the same response in APX activity. However, in MG+Zr-treated seedlings the
combination of stress treatment had a drastic impact on APX activity with a 2.5-fold

increase being observed.
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Figure 4.2.5: The effect of Methylglyoxal on Ascorbate peroxide activity in B. rapa L. seedlings in
response to Zr stress. In plants APX is foremost in scavenging and metabolising H,0, and is therefore
crucial in protecting plants from the damaging effects of H,0, and thus oxidative stress. APX activity was
determined in B. rapa L. seedlings after exposure to Zr stress and MG treatments respectively. The
different letters indicate a significant change across means at P< 0.05 (DMRT). Values are means + S.E
(N=3).

Catalases (CATs), whose action was first observed in plant and animal tissues in 1818
(Scandalios et al., 1997), serve an important function in plants where H,0; is their
major substrates. They scavenge any excess H,0, directly and catalyse the conversion
of H,0, molecules (table 1.1) to H,0 and molecular O, (Scandalios et al., 1997; Mhamdi
et al.,, 2010). By this mechanism CATs spare the cell from any further damage by
removing the excess H,0, that APX have not. Given the localization of CATs is in
several cellular components, its biological function and importance is of significance

similar to the case of SODs.
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In this study CAT activity (figure 4.2.6) was determined, by the rate at which H,0, was
oxidised in B. rapa L. seedlings subjected to MG-, Zr-stress and MG+Zr-stress
treatments. B. rapa L. seedlings treated with MG exhibited a 4.2% decrease in H,0;
oxidation when compared to the control. In the Zr-treated seedlings a decrease in the
rate of CAT activity by 12.7% was observed when compared to control. In MG+Zr-
treated seedlings, with the lowest CAT activity, an even lower rate of H,0, oxidation

was observed compared to the control with a 40.7% decrease.
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Figure 4.2.6. The effect of Methylglyoxal on Catalase activity in B. rapa L. seedlings in response to Zr
stress. In plants CAT is known to scavenge excess H,0, and is therefore crucial in alleviating plant stress.
Catalase activity was determined in B. rapa L. seedlings after exposure to Zr stress and MG treatments
respectively. The different letters indicate a significant change across means at P< 0.05 (DMRT). Values

are means + S.E (N=3).

85



4.2.3. INCREASED MG AND GLY-I REGULATION IN
RESPONSE TO INCREASED MG LEVELS IN B. RAPA L.
SEEDLINGS UNDER ZR-STRESS

Methylglyoxal; MG, is a known cytotoxic oxo-aldehyde capable of causing irreversible
damage in plant cells by reducing molecular O, to form activated oxygen species
known as ROS (Firestone et al., 2007; Hossain et al., 2009; Saito et al., 2011). MG, a by-
product of cellular respiration and glycolysis, is also known as 2-oxo-aldehyde and is
often thought of as a ROS due to its ability to interfere with biomolecules such as
proteins, RNA and DNA (Himo and Siegbahn, 2001; Hossain et al., 2009). MG forms
advanced glycation ends (AGE’s) in glycation events that render the affected sugar and
lipid molecules irreversibly changed (Rabanni and Thornally, 2012). It is this attack on
lipids and sugars that sees macromolecules such as DNA and proteins, irrevocably
damaged and degraded by MG (Freire et al., 2003; Hossain et al., 2012). Furthermore
MG at high concentrations can inhibit cell proliferation, it interacts with R, C and K
residues to spur the degradation of proteins, it interacts with guanyl nucleotides in
DNA and MG is capable of inactivating antioxidants upon its accumulation (Yadav et
al., 2005). MG occurs as a result of the spontaneous degradation of triose phosphates,
Glyceraldehyde 3-phosphate, DHAP and during catabolic metabolism (Skipsey et al.,
2000; Yadav et al., 2012). Through its interactions and interference with important
cellular components that lead to cell death, inhibition of cell growth and the
accumulation of ROS, MG causes notable damage that render its effective metabolism
an essential occurrence in cell physiology (Skipsey et al., 2000; Himo and Siegbahn,

2001; Hossain et al., 2012).

86



MG content (figure 4.2.7) was determined in B. rapa L. seedlings subjected to MG-, Zr-
stress and MG+Zr-stress treatments. In control seedlings 22 umol.g'1 fresh weight was
measured, a concentration that conforms to the cellular levels of MG in plants under
normal conditions, at a range of 30 — 75 uM; species-dependent (Yadav et al., 2005). In
B. rapa L. seedlings treated with 6 UM MG a 4-fold increase was observed. In Zr-
stressed seedlings a 10.5-fold increase was observed compared to the control and in
MG+Zr-treated seedlings the addition of exogenous MG resulted in a 0.4-fold decrease

in accumulated MG compared to Zr-treated seedlings.
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Figure 4.2.7. The effect of Methylglyoxal application on MG content in B. rapa L. seedlings in response
to Zr stress. MG is cytotoxic at elevated levels in plants and it also occurs as a by-product of normal
metabolism ubiquitously. MG content was determined in B. rapa L. seedlings after exposure to Zr stress
and MG treatments respectively. The different letters indicate a significant change across means at P<
0.05 (DMRT). Values are means + S.E (N=3).

Plants’ defence system comprises of a host of networks, working alongside and
sometimes in tandem. Their attempts serve to metabolise accumulated ROS and
harmful metabolic by-products, and subsequently to mitigate ROS’ detrimental
biochemical effects (Cartea et al, 2003; Mourato et al.,, 2012; Held et al., 2012).
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Glyoxalase |, otherwise referred to as Gly-I (in plants), forms part of a two-enzyme
system; the glyoxalase system, wherein it catalyses the conversion of MG to S-D-lactoyl
glutathione, using GSH as its cofactor (Hossain et al., 2007; Veena and Reddy et al.,
2006). MG is its primary substrate, others include glyoxals and other a-oxoaldehydes
(Firestone et al., 2007). In nature Lactoyl-glutathione lyase is equally as ubiquitous as
MG (Himo and Siegban, 2001), this points to its vital function of detoxifying MG upon
its accumulation. Active Gly-I has been detected during vital stages of the cell cycle
such as tissue maturation, embryogenesis and cell death, further attesting to the
significance of Gly-I and the glyoxalase system in cell development (Deswal and Sopory,
1991; Yadav et al., 2005; Thornally and Rabanni, 2011). Gly-I has also been reported to
alleviate oxidative stress in various organisms including plants (Singla-Pareek et al.,
2006; Kaur et al., 2014). There its response to HM-stress and MG accumulation was

investigated.

In our study Gly-1 activity (figure 4.2.8) was determined in MG-, Zr- and MG+Zr-treated
B. rapa L. seedlings. Additionally Gly-I expression levels (figure 4.2.9) under Zr-stress
and MG treatments were investigated by semi-quantitative analysis. This was
implemented in order to establish on two separate levels; biochemically and
molecularly, the impact of Zr on Gly-I activity. Furthermore, the next objective was to
determine the effects of exogenous MG on Gly-lI expression and activity, as well as
observing a change, if any, when the two stressors (MG and Zr) were applied in tandem

in B. rapa L. seedlings.
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Gly-1 activity (figure 4.2.8) in MG-treated seedlings exhibited a nearly 2-fold increase in
comparison with the control. In Zr-treated seedlings a 2.5-fold increase in Gly-I activity
was measured and in MG+Zr-stressed seedlings, the highest Gly-1 activity was observed
with a 3-fold increase. Additionally Gly-I expression (figure 4.2.9.C) was observed in

MG-, Zr- and MG+Zr-treated B. rapa L. seedlings.

Since Gly-I is the primary scavenger of MG in cells the expectation was for Gly-I
expression levels to increase with the increased accumulation of MG, since both
increased MG and oxidative stress has been observed here. However, this could only
be known once the semi-quantitative (figure 4.2.9) and subsequent densitometry
(figure 4.2.10) and statistical analyses were performed. With the exogenously applied
MG (6 uM), Gly-1 expression increased to over 1.6-fold. An even greater increase of
over 2-fold was observed in Zr-treated seedlings, and greater yet was the Gly-I
expression observed in MG+Zr-treated seedlings with a 2.5-fold increase observed.
Gly-I expression in B. rapa L. seedlings increased not only with increased MG levels,
but also upon Zr-exposure. The highest measure of Gly-I expression being found in

seedlings subjected to MG+Zr.
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Figure 4.2.8. The effect of Methylglyoxal on Glyoxalase | activity in B. rapa L. seedlings in response to
Zr stress. Glyoxalase | of the glyoxalase system occurs in all plants. It has proliferative properties but
more importantly it effectively scavenges and metabolises >90% of MG produced as well as other oxo-
aldehydes. Gly-1 activity was determined in B. rapa L. seedlings after exposure to Zr stress and MG

treatments respectively. The different letters indicate a significant change across means at P< 0.05

(DMRT). Values are means + S.E (N=3).
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Figure 4.2.9. RNA extractions and Gly-l amplification of B. rapa L. seedlings in response to Zr stress
and MG treatments respectively. (A) Shows the RNA extracted from seedlings and RNA after DNase-
treatment. Lanes 1 - 4 represent 200 ng RNA before DNase-treatment and lanes 5 - 8 represent 200 ng
RNA after DNase-treatment. RNA appear alongside a 1 kb molecular weight ladder. (B) Shows BrUBQ

amplification, housekeeping gene, (C) and BrGlyl amplification.
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Figure 4.2.10: Densitometry analysis of Glyoxalase | mRNA transcript expression in B. rapa L. seedlings
subjected to Zr, Methylglyoxal and MG+Zr. BrGly-l expression levels were determined in B. rapa L.
seedlings after exposure to Zr stress and MG treatments respectively. BrGly-l mRNA transcript bands
were subjected to densitometry analysis. Different letters indicate a significant change across means at
P< 0.05 (DMRT). Values are means + S.E (N=3).

Zr being used broadly; in metal, refractory, jewellery, nuclear reactors and catalysis
industry, has enjoyed favour with its demand at ever-increasing levels due to its anti-
corrosion and high heat resistance properties (Ferrrand et al., Fodor et al.,2005). This
growing popularity for Zr increases the risk of environmental pollution (Fodor et al.,
2005). Zr readily forms stable complexes with compounds and minerals already
present in soil which then increases the phytoavailability of this highly insoluble
element (Ferrand et al., 2006). Ferrand and Dumat (2006) have reported that Zr-
absorption and desorption is highly influenced by soil components, plant age, organ as
well as the environmental pH. Due to the scant evidence of Zr toxicity, it is hard to
establish toxic levels. However, Zr is known to interact with DNA and other

biomolecules and so it was important to establish the Zr content under normal
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conditions and then investigate the uptake rate in the presence of added MG in Zr-

stressed B. rapa L. seedlings in this study.

B. rapa L. seedlings in this study were treated with Zr, MG and MG+Zr. The Zr
concentration was determined by Inductively Coupled Plasma — Atomic Emission
Spectrometry, or ICP-OES, and correlated to mg.kg™ dry weight. Seedlings exposed to
MG had a slightly higher Zr uptake compared to the control. However, in seedlings
treated with Zr an 81-fold increase in Zr concentration was observed. Seedlings
subjected to a combination of MG and Zr exhibited a severe decrease in measured Zr; a
decrease of 0.8-fold was observed compared to Zr-treated seedlings despite the same

level of Zr exposure.

Table 4.1. Detection of Zr uptake in B. rapa L. seedlings exposed to

exogenous MG and Zr (mg.kg™ dry weight)

Treatments
Element Control 6uM MG 1 mM Zr MG+Zr
Zr 2.65 +0.03¢ 2.86 + 0.03° 241.56 +0.02° 54.18 + 0.04°

Different letters indicate significant differences between means at P< 0.05 (DMRT). Values are means *
S.E (N=3).
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4.3. DISCUSSION

The generation of ROS occurs naturally as a consequence of cellular metabolism and
due to environmental factors (Pua and Douglas, 2004; Thornally and Rabanni, 2011).
Fortunately cells have defence mechanisms in place that attempt to metabolise ROS
and in effect detoxify them (Mourato et al., 2012; Held et al., 2012). ROS are
generated primarily from the electron transport chain (ETC) which is driven by
mitochondria, and this occurs as a consequence of oxidative phosphorylation which

yield the toxic by-products known collectively as ROS (Ahsan et al., 2003).

Typically in cells O, is metabolised to H,O upon complete reduction with 4 e’, but
because O, is reduced univalently due to spin restrictions, several free radicals occur
(Ahsan et al., 2003; Yadav et al., 2007). Superoxide anion; O, is thought to be the first
of the active oxygen species. Once O, has been detected, SOD activity increases and
converts O, quickly to yield the less reactive and less harmful hydrogen peroxide
(H,0,) (Halliwell and Gutteridge, 1984). H,0, on its own does not cause extensive
damage (Ahsan et al., 2003), however upon its accumulation, H,0, has been

established as a significant factor in oxidative stress (Mourato et al., 2012).

H,0, is capable of diffusing across the cell membrane, unlike free radicals, to form
toxic and highly reactive ¢OH radicals upon contact with transition metal ions (Ahsan
et al., 2003). *OH radical is the most reactive of the ROS, its generation occurs as a
result of two commonly known reactions in cellular physiology and biochemistry; the
Fenton reaction; where reduction of H,0, occurs as it interacts with metal ions.
Secondly, it is generated in the Haber-Weiss reaction where O, and H,0, react; H,0, is

reduced to yield H,O and *OH (Ahsan et al., 2003; Mourato et al,, 2012). *OH, is
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capable of reacting with all kinds of biological macromolecules such as lipids, proteins,
carbohydrates and nucleic acids and leads to both single- and double-strand breaks,
base changes and conformational alterations in DNA (Ahsan et al., 2010; Yadav et al.,
2005). Furthermore ¢OH can lead to formation of DNA-protein cross-links, protein

fragmentation and lipid peroxidation (Ahsan et al., 2003; Yadav et al., 2007).

In this study the impact of a low dose of exogenous MG was investigated in B. rapa L.

seedlings under normal and in Zr-stressed conditions.

Superoxide; O,, was the first ROS whose accumulation was measured in this study
(figure 4.2.1). O, is known to be produced as a result of mitochondrial respiration
when molecular O, is reduced (Hossain et al., 2011). It is also reported to increase in
plants under abiotic stress (Hossain et al., 2011). B. rapa L. seedlings were subjected to
both MG and Zr respectively and exhibited increased O,. MG and Zr both known to
induce oxidative stress and having increased the O, content therefore indicates
oxidative stress. However, Zr-treated seedlings exhibited a more drastic increase in O,
levels by 1-fold compared to MG-treated B. rapa L. seedlings with a 0.4-fold increase.
These findings are consistent with literature on MG-induced ROS accumulation
(Hossain et al., 2011; 2012), as well as increased ROS in plants under HM-stress (Yadav
et al., 2005; Singla-Pareek et al., 2006; Hossain et al., 2009). Most interesting was the
observation of the level of O, accumulation in seedlings under Zr-stress with added

MG (MG+Zr).

Not only did the low administered dose of MG cause O, content to decrease, but it
lowered the O, content to the same level as seedlings treated with MG only. This

extreme inhibition of ROS formation whilst exposed to a known toxic element (Zr)
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indicates why MG occurs ubiquitously at low molecular concentrations in plants.
Furthermore it demonstrates biological importance of MG in defence against active
oxygen species, and whose mechanistic reduction of O, to yield toxic ROS and

subsequent activation of antioxidants points to a signalling role of MG.

Hydrogen peroxide (H,0,) was investigated in B. rapa L. seedlings in this study. It is
known as a toxic ROS at elevated levels and also conversely aids in plants’ defence
against abiotic stress at low to intermediate levels, thus serving a signalling function
(Cheeseman, 2007). Therefore it was important to establish the H,0, accumulation in
response to MG and Zr respectively in B. rapa L. seedlings. Seedlings were subjected to
MG, Zr and MG+Zr respectively, an increase was observed in MG and Zr-treated sets
respectively. However the H,0, content in Zr-treated seedlings was drastically higher
than in MG-treated seedlings indicating the Zr-induced oxidative stress. Because the
stress-alleviating properties of MG were investigated here as well, it was interesting to
see that a lower accumulated H,0, had occurred in MG-treated seedlings than in Zr-
treated ones which indicate an oxidative response in the cell in a regulatory sense.
H,0, content increased when MG was administered and therefore we believe that the
H,0, levels were maintained in such a way that it enabled improved growth,
development and the antioxidant response. This indicates possible signalling of MG
through inciting the activation of antioxidants in plants by a slight enough increase in
H,O, concentration to circumvent cell damage. The literature also validates that
slightly elevated H,0, concentration aids in plants defence against oxidative stress
(Hernandez et al., 2010; Hossain et al., 2011). In order to better determine the effects
of exogenous MG to mitigate oxidative stress, it was applied along with Zr (MG+Zr) in

B. rapa L. seedlings; a 84.5% increase in H,0, was observed, however this was a
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minimal increase in H,0, content compared to Zr-treated seedlings with a 1.3-fold

increase.

The effect of exogenous MG appears to be indirectly involved in reducing the
accumulation of toxic ROS under stress conditions. The presence of Zr unmistakeably
caused oxidative stress in seedlings given that H,0, at high levels is harmful to plants,
causing oxidative damage and is cytotoxic for prolonged periods (Cheeseman, 2007;
Yadav et al., 2005; Wang et al., 2000; Hossain et al., 2011). Because accumulated H,0,
can lead to more toxic active oxygen species the increase in ®OH; and O, is expected.
This means that despite an increase in the antioxidant response of B. rapa L. seedlings,
that the sequestration rate of ROS was lower than the rate of accumulation especially

with this high an increase in H,0,.

Hydroxyl radicals; *OH, have obtained their notoriety by being highly reactive in cells,
interacting with every kind of macromolecule viz. lipids, DNA, RNA, protein and
carbohydrates. There is an interesting correlation between the impact of accumulated
*OH and increased MG in cells. MG is a metabolite whose presence leads to
irrevocable AGEs being formed (Hossain et al., 2011). MG attacks PUFAs, lipids and
acts directly on O,, reducing it to O, . Similarly ¢OH readily interacts with biomolecules
causing irreversible damage in DNA, proteins and RNA (Ahsan et al., 2003; Hossain et
al., 2011). If upon MG-treatment, and the resulting accumulation of MG in cells, the
*OH levels drastically increases with the MG increase, it may have devastating

consequences that impact plants in a plethora of ways.

In this study *OH content was determined in B. rapa L. seedlings subjected to MG, Zr,

and MG+Zr treatments. The *OH content observed was quite unexpected with MG-
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treated seedlings and the control exhibiting no difference. Given the assumption of
MG-induced ¢OH accumulation due to an increase in other ROS this finding defies the
expectation. This was beneficial for the seedlings especially knowing the toxicity that is
normally observed in plants under oxidative stress. Because ¢OH is formed from
essential metal ions interacting with the infiltrating H,0,, it is inevitable in its
accumulation even under normal conditions. Therefore, upon excessive O, reduction,
either when cellular respiration is hindered or perturbed, or as a result of MG reducing
0O, to O, and the subsequent formation of *OH, the conversion of H,0, to *OH could
have only been prevented by APX and CAT activity, to restrict the excessive
accumulation of H,0, Because of the cell’s attempts to destroy as much H,0, as
possible, it can be inferred that increased ¢OH would indicate drastic metabolic and

oxidative distress.

For this reason it was important to note the ¢«OH accumulation in response to Zr-stress
in B. rapa L. seedlings. With 30% increase in *OH content when exposed to Zr, this is
one of the most telling findings and evidence implicating Zr as an inducer of serious
oxidative stress and certain damage to cells. Given the increase noted when B. rapa L.
was subjected to Zr, it was crucial to observe the indication of oxidative stress by ¢OH
accumulation in MG+Zr-treated seedlings. Remarkably the ¢OH accumulation in
MG+Zr-treated seedlings does not indicate zero oxidative stress with a reduced ¢OH
content, but it suggests that the sequestration rate of ¢OH and ¢OH-precursors such as
H,0, was improved beyond that of B. rapa L. seedlings under normal conditions too.
This, of all the ROS in this study negates MG as only being harmful to plants, and it
further attests to the signalling and stress-mitigating effects of MG despite the evident

stress that Zr imposes.
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It is known that in plants where higher levels of activity in antioxidant system is
observed, be it induced or constitutive, that a greater resistance to oxidative damage
will occur (Hernandez et al., 2010). In this study, the effects of exogenous MG on
antioxidant enzymes; SOD, CAT and APX, were investigated. B. rapa L. seedlings were
exposed to MG, Zr and MG+Zr treatments respectively in an attempt to observe the

modulating effects of MG to the oxidative system in normal and Zr-stressed plants.

SOD is believed to be the most important of the ROS-scavenging enzymes, because it
directly acts upon O, in cells. SOD activity increases as soon as O, is detected in the
cell and without sufficient SOD activity O, accumulation would increase (Ahsan et al.,
2003). O, whose main targets are lipid molecules and particularly PUFAs cause lipid
peroxidation and results in deteriorated membrane integrity and membrane leakage

(Ahsan et al., 2003; Hossain et al., 2011; Mourato et al., 2012).

Given the enormous task of SODs in the cell (metabolising O, directly, as it is
frequently formed by the unavoidable univalent reduction of O,), it was important to
observe the change in SOD activity, given the known toxicity of both MG and Zr.
Seedlings under Zr-stress exhibited the highest increase in SOD activity by 15%, clearly
indicating the accumulation of O, and thus indicative of oxidative stress. Furthermore
the SOD activity observed in MG-treated and in MG+Zr-treated seedlings exhibited no
change and had increased by 10% compared to seedlings under normal conditions. The
increased SOD activity observed, illustrates that increased MG levels induces SOD in
defence against cellular damage. This finding was reasonably unexpected, but points
to the alleviation of oxidative stress due to less O,  accumulating in MG- and MG+Zr-

treated seedlings than the Zr-treated set. This is supported by the decrease in O,
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content in MG+Zr-treated seedlings also having no change compared to MG-treated

seedlings.

APX in plants form an essential part of the defence network against ROS-induced
oxidative damage (Ahsan et al., 2003; Held et al,, 2011). APX is the first response to the
accumulation of H,0; in cells and regulates the levels of H,0, by maintaining its low
levels. It also has a higher affinity for H,0, than CAT. APX acts with the use of
ascorbate to neutralise H,0, to 2H,0 and dehydroascorbate (DHA) (Blokhina et al.,
2003). The level of involvement in plants defence against oxidative stress will
determine the extent of H,0, accumulation which can be observed by a measure of

increased APX activity.

B. rapa L. seedlings were exposed to Zr, MG and MG+Zr. In seedlings subjected to Zr
and MG respectively a significant increase of 1.45-fold, was observed compared to
seedlings under normal conditions. Because no change was observed between
seedlings treated with the individual stressors this is indicative that Zr causes H,0,
levels to increase as in figure 4.2.3 and this increased H,0, causes increased oxidative
stress, and the subsequent formation toxic O, intermediates if not scavenged
effectively (Ahsan et al, 2003). Similarly, MG-treated seedlings showed the same
significant increase in APX activity, it indicates that the accumulation of MG results in a
rapid increase in the activation of APX. However, the H,0, content in MG-treated
seedlings were markedly lower than in Zr-treated seedlings. This allows two
inferences: Firstly, that a swift increase in APX activation led to far more H,0, being
scavenged and thus a much lower H,0, content (figure 4.2.3) was observed in MG-

treated seedlings. Secondly, Zr interacts with H,0, molecules or other biomolecules
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that then interfered with the effective scavenging of H,0,, since a far greater H,0;
accumulation (figure 4.2.3) was observed in Zr-treated seedlings. Remarkably, the APX
activity observed in seedlings exposed to a combination of the treatments; MG+Zr,
showed a drastic increase in enzymatic activity of 2.5-fold. This falls in line with not
only the extreme reduction in H,O, accumulation in MG+Zr- seedlings, but also
corroborated the low level of CAT activity observed in MG+Zr-treated seedlings in this

study, since CAT scavenges excess H,0; in the cell.

Catalases (CAT), the first antioxidant to be described in 1818 (Scandalios et al., 1998)
are a group of enzymes whose only substrate is H,0, and serve only to scavenge and
metabolise excess H,0,. The mechanism of action (table 1.1) oxidises its cofactors; Fe
or Mn, by forming adducts with H,0, to yield H,O and O, (Cheeseman, 2007; Held et
al., 2011; Hossain et al., 2011). There are several enzymes and antioxidant molecules
involved with the detoxification of H,0, due to its tendency to traverse the cell
membrane whereupon it forms highly toxic ¢OH radicals, when it reacts with
biometals such as Cu (Ahsan et al., 2003). The activity of CAT, reduced or induced, was
therefore important in establishing the extent of oxidative stress as well as the efficacy

of APX in metabolising H,0,, in response to Zr and exogenous MG.

In B. rapa L. seedlings subjected to MG-treatment and Zr respectively both exhibited a
decrease in CAT activity, this agrees with the increase in APX activity observed for
these two experimental sets. Again congruent to APX activity, there was a significant
decrease in CAT activity in MG+Zr-treated seedlings with a 0.4-fold decrease. This
corresponds with the extreme increase in APX activity and a reduced H,0, content in

MG+Zr-treated seedlings which results in less excess H,0, for CAT to metabolise
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MG which forms adducts with many biological compounds like sugars and lipids,
causes considerable damage in plants (Hossain et al., 2009; Kaur et al., 2014). All of the
mechanisms and pathways involved with MG synthesis is yet undiscovered (Yadav et
al., 2005; Kaur et al., 2014). However it is known that MG reacts with biological
molecules like DNA and proteins (Kaur et al., 2014) and is capable of modifying these
biomolecules and therefore MG (at high concentrations) impedes growth and
development in plants (Yadav et al., 2005). MG is sometimes regarded as a ROS due to
its harmful impacts directly on biomolecules (Hossain et al., 2011). MG has been
observed to increase in plants upon a plethora of stresses including salinity, drought,

cold stress and heavy metals (Hossain et al., 2009).

Given the noticeable accumulation of MG in plants under different stresses in
literature (Hossain et al., 2009; 2011; 2012; Yadav, 2005), MG was therefore
investigated in order to establish its role as a signalling molecule to induce growth and
mitigate oxidative stress (Hossain et al, 2011; Kaur et al., 2014). The effects of
exogenously applied MG at a low dose (6 uM), 1 mM Zr and MG+Zr in B. rapa L.
seedlings was investigated. Control Seedlings exhibited MG levels; 25.25 pmol.g™ fresh
weight, that conforms to the normal basal MG levels in plants; 30 - 75 uM (Yadav et al.,
2005; Hossain et al., 2011). In seedlings subjected to MG treatments a 4-fold increase
in accumulated MG was observed. This is 69% higher than the reported basal levels of
MG in plants under normal conditions. Because MG is known to cause oxidative stress
(Yadav et al., 2005a; Kaur et al. 2014) an increase in the formation of MG was expected
given the accumulated ROS observed in figures (4.2.1 — 4.2.3). However since oxidative

stress leads to increased MG accumulation and with the further addition of MG, the
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level of MG observed in this study is justifiable. Hossain et al. (2009) also observed an

increase in MG accumulation in response to MG treatments in pumpkins seedlings.

An upward change in MG was also noted in this study in Zr-treated seedlings where a
sharp increase; 10.55-fold, in MG content was observed. Hossain and colleagues
(2009) observed an increase in MG after Cd was administered in pumpkin seedlings.
Fodor et al. (2005) similarly investigated the effects of Zr in wheat which exhibited
higher accumulated MG. Thus affirming that the presence of HMs in plants leads to an
induction of MG accumulation which then leads to an oxidative response since MG is
known to increase ROS and is directly involved with formation of O, (Saito et al.,
2011). MG+Zr-treated seedlings in this study, though also showing an increase in
accumulated MG this showed an improvement in maintaining low cellular levels of MG
with a 40% lower MG content than observed in Zr-treated seedlings. This drastic
decrease in MG content similar to MG found in MG-treated B. rapa L. seedlings shows
that the exogenous MG reduced the MG accumulation in cells under HM stress and
this can be directly associated with diminished oxidative stress observed across
seedlings treated with MG+Zr where the ROS content (figure 4.2.1 4.2.3) decreased

compared to Zr-treated seedlings.

MG is able to indirectly incite mitigation of oxidative damage in plants by the following
mechanisms: (1) MG on its own elicits a stress response and causes the accumulation
of ROS, this is justifiable since MG is capable of directly converting molecular O, to O,.
This then incites SOD activity because SOD activity immediately increases upon the
formation of O,. The dismutation of O, leads to the formation of H,0, and thus we

see an increase in H,0, upon increased MG levels, this suggestion is validated by a
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similar trend in O, (figure 4.2.1) and H,0, (figure 4.2.3). (2) Exogenous MG increased
MG levels in seedlings (figure 4.2.7) to an optimal level of MG (figure 4.2.7) for H,0,
accumulation to increase (figure 4.2.3) but remain low enough (41 nmol.g” fresh
weight) to avoid oxidative stress and damage, and high enough (127 umol.g'1 fresh
weight) to activate the antioxidant response (figure 4.2.3 — 4.2.6) that allows the
increased protection against any oxidative stress before ROS is generated. This
preinduction of antioxidant activity results in the alleviation of plant cells under stress

amidst toxic levels of Zr.

There needs to be a finely balanced rate of removal of accumulated MG to evade its
toxic overproduction in order to prevent the cytotoxic effects that leads to cell
damage. This ROS homeostasis, to incite the antioxidant response in plants is a brilliant

strategy that relies heavily on Gly-I.

Glyoxalase | plays a major role in the detoxification of MG, a metabolite that has been
implicated in many human diseases like diabetes and various types of cancers (Raju et
al., 1998; Himo et al.,2001 Korybalska et al.,2003; Hossain et al ., 2011), MG is equally
as ubiquitous in nature as Gly-I, being studied in animals, yeasts and microorganisms
and has been discovered in higher plants by Yadav et al (2005), which further

highlights its importance in maintaining cell viability.

The glyoxalase system is the primary catabolic pathway of MG in eukaryotes, it
comprises two co-functioning enzymes; glyoxlase | and glyoxalase Il, the first of which
isomerises the non-enzymatically formed hemithioactal from MG and GSH; S-D-
lactoylglutathione. Gly-Il then catalyses the hydrolysis reaction to D-lactate and puts

GSH back into the system (Yadav et al., 2005). Because Gly-I has been upregulated in
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response to HM stress in plants (Lin et al,.2001; Hossain et al.,2009; Hasanuzzaman
and Fujita, 2011) and in response to accumulated MG in plants (Hossain et al., 2009),

its activity and gene expression was investigated in this study.

The seedlings in this study were subjected to MG-, Zr- and MG+Zr- treatments in order
to observe an elicited response of antioxidants in the presence of exogenous MG while
under Zr-stress. In B. rapa L. seedlings the Gly-I response under Zr-stress showed a
significant increase for Gly-I activity (figure 4.2.8) and its corresponding encoding
mRNA transcript (figure 4.2.9 and 4.2.10). Because Gly-I has been up-regulated in
response to Zr-treatments it is evident that cellular damage and stress was
experienced given the increased toxic ROS content (figure 4.2.1 - 4.2.3) and the
subsequent increases in antioxidant activity (figure 4.2.4, 4.2.6; figure 4.2.8) and MG
content (figure 4.2.7). Both ROS and antioxidant increases have been reported as
indicators of oxidative stress and cell damage (Kaur et al., 2014). MG-treated seedlings
exhibited Gly-I activity nearly 2-fold increase (figure 4.2.8) and a 1.6-fold increase in
Gly-1 mRNA transcripts (figure 4.2.9). This observed Gly-I upregulation at transcript and
protein level shows its efficient response in cells at the onset of MG accumulation. In
MG+Zr-treated seedlings an even more significant activation of Gly-I was observed
with a 2.5-fold and 1.85-fold increase in Gly-I enzyme activity and Gly-I gene

expression respectively.

Although Gly-I is constitutively expressed under normal cellular conditions, this
congruent increase between Gly-l expression and enzyme activity indicates that MG
incites promoter activation which results in the increased expression observed in this

study. Because Gly-I expression increased further with the two stressors combined, it
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is probable that MG’s mechanism of action when mitigating ROS-induced stress occurs
directly through Gly-I, where it maintains low levels of MG which allowed the
accumulation of ROS to occur at a lower rate which then also prevented SOD, CAT and
APX from increasing too drastically. Determining the mechanism of MG-regulation is
the most crucial aspect in elucidating the role of MG in alleviation of oxidative damage

in plants.

Gly-l increases in response to oxidative stress in plants (Esparto et al., 1995; Veena
and Reddy, 1999; Yadav et al., 2005) and upon MG accumulation (Yadav et al., 2005),
and because both instances were observed in this study it can be stated that oxidative
stress occurred in the presence of Zr. MG content was also observed in B. rapa L.
seedlings subjected to the same stresses. H,O, had a 1.5-fold increase in tobacco
plants subjected to Zn, similarly H,O, levels increased by 1-fold in response to Zn
exposure (Chaudri et al. 2000). Hossain and colleagues (2009) investigated the Gly-I
and MG response in 30 day old pumpkin seedlings subjected to a range of stresses
including MG, HM and salt stress. Gly-l expression increased significantly in response
to HM stress in pumpkin seedlings subjected to 1 mM Cd (Hossain et al., 2009).
Similarly a marked increase in Gly-1 activity was reported with a 1.34-fold and 1.19-fold
increase in pumpkin seedlings subjected to MG and HM-stress respectively. In tomato
and Brassica, Gly-I levels were upregulated in response to HM, salt and water stress

(Hossain et al., 2009).

Due to the increasing demand for Zr-alloy and Zr-derived products in the metals,
refractory and nuclear reactor industry (Ghosh et al., 1992; Shahid et al., 2014; Fodor

et al., 2005), increasing exposure to Zr will occur (Fodor et al., 2005; Shahid et al.,
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2014). Zr is ubiquitous in nature and sometimes found in higher concentrations than
trace elements and metals like Cu. Zr is the 20™ most abundant element (Fodor et al.,
2005) and as such it occurs naturally in soil and land sediments. However, because it
has been reported to cause toxicity in plants it was important to establish not only its
uptake in B. rapa L. seedlings as observed in these results (table 4.1), but also to

determine possible mitigating effects of Zr-uptake through the application of MG.

In this study uptake of Zr from soil exposed to the respective treatments; MG, Zr,
MG+Zr were measured. The seedlings treated with MG exhibited no change in Zr-
uptake thus indicating that exogenous MG did not increase or accelerate Zr entering B.
rapa L. seedlings. However in seedlings treated with Zr a substantial increase was
observed. A high uptake of Zr was observed in seedlings treated with Zr where an 81-
fold increase in Zr was measured. This indicated that less Zr is present in seedlings
exposed to exogenous MG and that it hinders the uptake of Zr. This could occur by MG
interfering with Zr-speciation by itself forming adducts with biomolecules and
macromolecules. Given its low phytoavailabilty as reported in literature (Ghosh et al.,
1992 Ferrand et al.,, 2006; Fodor et al., 2005) the uptake rate of Zr observed here
demonstrates that it readily forms complexes with soil components for uptake by root

cells.

This substantial uptake should not be overlooked especially since evident signs of
oxidative stress (figure 4.2.1 — 4.3 9) along with growth and developmental
impediments (figure 3.2.1 — 3.2.6) were observed in Zr-stressed seedlings of this study.
Most conspicuous was the extreme reduction of Zr-uptake in B. rapa L. seedlings

treated with Zr plus MG, the added MG reduced the uptake of Zr, and it did so by a
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large margin [where 241.56 mg.kg™ was observed in Zr-treated seedlings vs. 54.18
mg.kg™ in MG/Zr-treated seedlings (table 4.1)]. Although the same amount of Zr was
administered in MG+Zr treated seedlings a striking 77% lower Zr uptake had occured.
This finding suggests either a priming effect or an inhibitory effect of MG on root cells
at which point MG may interact with them before Zr can form complexes thus enabling

cells to avert the uptake of toxic Zr.

The presence of Zr in maize, barley and alfalfa was reported by Sanzharova and
Aleksakhin (1982) who also found that the concentration of this metal had increased
with a soil moisture increase by as much as three times and that Zr was absorbed
mostly as a complex hydrous oxide. Ryzhenko and colleagues (2008) also observed that
absorption and mobility in soils is greatly influence by pH levels. Because the literature
on Zr is sparse and the demand for it is increasing, it leads to increasing nuclear fall-
out, mining wastes and pollution. This clearly demonstrates a need for more research
geared towards understanding and establishing the extent of (Zr) toxicity and toxic
levels in plants. Trace amounts of Zr measured in pea and tomato plants show a low
uptake of Zr in aerial parts of these plants (Fodor et al., 2005). However B. rapa L. are
known HM hyperaccumulators capable of faster root-to-shoot translocation of HMs
thus allowing a higher Zr-uptake observed in the leaves and shoots of seedlings of this

study.
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CONCLUSION AND FUTURE PROSPECTIVES

Stark evidence of the signalling capability of MG was observed due to the apparent
MG-induced activation of ROS-detoxifying molecules viz. APX (figure 4.2.5), CAT (figure
4.2.6) and SOD (figure 4.2.4), and Gly-I (figure 4.2.9). It is the responsibility of Gly-I to
maintain it at moderate levels in the cell. MG levels seem to have been maintained at a
concentration that is optimal for improved growth (figure 3.2.1), chlorophyll synthesis
(table 3.1) and antioxidant activation (figure 4.2.4 - 4.2.6) in MG-treated seedlings.
Moreover the alleviating effects of MG was exhibited in Zr-stressed seedlings
supplemented with MG (MG+Zr-treatments). All of the ROS and antioxidant activity
measured have implicated MG in reducing the level of toxic ROS (O,, *OH, H,0;) in
figure (4.2.1 - 4.2.3), and even MG levels (figure 4.2.7). This increased detoxification of
ROS and MG was made possible through an increase in the antioxidant response, for
all the antioxidant molecules investigated in this study and Gly-I, as there was an
increase compared to the control. SOD, CAT and APX levels (figure 4.2.4 — 4.2.6) in
MG+Zr-treated seedlings were significantly lower than in Zr-stressed seedlings, the
only exception being Gly-I activity and expression (figure 4.2.8 and 4.2.9c) because it

had to be upregulated to restrict MG accumulation.

This evidence could indicate the pathway involved with the modulation of ROS-
induced oxidative stress in plants. This also implicates MG indirectly in activation of the
oxidative response by inciting Gly-I activity (figure 4.2.8), and thus conferring a
mitigation of ROS accumulation. MG can therefore be described as a signalling
molecule since it activates Gly-I upon its production. Gly-I then metabolises the MG

accumulated in the cell, but not before the occurrence of MG-induced ROS formation
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(figure 3.2.1 — 3.2.3). The accumulation of MG also incites the activation of other
antioxidants, which occurs as MG initially increases ROS levels; this phenomenon can
be described as a direct early-onset activation of antioxidants, or pre-inductive

activation of ROS-mitigating enzymes.

Increased Gly-I levels (figure 4.2.9C and figure 4.2.10), where activation was also
induced by MG, was observed by the extent of MG detoxification in B. rapa L.
seedlings treated with MG+Zr, compared to Zr-treated seedlings. A reduction in MG
content was observed in MG-Zr-treated seedlings, a decrease similar to the MG
accumulation in MG-treated seedlings. Since MG has been reported as a reducing
agent, the significantly lower MG content in MG+Zr-treated seedlings, as a direct
consequence of the extremely elevated Gly-I activity observed, indicates that less O,
was reduced to O,. This decrease in O, levels also resulted in a lower H,0,
accumulation, and thus ¢OH content had decreased as well. ®OH accumulation was
lower in Zr-treated seedlings as well as the control which again validates MG as a

stress-alleviating molecule.

The clear evidence of MG's capability to modulate the antioxidant response through
activation of Gly-I activity, is a breakthrough since previously MG’s notoriety stemmed
from its toxicity and cytotoxic effects in plant, animal and bacterial cells. ROS are not
all bad, they are involved in different biological processes that are important such as
apoptosis, biotic and abiotic stress responses in the cell, and includes signalling and
maintaining a state of redox balance only when unfavourable conditions do not persist

(Mourato et al., 2012). For this reason it is crucial that plants maintain a balanced state
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of ROS sequestration vs. accumulation. Through these findings MG is now known to

facilitate this defence mechanism in B. rapa L.

With the new role of MG elucidated in stress-signalling, further proteomics and
molecular research will give further insights to the role of MG. Molecular cloning of
Gly-I may shed light on its mechanism of action against oxidative damage under
normal and stressed conditions and further support the findings of this study. Since
MG is intrinsically a part of a number of biochemical pathways, a metabolomics
approach may be useful in finding other pathways involved with MG’s ability to
mitigate oxidative stress and improve growth, development and seed germination.
This can be studied in both stress and normal cellular conditions. Facilitating growth
and inhibiting HM-uptake in contaminated soils may vastly improve the current state
of food security and sustainability both locally and globally. This may be accomplished
if MG is applied to crop plants, given the extreme inhibition of Zr-uptake by MG shown

in this study.
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