






















































































































































































reactions throughout the plant (Hansch & Mendel, 2009). This means that increased uptake
in manganese noted in plants treated with endophytes P1, P2, P3, P5 and P6 could have
allowed for these plants to increase the activity in certain enzymes related to nutrient
absorption or growth which could have contributed to the increase in growth noted among

these plants.

Zinc is required as a major component of a large number of proteins such as metalloenzymes
and transcription factors throughout plant cells (Sadeghzadeh, 2013). It is also involved in
quite a few RNA and DNA polymerases, enzymes relating to DNA splicing and was found as
part of certain tRNA synthetases (Hansch & Mendel, 2009). This points to the possibility that
the increased uptake of zinc noted in plants treated with endophytes P1, P2, P5 and P6 could
have contributed to the increase in growth seen among these plants by contributing to the

increase in activity and synthesis of these zinc containing proteins.

3.7.5 Phosphate solubilisation
All of the isolates tested were able to grow on pikovskaya agar; however, none of the isolates

were shown to produce a halo around the colonies indicating that none of the isolates were
able to solubilize phosphate. This does not coincide with phosphorous results seen in table 3;
however, pikovskayas agar only tests for organisms that can solubilize phosphate and it
cannot determine if the endophyte is able to cause an increase in the level of phosphorous

through other mechanisms.

3.7.6 IAA production
Indole-3-acetic acid has been determined to contribute to a number of important growth

promoting effects in plants such as improved stem, root and leaf growth and an increase in

plant biomass (Flinn & Mei, 2010).

Although all strains were able to produce IAA to a certain extent but only isolate P3 was able
to produce levels of IAA that were considered to be significant according to levels of IAA
produced by other plant growth promoting bacteria. In fact, the level of IAA production shown
to be at 45.53 pg/ml was higher than that seen in previous studies which found average IAA
production to be between 13.96pug/ml and 22.88ug/ml among the isolates tested (Nain et al.,

2012). Furthermore, although the amount of IAA produced by the other strains was low it
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could still be utilized by the plant for certain processes. This was determined to be the case
for the development of primary root growth where levels of IAA as low as 1 nM to 1 pM could
promote plant growth (Glick & Patten, 2002). This means that even though strains P1, P2, P4,
P5 and P6 are only able to produce small amounts of IAA they are still able to influence the

growth of the plant to a certain extent through IAA production.

3.7.7 Siderophore
The results observed in the siderophore plate assay (Figure 6) indicates that all of the isolated

endophytes were capable of siderophore production, which is supported by the results in
table 3, where plants treated with strains P1, P2, P3, P5 and P6 had increased levels of iron
compared to the control. The production of siderophores among all isolates presents other
avenues by which these isolates can promote plant growth other than through the

upregulation of iron in the plants.

The first of these mechanisms is through the protection of the host plant from a variety of
different pathogens, by acting as an antagonist for the pathogen’s growth inside of the host
plant (Ferrando et al., 2011). This comes about because the siderophores produced by fungal
pathogens have a lower affinity for Fe3* molecules than siderophores produced by most
endophytic bacteria allowing for the endophytes to take up most of the Fe3* molecules in the
environment (de-Bashan & Bashan et al., 2005). This has the effect of inhibiting the growth

of pathogens trying to colonize the plant thereby protecting the plant from infection.

Siderophores may also act to prevent the plants ability to uptake Fe in cases where the roots
are not able to use the bound Fe molecules, thereby preventing an adverse build-up of Fe
that might influence the plants growth (Alexander & Zuberer, 1991). The inability of the roots
to take up iron in this case could be due to sufficient levels of iron being present in the plant
which if exceeded, could disturb the nutrient balance in the plant leading to a negative impact

to the plant (Alatorre-Cobos et al.,2013; Alexander & Zuberer, 1991).

The combined effects of the different functions of siderophores are thought to be partly

responsible for the improvement in the morphology of the isolate treated plants in this study.
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3.7.8 ACC deaminase
As all isolates were found to possess ACC deaminase activity it is likely that this activity

contributed towards the overall growth improvements of the plant. This could be contributed
to three different factors arising from the effects on ACC deaminase on the levels of ethylene

in each of the endophyte treated plants.

The first is due to the initial effect of ethylene on the seeds, which causes the seeds to begin
germinating; however, if the level of ethylene is sustained it can inhibit the formation of the
initial roots that develop after seed germination (Glick & Penrose, 2003). Thus, the role of ACC
deaminase after the beginning of germination is to cleave any ACC present to prevent the
levels of ethylene from staying at this elevated level. With the decrease in the levels in
ethylene, the initial root growth can proceed uninhibited and can in fact lead to longer roots
formation due to the extent of the reduction in ethylene (Glick & Penrose, 2003). The
development of longer roots during the sapling phase could also act as an extra layer of
protection for the developing plants thereby allowing them to survive the early stages of

development (Glick & Penrose, 2001).

The second factor is due to the increase in root and stem length noted in plants after
inoculation with endophytes with ACC deaminase (Glick & Penrose, 2001; Arshad et al., 2003).
This enhanced root and stem growth comes about from the same mechanism of ACC
degradation as mentioned above; however, this reduction in ethylene comes about later in
the plant’s life cycle as levels of stress related ethylene rise due to exposure to different biotic

and abiotic factors (Glick & Penrose, 2001).

The third factor is dependent on the improved root size that is present due to the effects of
the first two factors. The increased root size allows for enhanced nutrient and water uptake
from the environment, which causes improved growth in the plant (Spaepen et al., 2007). This
coincides with what was seen in this study as it was found that all of the endophyte treated

plants had longer and thicker roots than the control (Figure 3).

In conclusion, in this chapter, it was observed that all of the isolated endophytes were able to
promote growth in Brassica napus when compared to the control non-endophyte treated

plant, with isolates improving morphological characteristics, as well as nutrient acquisition
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within the host plants. Isolate P4, however showed the least beneficial growth promotion
effects among the isolated endophytes and as a result it was decided that only isolates P1,

P2, P3, P5 and P6 would be used in the ensuing vanadium stress growth trials.
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Chapter 4

Effect of endophytic bacteria
on the abiotic stress tolerance
capacity of Brassica napus
under vanadium stress
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4.1.1 16s DNA sequencing of isolated endophytic bacteria
A 16s rDNA sequence analysis was performed on the amplified PCR products of isolates P1,

P2, P3, P5 and P6 obtained using the universal 16s primers E9F and U1510R as described in
section 2.10.2. The sequencing results indicated that all of the endophytes were shown to be
members of the Rhodococcus genus specifically of the species Rhodococcus gingshengii. As a
result of this it was necessary to perform an Amplified ribosomal DNA restriction analysis of
the 16s rDNA sequencing results in order to determine if the endophytes are in fact the same

strain of Rhodococcus gingshengii or different strains of Rhodococcus gingshengii.

4.1.2 Amplified ribosomal DNA restriction analysis of 16s DNA sequences

1000bp
700bp

500bp

300bp

100bp

Figure 7: Showing a 3 % agarose gel of the Amplified ribosomal DNA restriction analysis of amplified PCR product:
lane 1 — Gene ruler-100bp DNA ladder, lane 2 — control, lane 3 — P1, lane 4-P2, lane 5-P3, lane 6-P5, lane 7-P6.

The amplified ribosomal DNA restriction analysis of the digested 16s PCR products indicates
that endophyte strains P1, P2, P3, P5 and P6 are 5 different strains of Rhodococcus
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gingshengii, as indicated by the presence of unique banding patterns being seen among the

digested DNA bands in each lane.
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4.2 Comparative growth of plants
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Figure 8.1: Showing growth of leaves in the 2™, 3" and 4 trifoliate of the control, P1 and P2 treatments under

control and vanadium stressed conditions respectively. Plants were grown under non-stressed (water treated)
and vanadium stressed conditions and grown for 46 days prior to harvest.
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Figure 8.2: Showing growth of leaves in the 2", 3" and 4" trifoliate of the control and P3 treatment under

control and vanadium stressed conditions respectively. Plants were grown under non-stressed (water treated)
and vanadium stressed conditions and grown for 46 days prior to harvest.
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Figure 8.3: Showing growth of leaves in the 2", 3" and 4™ trifoliate control, P5 and P6 treatments under control
and vanadium stressed conditions respectively. Plants were grown under non-stressed (water treated) and
vanadium stressed conditions and grown for 46 days prior to harvest.
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Non-stressed plants treated with endophytes (P1, P2, P3, P5, and P6) showed definite
improvements in growth compared to the control, with visibly larger and darker leaves in
each of the endophyte treatments. This is indicative of the overall growth improvement that
was noted in the endophyte treated plants in comparison to the control treatment. Vanadium
stressed plants showed a similar trend to their non-stressed counterparts, with the
endophyte treated vanadium stressed leaves being noticeably larger and healthier than the
control, with the control having an overall larger portion of the leaves displaying yellowing

than compared to that found in the endophyte treated plants.

4.3 Biomass of leaves for non-stressed and vanadium stressed plants
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Figure 9: Biomass of leaves of Brassica napus plants treated with different endophyte strains (P1, P2, P3, P5 and
P6) while under non-stressed (A) and vanadium stressed (B) conditions. The biomass was taken after 46 days of
growth. The different letters above each column indicate significant differences between means at P< 0.05

(Tukey-Kramer test). Values means * S.E (N=3).

Brassica napus treated with endophytic bacteria under non-stressed conditions showed
increases in biomass over the corresponding control with plants treated with isolates P1, P2,
P3, P5 and P6 showing increases in biomass of 19%, 30%, 47%, 39% and 66% respectively over
the control (Figure 9 A). A similar trend was seen in the vanadium stressed plants with each
of the endophyte treatments showing an increase in leaf biomass over the vanadium stressed
control, with isolates P1, P2, P3, P5 and P6 showing increases in biomass of 35%, 77%, 29%,

76% and 32% respectively (Figure 9 B). The vanadium stressed plants; however, displayed an
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overall decrease in leaf biomass among all of the treatments in comparison to the
corresponding non-stressed treatments, with the vanadium control showing a 40% decrease
over the non-stressed control and P1, P2, P3, P5 and P6 showing a 32%, 19%, 48%, 25% and

53% decrease respectively (Figure 9).

4.4 Inductively coupled optical emission spectrometry
Table 6.1: Showing comparative nutrient levels measured in the leaves of control and experimental plants (mg/g)
under non-stressed conditions using ICP-OES.

Element Control Pl P2 P3 P5 P6
K 5.355° 6.007° 5.941° 5.498¢
Ca 2.0742 2.228° 2.056% 2.0042
Mg 0.517° 0.592° 0.577¢ 0.508°
P 0.496° 0.494° 0.504° 0.4752

0.0007¢ ~ 0.0006°
0.0044*  0.0045°

- 0.0006°  0.0008°

0.0037°
0.0079*  0.0087*  0.0090?
0.012° 0.011° 0.011°

y 0.00022 % tmoom HPocm

The different letters above each number indicates statistically significant differences between means at P< 0.05
(Tukey-Kramer test), with statistical differences being compared per row. The colour scale indicates increased
or decreased uptake in nutrients compared to the control, with green indicating an increase in nutrients and red
indicating a decrease in nutrient content. The macronutrients and micronutrients were indicated with different
coloured symbols, with the blue symbols indicating the macronutrients tested for, the green symbols indicating
the micronutrients tested for and red indicating vanadium.
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Table 6.2: Showing comparative nutrient levels measured in the leaves of control and experimental plants (mg/g)
under vanadium stressed conditions using ICP-OES.

Element ControlV P1V P2V P3V P5V P6V

K 6.4176° - 6.6325°  7.0022%  6.5744°

Ca 2.7220°  2.5776°  2.4862°  2.6245°

2.5130°

0.6187®  0.5552*  0.5523%
0.5994*  0.6001?
0.0011°

Mg 0.5617°
P 0.61772
Cu 0.0010?

0.0016°

Mn 0.0075*  0.0077°
Fe 0.0450°  0.0162°
Zn 0.0208* ~ 0.0195°

\Y 0.0010? 0.0008°¢

The different letters above each number indicates statistically significant differences between means at P< 0.05
(Tukey-Kramer test), with statistical differences being compared per row. The colour scale indicates increased
or decreased uptake in nutrients compared to the control, with green indicating an increase in nutrients and red
indicating a decrease in nutrient content. The macronutrients and micronutrients were indicated with different
coloured symbols, with the blue symbols indicating the macronutrients tested for, the green symbols indicating
the micronutrients tested for and red indicating vanadium.

Table 6.3: Showing comparative nutrient levels measured in the roots of control and experimental plants (mg/g)
under non-stressed conditions using ICP-OES.

Element Control P1 P2 P3 P5 P6
K 0.1935° 0.2215? 0.2038?

0.2765°  0.3430°
0.2887%  0.2449°

1.4246°  1.8041°
Mg 0.2488%  0.3282° 0.2706°

p 0.2343° - 0.2757°

Ca 1.25367

Cu 0.0013*  0.0016*  0.0019° 0.0019°

Mn 0.0040°  0.0049°

Fe 0.04422  0.0600°  0.0850° 0.0784°¢
Zn 0.0083%  0.0109° 0.0118° 0.0129°
\% 0.0003? 0.0004*  0.0004*

The different letters above each number indicates statistically significant differences between means at P< 0.05
(Tukey-Kramer test), with statistical differences being compared per row. The colour scale indicates increased
or decreased uptake in nutrients compared to the control, with green indicating an increase in nutrients and red
indicating a decrease in nutrient content. The macronutrients and micronutrients were indicated with different
coloured symbols, with the blue symbols indicating the macronutrients tested for, the green symbols indicating
the micronutrients tested for and red indicating vanadium.
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Table 6.4: Showing comparative nutrient levels measured in the roots of control and experimental plants (mg/g)
under vanadium stressed conditions using ICP-OES

Element Control V P1 P2 P3 P5 P6

K 0.2096°  0.2426°  0.21932 0.2330°
1.7201¢  2.2010°

Ca 2.4251°
Mg 0.2509°
P 0.2529°  0.2938°

0.2526°
0.2997°

0.2631°

0.2670¢

Cu 0.0033°

0.0030°

Mn 0.0036°  0.0055°  0.0045¢
Fe 0.0456°  0.0508°  0.0504°
Zn 0.0089  0.0123°  0.0090°
\Y 0.0228%  0.0135°

The different letters above each number indicates statistically significant differences between means at P< 0.05
(Tukey-Kramer test), with statistical differences being compared per row. The colour scale indicates increased
or decreased uptake in nutrients compared to the control, with green indicating an increase in nutrients and red
indicating a decrease in nutrient content. The macronutrients and micronutrients were indicated with different
coloured symbols, with the blue symbols indicating the macronutrients tested for, the green symbols indicating
the micronutrients tested for and red indicating vanadium.

Table 6.5: Showing comparative translocation of nutrients from the roots to the leaves of experimental plants
(mg/g) under vanadium stressed conditions using ICP-OES.

Element Control V P1Vv P2V P3Vv P5V PeVv

K 3061%* 3024%* 3243%°
Ca 112%*°

Mg 224%? 236%°

P 244%°

Cu 31%° 36%° 49%°

Mn 209%? 124%"

Fe 99%?

Zn 235%* 159%" 181%°¢ 153%®

v 4%3 7%° 5% 5%

The different letters above each number indicates statistically significant differences between means at P< 0.05
(Tukey-Kramer test), with statistical differences being compared per row. The colour scale indicates increased
or decreased uptake in nutrients compared to the control, with green indicating an increase in translocation and
red indicating a decrease in translocation. The macronutrients and micronutrients were indicated with different
coloured symbols, with the blue symbols indicating the macronutrients tested for, the green symbols indicating
the micronutrients tested for and red indicating vanadium.
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The nutrient profile of the leaves and roots of endophyte treated plants and non-inoculated
plants under non-stressed and vanadium stress conditions was determined through ICP-OES

analysis.

Plants treated with endophyte P1 showed increased uptake in K, Ca, Mg and Fe by 12%, 7%,
14% and 15% respectively when compared to the control (Table 6.1). Plants treated with
endophyte P2 showed increased uptake in K, Ca, Mg, P and Cu by 11%, 34%, 43%, 76% and
30% respectively when compared to the control (Table 6.1). Plants treated with endophyte
P3 showed increased uptake in K, Mg and Fe by 23%, 12% and 94% respectively when
compared to the control (Table 6.1). Plants treated with endophyte P5 showed an increased
uptake of 20% in K when compared to the control (Table 6.1). Plants treated with endophyte

P6 showed an increased uptake of 3% in K when compared to the control (Table 6.1).

Plants treated with endophyte P1 showed increased uptake in K, Mg, P and Cu by respectively
when compared to the control (Table 6.2). Plants treated with endophyte P3 showed
increased uptake in Mn and Zn by 13% and 26% respectively when compared to the control
(Table 6.2). Plants treated with endophyte P5 showed increased uptake of 20% in K when
compared to the control (Table 6.2). Plants treated with endophyte P6 showed an increased

uptake of 3% in K when compared to the control (Table 6.2).

Plants treated with endophyte P1 showed increased uptake in K, Ca, Mg, P, Mn, Fe and Zn by
53%, 14%, 32% and 32%, 22%, 36%, 32% respectively when compared to the control (Table
6.3). Plants treated with endophyte P2 showed increased uptake in Ca, Mg, Mn, Fe and Zn by
44%, 9%, 119%, 92% and 43% respectively when compared to the control (Table 6.3). Plants
treated with endophyte P3 showed increased uptake in K, Ca, Mg, P, Cu, Mn, Fe and Zn by
64%, 113%, 85%, 77%, 126%, 191%, 206% and 115% respectively when compared to the
control (Table 6.3). Plants treated with endophyte P5 showed an increased uptake in Ca, Mg,
Mn, Fe, Zn by 15%, 85%, 113%, 77% and 56% when compared to the control (Table 6.3). Plants
treated with endophyte P6 showed an increased uptake in Ca, Mg, Cu, Mn, Fe, Zn by 131%,
38%, 126%, 161%, 286% and 99% when compared to the control (Table 6.3).
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Plants treated with endophyte P1 showed increased uptake in K, P, Mn, Fe and Zn by 16%,
16%, 51%, 11% and 39% respectively when compared to the control (Table 6.4). Plants treated
with endophyte P2 showed increased uptake in P, Mn, Fe and Zn by 6%, 25%, 10%, and 2%
respectively when compared to the control (Table 6.4). Plants treated with endophyte P3
showed increased uptake in K, Mg, P, Mn, Fe and Zn by 64%, 85%, 77%, 191%, 206% and 115%
respectively when compared to the control (Table 6.4). Plants treated with endophyte P5
showed increased uptake in K, Mg, P, Mn, Fe and Zn by 14%, 11%, 23%, 113%, 77% and 56%
when compared to the control (Table 6.4). Plants treated with endophyte P6 showed
increased uptake in P, Mn, Fe and Zn by 5%, 161%, 286% and 99% when compared to the
control (Table 6.4).

4.5 Levels of cell death in Brassica napus under non-stressed and vanadium
stressed conditions
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Figure 10: The effect of non-stressed (A) and vanadium stressed (B) conditions on cell death in Brassica napus
treated with endophytic bacteria (P1, P2, P3, P5, and P6). The levels of cell death in the non-stressed and
vanadium stressed plants determined after 46 days of growth using the Evans blue assay. The different letters
above each column indicate significant differences between means at P< 0.05 (Tukey-Kramer test). Values

means * S.E (N=3).

Levels of cell death in plants treated with isolates P1, P3 and P6 under non-stressed conditions
had levels of cell death that were statistically similar to the control (Figure 10 A). Plants
treated with isolate P2 under non-stressed conditions showed a 24% decrease in cell death;

however, not all of the isolates showed beneficial effects on cell death with isolate P5
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displaying a 27% increase in cell death over the control (Figure 10 A). In the vanadium stressed
growth trials all of the endophyte treatments showed an ameliorating effect on cell death in
comparison to the vanadium stressed control with P1, P2 and P5 having statistically similar
levels of reduction in cell death and isolate P3 and P6 showing a decrease of 32% and 31%
respectively in comparison to the control (Figure 10 B). The results further indicate that
although the endophyte treatments showed beneficial effects under vanadium stress when
compared to the control, there was still an overall increase seen in cell death in the vanadium
stressed treatments compared to the non-stressed treatments, with the vanadium stressed
control, P1, P2, P3, P5 and P6 showing increases of 95%, 87%, 143%, 31%, 31% and 31%

respectively.

4.6 Superoxide content in Brassica napus under non-stressed and vanadium
stressed conditions
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Figure 11: The effect of non-stressed (A) and vanadium stressed (B) conditions on levels of superoxide in Brassica
napus treated with endophytic bacteria (P1, P2, P3, P5, and P6). The levels of superoxide in non-stressed and
vanadium stressed plants determined after 46 days of growth. The different letters above each column indicate

significant differences between means at P< 0.05 (Tukey-Kramer test). Values means % S.E (N=3).

Levels of superoxide in under non-stressed conditions (Figure 11 A) in plants treated with
endophytes P1, P2, P3, P5 and P6 showed an increase of 52%, 39%, 64%, 105% and 73%
respectively when compared to the control. This trend is not seen in the vanadium stressed
treatments (Figure 11 B) as it can be seen that other than endophyte P5, which showed a 23%

decrease over the vanadium stressed control, all of the remaining endophytes had levels of
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superoxide that was statistically similar to the vanadium stressed control. When comparing
the vanadium stressed treatments to the control, it was noted that all of the treatments
showed increases in superoxide over their non-stressed counterparts with control showing a
201% increase over the non-stressed control and endophytes P1, P2, P3, P5 and P6 showing

increases of 120%, 141%, 79%, 33% and 71% respectively.

4.7 Hydrogen peroxide content in Brassica napus under non-stressed and
vanadium stressed conditions
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Figure 12: The effect of non-stressed (A) and vanadium stressed (B) conditions on hydrogen peroxide levels in
Brassica napus treated with endophytic bacteria (P1, P2, P3, P5, and P6). The levels of hydrogen peroxide in
non-stressed and vanadium stressed plants were determined after 46 days of growth. The different letters
above each column indicate significant differences between means at P< 0.05 (Tukey-Kramer test). Values

means * S.E (N=3).

Plants under non-stressed conditions that were treated with endophyte P1 showed a
beneficial decrease in H,0; of 47% when compared to the non-stressed control, whereas the
other endophyte treatments showed a level of hydrogen peroxide that was statistically similar
to the non-stressed control (Figure 12 A). In the vanadium stressed trials (Figure 12 B) all of
the endophyte treatments showed significant decreases in levels of hydrogen peroxide over
the vanadium stressed control, with P1, P2, P5 and P6 all showing statistically similar
decreases of between 30% and 46%, with P3 showing the largest decrease of 48% compared
to the vanadium stressed control. It was also determined that vanadium increased the levels
of hydrogen peroxide in all treatments, with the control, P1, P2, P3, P5 and P6 showing
increases of 161%, 129%, 52%, 33%, 154% and 44% respectively.
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4.8 Hydroxyl ion concentration in Brassica napus under non-stressed and
vanadium stressed conditions
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Figure 13: The effect of non-stressed (A) and vanadium stressed (B) conditions on the levels of Hydroxyl radical
(®OH) in Brassica napus treated with endophytic bacteria (P1, P2, P3, P5, and P6). The levels of Hydroxyl ion in

non-stressed and vanadium stressed plants were determined after 46 days of growth. The different letters above
each column indicate significant differences between means at P< 0.05 (Tukey-Kramer test). Values means + S.E

(N=3).

The levels of hydroxyl radical under non-stressed conditions (Figure 13 A) showed a significant
decrease in all plants treated with endophytes with P1, P2, P3, P5 and P6 showing decreases
of 13%, 21%, 14%, 19% and 23% in hydroxyl radical concentration compared to the control,
respectively. A similar trend was found in their vanadium stressed counterparts with
endophytes P1, P2, P3, P5 and P6 showing decreases of 10%, 25%, 25%, 10% and 13%
compared to the vanadium stressed control. Treatment with vanadium was also determined
to increase the hydroxyl ion concentration in all treatments compared to the non-stressed
treatments, with treatments showing an increase of 15%, 20%, 9%, 20%, 27% and 29% for the

control, P1, P2, P3, P5 and P6 respectively (Figure 13).
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4.9 Levels of lipid peroxidation in Brassica napus under non-stressed and
vanadium stressed conditions
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Figure 14: The effect of non-stressed (A) and vanadium stressed (B) conditions on the levels of lipid peroxidation
in Brassica napus treated with endophytic bacteria (P1, P2, P3, P5, and P6). The levels of lipid peroxidation in
non-stressed and vanadium stressed plants were determined after 46 days of growth. The different letters above
each column indicate significant differences between means at P< 0.05 (Tukey-Kramer test). Values means + S.E

(N=3).

The levels of lipid peroxidation in plants under non-stressed conditions (Figure 14 A) treated
with endophytes P1, P2, P3 and P6 showed statistically similar levels of lipid peroxidation
compared to the control; however, plants treated with endophyte P5 showed an increase of
22% compared to the non-stressed control. Exposure to vanadium stress was found to
increase lipid peroxidation in all treatments with the control having an increase of 72%
compared to the non-stressed control and plants treated with endophytes P1, P2, P3, P5 and
P6 showing increases of 20%, 43%, 48%, 9% and 17% compared to their non-stressed
counterparts respectively (Figure 14). Endophyte treated plants showed significantly reduced
levels of lipid peroxidation compared to the control, with endophytes P1, P2, P3, P5 and P6
showing decreases of 30%, 25%, 26%, 23% and 31% respectively.
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4.10 Levels of Superoxide dismutase activity in Brassica napus under non-
stressed and vanadium stressed conditions
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Figure 15: The effect of non-stressed (A) and vanadium stressed (B) conditions on the levels of Superoxide
dismutase (SOD) in Brassica napus treated with endophytic bacteria (P1, P2, P3, P5, and P6). The levels of
Superoxide dismutase in non-stressed and vanadium stressed plants were determined after 46 days of growth.
The different letters above each column indicate significant differences between means at P< 0.05 (Tukey-

Kramer test). Values means £ S.E (N=3).

The levels Superoxide dismutase activity under non-stressed conditions (Figure 15 A) showed
a significant increase in all plants treated with endophytes, with endophytes P1, P2, P3, P5
and P6 showing increases of 50%, 34%, 52%, 38% and 51% respectively. Vanadium stress was
found to have upregulated the activity of SOD in all of the treatments with the control, P2, P3
and P6 having statistically similar levels of SOD and endophytes P1 and P5 displaying an
increase in SOD activity of 33% and 31% respectively compared to the vanadium stressed
control (Figure 15 B). The level of SOD activity in the vanadium stressed treatments was found
to be significantly higher than the non-stressed controls with the control, P1, P2, P3, P5 and
P6 showing levels of SOD that were 51%, 34%, 18%, 28%, 25% and 18% higher compared to

their non-stressed counterparts (Figure 15).
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4.11 Levels of catalase activity in Brassica napus under non-stressed and
vanadium stressed conditions
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Figure 16: The effect of non-stressed (A) and vanadium stressed (B) conditions on the levels of Catalase in
Brassica napus treated with endophytic bacteria (P1, P2, P3, P5, and P6). The levels of Catalase in non-stressed
and vanadium stressed plants were determined after 46 days of growth. The different letters above each column

indicate significant differences between means at P< 0.05 (Tukey-Kramer test). Values means + S.E (N=3).

The levels of catalase activity under non-stressed conditions showed a significant increase in
all plants treated with endophytes, with endophytes P1, P2, P3, P5 and P6 showing increases
of 191%, 164%, 129%, 67%, 234% respectively (Figure 16 A). Vanadium stress was found to
have upregulated the activity of catalase in endophyte treatments P1, P2, P3 and P6 with
these treatments showing levels of activity that was 48%, 10%, 15% and 12% higher than the
activity of the vanadium stressed control (Figure 16 B). It was also found that endophyte P5
downregulated catalase activity by 27% compared to the vanadium stressed control (Figure
16 B). The level of catalase activity in the vanadium stressed treatments was found to be
significantly higher than the non-stressed treatments with the control, P1, P2, P3, P5 and P6
showing levels of catalase that were 197%, 51%, 24%, 49%, 31% and 74% higher compared to

the non-stressed treatments respectively (Figure 16).
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4.12 Levels of Ascorbate peroxidase activity in Brassica napus under non-stressed
and vanadium stressed conditions
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Figure 17: The effect of non-stressed (A) and vanadium stressed (B) conditions on the levels of Ascorbate
peroxidase activity (APX) in Brassica napus treated with endophytic bacteria (P1, P2, P3, P5, and P6). The levels
of Ascorbate peroxidase in non-stressed and vanadium stressed plants were determined after 46 days of growth.
The different letters above each column indicate significant differences between means at P< 0.05 (Tukey-

Kramer test). Values means £ S.E (N=3).

The levels of ascorbate peroxidase activity under non-stressed conditions showed a
significant increase in plants treated with endophytes, with endophytes P1, P2, and P6
showing increases of 15%, 13% and 18% respectively (Figure 17 A). Those plants under non-
stressed conditions that were treated with endophytes P3 and P5 had significantly lower
levels of ascorbate peroxidase activity with P3 and P5, showing decreases of 23% and 18%
(Figure 17 B). Vanadium stress was found to have upregulated the activity of ascorbate
peroxidase in endophyte treatments P3 and P5 with these treatments showing levels of
activity that was 58% and 38% higher than the activity of the vanadium stressed control
respectively (Figure 17 B). It was also found that endophyte P2 and P6 downregulated
ascorbate peroxidase by 22% and 20% compared to the vanadium stressed control
respectively (Figure 17 B). The level of ascorbate peroxidase in the vanadium stressed
treatments was found to be significantly higher than the non-stressed treatments with the
control, P1, P2, P3, P5 and P6 showing levels of catalase that were 47%, 46%, 2%, 203%, 148%

and 7% higher compared to the non-stressed treatments respectively (Figure 17).

Page 71 of 122



4.13 Discussion
The work reported here aimed to investigate the effects of vanadium stress on the

morphology and biomass of Brassica napus that was treated with endophytes (P1, P2, P3, P5
and P6) and a control. As this chapter is not focused on determining the growth promoting
effects of the endophytic bacteria, information on the germination and stem biomass have
not been recorded as the focus has shifted more towards the internal biochemical changes
that occurred in the leaves of Brassica napus under prolonged exposure to vanadium. In
order to more accurately determine what changes occurred to the plants, experiments were
carried out in order to determine the cell viability (cell death) and levels of lipid peroxidation.
It was also necessary to determine how the oxidative state of the plants was affected as result
of changes brought about by exposure to vanadium stress. As such experiments were carried
out to see what levels of Oy, H,0; and hydroxyl radical (¢OH). With the change in levels of
ROS within the plants it was also deemed necessary to ascertain the status of antioxidant
enzymes which play a role in the detoxification of these reactive oxygen species, including

SOD, Catalase and APX.

4.13.1 16s DNA sequencing of isolated endophytic bacteria
The 16s rDNA sequencing results indicated that all of isolated endophytes belonged to the

species Rhodococcus ginshengii and upon subsequent amplified ribosomal DNA restriction
digest analysis (ARDRA) of the amplified PCR products it was determined that the endophytes
are all unique strains of Rhodococcus ginshengii (Figure 7). Rhodococcus are gram positive,
aerobic, non-motile, mesophiles, that are found ubiquitously throughout the environment
(Warhurst & Fewson, 1993).They possess a wide range of metabolic activities and can
produce a multitude of secondary metabolic products, which makes them economically
important as sources for the development of new and improved version of important
prodcuts (van der Geize & Dijkhuizen, 2004; Xu et al., 2007). They have also been extracted
from plant tissues before and have been shown to possess plant growth promoting abilities

(Hong et al., 2016).

4.13.2 Comparative growth of plants
The addition of endophytes (P1, P2, P3, P5 and P6) to Brassica napus under both non-stressed

and vanadium stressed conditions (Figure 8.1, 8.2 and 8.3) was found to have an overall
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beneficial effect on the size and morphology of Brassica napus leaves, with leaves appearing
greener and larger than the control. Vanadium stressed plants were also shown to have a
marked decrease in leaf growth compared to their non-stressed counterparts, with signs of
leaf rolling and yellowing in leaves; however, it was noted that those plants treated with
endophytic bacteria (P1, P2, P3, P5, and P6) had visibly larger and healthier looking leaves
than in the vanadium stressed control. These results indicate that endophyte P1, P2, P3, P5

and P6 are able to curtail the negative morphological effects caused by vanadium stress.

A similar result to that seen in the vanadium stressed control was found by Saco et al. (2013)
who noted that exposure to vanadium in Phaseoulus vulgaris at concentrations at or above
240uM caused noticeably shorter and more rounded leaves, that displayed a markedly
reduced surface area. The change in leaf morphology was attributed to vanadium causing a
decrease in the number of chloroplasts present in the cells, thereby leading to a possible
decrease in the photosynthetic activity in the leaves (Saco et al., 2013). This development was
also noted in the leaf morphology of Brassica juncea L. grown in soil amended with vanadium.
In the study it was seen that leaves displayed yellowing and withering symptoms, with the
intensity of the symptoms showing a positive correlation to the concentration of vanadium,
with the most severe symptoms noted from plants grown in the soil treated with the highest
concentration of vanadium (Tian et al., 2015). This indicates that the adverse effects that
vanadium has on plant morphology, significantly reduces plant growth and therefore the
comparatively healthier and bigger leaves noted in the endophyte treated plants under
vanadium stress are likely to be due to mechanisms employed by the endophytes themselves.
This was supported by a study on maize under chromium stress conducted by Islam et al.
(2016) who noted that exposure to chromium severely stunted the growth of maize leaves by
54% when compared to the stress-free control; however, the addition of the endophyte
Proteus mirabilis strain T2Cr to maize under chromium stress, was able to reduce the extent
of the damage to 32% when compared to the control. A possible reason for the improvement
in morphology in endophyte treated plants could be due to endophytes upregulating the host
plants genes for antioxidant synthesis, resulting in an increase in antioxidant activity allowing
for the enhanced scavenging of harmful stress induced ROS (Lata et al., 2018; Hamilton et al.,

2012).
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The results seen in the non-stressed endophyte treated leaves coincided with morphological
results seen in a study by Jl et al. (2014) using rice cultivars. In the study it was found that rice
plants treated with the endophyte Bacillus subtilis strain CB-R05 possessed significantly larger
and healthier looking leaves, which was thought to be due to the endophytes ability to
produce IAA, solubilize phosphate and produce siderophores. This coincides with what was
seen in this study, as it should be noted that all of the endophytes possess the ability to
produce IAA, are capable of siderophore production and were found to upregulate the uptake
of nutrients in their host plant. The combination of these three factors are all thought to be
contributing factors to the increase in plant size noted among plants treated with these

endophytes.

4.13.3 Biomass of leaves for non-stressed and vanadium stressed plants
Vanadium stress (Figure 9 B) was found to cause a decrease in biomass compared to the

corresponding non-stressed plants (Figure 9 A), furthermore it was found that treatment with
endophytic bacteria increased leaf biomass in both treatment types compared to the control

plants.

The result seen in this study, was supported by similar results seen in a study by
Vachirapatama et al. (2011) that noted that leaves of Chinese green mustard treated with
80mg/L of NH4VOs exhibited significantly reduced biomass in comparison to non-treated
controls, indicating that exposure to vanadium stress significantly impacts the growth
potential in most plants. These findings were supported by the results seen by Kaplan et al.
(1990) who noted a decrease of up to 40% in the biomass of leaves in Soybean when treated

with 6mg/L VOSOa..

This significant decrease in biomass could be as a result of a decrease in the plants ability to
absorb nutrients through the plasma membrane leading to a decrease in overall plant growth.
The mechanism behind this is thought to be due to the increase in the intracellular
concentration of vanadium leading to a decrease in the activity of hydrogen-translocation
ATPase found at the plasma membrane. This inhibitory effect of vanadium is therefore able
to impede the ability of the plasma membrane to efficiently transfer nutrients into the cell

resulting in a deficiency in crucial nutrients required for plant growth (Wuilloud et al., 2000).
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The beneficial increase exhibited in the biomass of endophyte (P1, P2, P3, P5, P6) treated
plants under vanadium stress indicates that these endophytes posess mechanisms with which
to ameliorate the deleterious effects that vanadium stress can impose on plant growth. This
result could be due to a number of different mechansims that endophytes P1-P6 were
previously found to possess such as in the case of the ability to synthesise ACC deaminase
(Table 5). It has been noted before that increased levels of ethylene produced when a plant
is under stress can have an inhibitory effect on plant growth and development (Nadeem et
al.,, 2006). As such, since vanadium puts significant stress on plants exposed to it, then it
should also contribute towards an increase in ethylene stress levels that could impact the
overall growth of the affected plants roots, which in turn would result in a decrease in the
growth and total biomass of the plant. Therefore, if an endophyte such as those used in this
study is able to cleave ACC, the precursor for ethylene production, prior to the plant being
able to utilize it to produce more ethylene, then it should decrease the overall amount of
stress ethylene produced when the host plants are under stress (Glick, 2015; Nadeem et al.,
2006; Zhang et al., 2011). This would thereby result in an increase in the resistance of the
enodphyte treated plants to the imposing stress they are exposed to. This hypothesis was
supported by the results seen by Zhang et al. (2011) who found that inoculation of Brassica
napus with two different ACC deaminase producing bacteria, resulted in a significant increase

in the biomass of the host plants when compared to the control (Zhang et al., 2011).

A similar result was seen in a study by Sheng et al. (2008) in which Brassica napus exposed to
800 mg.kg? of lead (Pb) showed a marked decrease in biomass when compared to the non-
stressed control, however, when the plants were treated with two different endophyte
strains in separate treatments, the decrease in biomass was significantly smaller than in the
control under lead without endophyte treatment. The beneficial effects seen in this study was
deemed to be due to one of two mechanisms that the endophytic bacteria could utilize,

namely ACC deaminase synthesis and through siderophore production.

This could also be due the endophytic bacteria utilizing their own ROS scavenging systems to
augment the antioxidative systems of their host plant in conjunction with upregulating the

synthesis of antioxidants in the host plant (Zaets et al.,, 2010; Pavlo et al., 2011). This
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mechanism is important to alleviating the loss of biomass caused in plants under heavy metal
exposure, as it has been seen in multiple studies that plants under heavy metal stress usually
have high ROS concentrations which can lead to the development of aberrant morphological
states such as decreased biomass, leaf chlorosis, lipid peroxidation and eventually cell death

if left untreated (Zaets & Kozyrovska, 2012; Zhang et al., 2007)

4.13.4 Nutrient profile of Brassica napus under non-stressed and vanadium
stressed conditions
Plants require specific nutrients in certain ratios in order to grow and develop properly. These

nutrients consist of the macronutrients and micronutrients, with the former being required
in large quantities and the latter being required in trace amounts for proper plant
development (Maathuis, 2009; Hansch & Mendel, 2009). In light of the changes in
morphology and biomass noted in the control and endophyte treated plants under vanadium
stressed conditions, it was determined to be necessary to establish what effect vanadium
stress had on the nutrient profile in non-stressed plants in comparison to the vanadium

stressed plants.

In the leaves of plants under non-stressed conditions, it was found that all of the endophytes
were able to upregulate one or more of the nutrients in comparison with the control. Among
endophyte treatments P2 had the largest effect on nutrient uptake, with these plants showing
significantly improved levels of K, Ca, Mg, P and Cu (Table 6.1). Endophytes P1 and P3, were
also able to promote the uptake of multiple nutrients with P1 improving uptake in K, Ca, Mg
and Zn and P3 causing an increase in the concentration of K and Fe. Endophytes P5 and P6
were shown to be only able to improve the uptake of K; however, they also decreased the
concentrations for certain nutrients, indicating a certain antagonistic effect to the uptake of
these nutrients. It should be noted though that the downregulation of nutrients seen in these
plants should not have negatively affected the plant as leaves for plants treated with
endophytes P5 and P6 were significantly bigger, healthier and had a higher biomass in
comparison to the control (Figure 8.3). The increases in nutrients noted for the above
treatments should have contributed to the increase in leaf size (Figure 8) and biomass (Figure

9 A) seen in the endophyte treated plants.
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Vanadium stress was found to improve the nutrient uptake in the leaves of almost all
treatments, with the control, P1, P3, P5 and P6 showing significant overall increases in all of
the macronutrients and micronutrients (Table 6.2) that was tested for in this study.
Endophytes P2 and P3 both displayed decreases in nutrients under vanadium stress, with P3
having decreased concentrations of Fe and plants treated with endophyte P2 having
experienced decreases in the concentration of Ca, Mg, P, Cu and Fe when compared to plants
treated with endophyte P2 under non-stressed conditions (Table 6.1). It should also be noted
that there was an extremely low level of translocation of vanadium from the roots to the
leaves (Table 6.5) with the control, P1, P2, P3, P5 and P6 showing translocation of 4%, 9%,
10%, 7%, 5% and 5% respectively. This indicates that it is highly likely that Brassica napus
sequesters most of the vanadium that enters the plant inside the roots, in order to prevent
the accumulation of vanadium in the upper plant tissues. This low level of translocation
coincides with what has been previously seen in soybean grown in soil treated with 500mg
kg V. In the study it was found that the percentage of translocation from roots to the leaves
of soybeans grown under these conditions was 1.8%, with the concentration of vanadium
being highest in the roots, slightly lower in the stems and significantly lower in the leaves
(Yangetal., 2017). The reason for this was thought to be as a primary mechanism of vanadium
tolerance in soybean, as the roots would continue to accumulate vanadium over time, while
the concentration of vanadium in the leaves and shoots would remain at much lower levels
(Yang et al., 2017). This is thought to be the case in this study as well, as the concentration of
vanadium in the leaves of the stressed plants, though significantly higher than in the non-
stressed leaves, was only six fold higher (Figure 5.2); however, this was not the case in the
roots, where at its lowest, V concentration was 23.2-fold higher than in the non-stressed
roots, but at its highest was 76-fold higher in the vanadium stressed control roots as opposed

to the non-stressed root (Table 6.4).

The roots of the non-stressed endophyte treated plants exhibited the most significant impact
that endophytes had on the nutrient profile of their host plants seen in this study, as it was
seen that all of these treatments displayed significantly higher levels in almost all of the
macronutrients and micronutrients when compared to the non-stressed root control (Table

6.3). This can be seen as one of the possible reasons why plants treated with endophytes P1,
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P2, P3, P5 and P6 were larger and healthier, with longer and thicker roots compared to the
endophyte free control, as was seen in the previous growth trial (Figure 3). In addition to this
it can be assumed that the increase in overall nutrient uptake seen in the leaves in the second
growth trial, is in part due to the increased concentration of nutrients seen in the endophyte

roots as it allowed for an enhanced pool of nutrients for the leaves to draw from (Table 6.1).

Vanadium stress was found to significantly disrupt the nutrient uptake efficiency in all
treatments in the roots, with vanadium being the only nutrient that showed a consistent
increase in all treatments (Table 6.4). When comparing the endophyte treatments to the
control, it was found that except for a slight decrease in the concentration of Mn, the control
was the only treatment among the vanadium stressed root treatments, that had increased
uptake for all of the remaining macronutrients and micronutrients. This appears to be a
positive development; however, when taking into account that the same trend was found in
the vanadium stressed leaves and the abnormal morphology and low biomass that was noted
in the leaves, it can be inferred that the roots were likely to have experienced aberrant

morphological and ultrastructural changes as well (Table 6.4).

The improvements found in the nutrient profile in the roots and the leaves of the non-
stressed endophyte inoculated treatments were attributed to the effects of different plant
growth promoting mechanisms utilized by the endophytes, including facilitating the improved
uptake of nutrients from the environment through the release of compounds such as
siderophores, the regulation of phytohormones such as IAA and ethylene and the general
improvement of the size and health of the roots (Figure 3) of the plant allowing for increased
absorption of nutrients from the environment (del Carmen Orozco-Mosqueda et al., 2016). A
similar result to this was seen in lentil plants inoculated with Providencia vermicola, which
resulted in the upregulation of K, P, Ca, Fe, Cu and Zn, when compared to the non-inoculated
control, which was in part due to P. vermicola producing siderophores, solubilizing phosphate
and due to the beneficial effects of bacterial IAA production (Islam et al., 2016). This shows
that the results seen in the non-stressed endophyte treatments are attributable to the effect

of endophytes on the host plant and although the mechanisms used in this study is slightly
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different, they are still able to promote enhanced nutrient acquisition in plants under normal

conditions.

It has also been shown previously that endophytes can help improve nutrient uptake in plants
under heavy metal stress, by increasing the uptake of certain nutrients which are able to
antagonize the uptake of the heavy metal by controlling the membrane bound transport
channels, by limiting the effects of stress ethylene in the host plant and by promoting
increased antioxidant activity in host (Rajkumar et al., 2009; Islam et al., 2016). This was
supported by the results seen in a study conducted on chromium stress in maize plants in
which it was found that inoculation with Proteus mirabilis strain T2Cr resulted in the increase
in the concentration of K and Fe in comparison to the non-inoculated control. The increase in
iron in this case was attributed to the utilization of bacterial siderophores; however, the

mechanism behind the increase in phosphorous was not determined (Islam et al., 2016).

The upregulation and downregulation that has been found for many of the macronutrients
and micronutrients among the different treatments in this study, highlights the need to
elucidate the functions of the different nutrients and how they might respond under

vanadium stress.

Potassium plays important roles in processes required for proper metabolism in the cell, with
it being involved in transport across membranes and in initiating the activity of many different
enzymes (Amtmann & Armengaud, 2009). The improvement of K in vanadium stressed plants
could be as a result of K being recruited in large amounts due to its ability to minimize
oxidative damage in plant cells by reducing the concentration of ROS produced during
photosynthesis and by inhibiting the ROS generating NADPH oxidase (Shen et al., 2000). This
coincides with the uptake of K being upregulated in the leaves of all vanadium treated
samples (Figure 6.2) and in the roots of the control as well as plants treated with endophytes

P2, P3, P5 and P6 (Figure 6.4).

Calcium is required for the formation and integrity of the cell membrane and is responsible
for coordinating the crosslinking of membrane bound phospholipids (Maathuis, 2009). This is

why the decrease in Ca content within the plant due to heavy metal stress can lead to
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decrease in the structural integrity of the cell membrane (Maathuis, 2009). Calcium is also
involved in many cellular signaling processes which depends on a sufficient concentration of
Ca to work (Maathuis, 2009; Sanders et al., 1999). The decrease in calcium content was noted
to have occurred in the roots of plants treated with endophytes P2 and P6 (Table 6.4) and the

leaves of plants treated with endophyte P2 (Table 6.2).

Magnesium could help alleviate the effects of oxidative stress through the upregulation of
antioxidant activity (Nazar et al., 2012). It is also used in the synthesis of chlorophyll a and
therefore the downregulation or upregulation seen in Mg concentrations, might be due to a
decrease in chlorophyll production under vanadium stressed conditions or conversely due to
an increase in chlorophyll production under non-stressed conditions (Chen et al., 2010).
Magnesium is also highly essential for the function of a number of important enzymes
including ATPase, phosphatases, RNA polymerase, glutathione synthase and protein kinases
(Shaul, 2002). This essentiality means that if there is a significant increase or decrease in the
cellular concentration of magnesium, then it can disrupt the function of multiple key enzymes

required for growth and development in the plant.

Phosphorous is highly important for the function and structure of membrane bound lipids,
nucleic acids and serves as a key role in cellular energy transfer due to its pivotal role in ATP
molecules (Amtmann & Armengaud, 2009). This means that if there is a deficiency in the
required level of cellular phosphorous then it could disrupt the integrity of essential cellular
membranes throughout the plant, such as the plasma membrane, which when coupled with
the possible reduction in the activity of the plasma membrane bound, hydrogen-translocation
ATPase, could have resulted in the disruption of nutrient uptake across the plasma

membrane.

Copper is known to be important for cell wall synthesis, contributing to protection from
oxidative stress and it is essential for proper photosynthesis activity (Hansch & Mendel, 2009).
The increases noted in the levels of Cu and Zn noted amongst some of the vanadium stressed
roots and leaves, could be due to their use in the synthesis of Cu/Zn SODs in order to
counteract the increase in ROS induced by vanadium exposure (Imtiaz et al., 2015b; Yu and

Rengel, 1999). (Wuilloud et al., 2000).
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Zinc is required as a key requirement in the production of a large number of proteins,
metalloenzymes and transcription factors (Sadeghzadeh, 2013). It also plays a role in
maintaining the integrity of cellular membranes, to regulate gene expression required for
elevated tolerance to abiotic and biotic stressors and is needed during protein synthesis
(Marschner, 2011). The result of its deficiency would therefore lead to the disruption of
cellular membrane integrity, as well as the proper function of genes required for the induction
of tolerance to different stressors. This points to the possibility that the increased uptake of
zinc noted in the leaves of plants treated with endophytes P2, P3 and P5 (Table 6.2) and the
roots of plants treated with endophytes P1, P2, P3, P5 and P6 (Table 6.4), could have been as
a result of the plant attempting to initiate increased transcription of the genes required for

abiotic stress tolerance, in order to ameliorate the negative effects of vanadium exposure.

Manganese has two important cellular functions with the first being a catalytically active
metal, such as in the case of Mn-SODs and the second is that it serves to activate certain
enzymes within the cell (Hansch & Mendel, 2009) Manganese therefore can be seen as a
means to promote tolerance towards vanadium stress, via the production of Mn-SOD in order
to scavenge vanadium stress induced O  and it could possibly activate the cellular antioxidant

enzymes in order to further reduce the oxidative burden in the plant.

An increase in the level of Iron might be able to help reduce the effect that vanadium stress
has on the plant by increasing plant growth and helping to maintain the structural integrity
and number of chloroplasts in the cell under vanadium stress (Nada et al., 2007). If the level
of iron is deficient, however then this can lead to damage to the chloroplasts thereby resulting
in a strong chlorotic state in the leaves (Hell & Stephan, 2013). Iron also plays the role as an
important co-factor in certain redox reactions, as a key component in iron-based plant specific
proteins and is involved in the function of electron transport chains for photosynthesis (Hell

& Stephan, 2013).

4.13.5 Levels of cell death in Brassica napus under non-stressed and vanadium
stressed conditions
Plants exposed to abiotic stress, can experience increased levels of ROS, that can lead to DNA

damage, lipid peroxidation, membrane instability and eventually cell death (Chaoui et al.,
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1997). Cell death is intimately connected with increased concentrations of ROS when the
plant is under stressful conditions and therefore with the possibility of increased ROS
concentrations due to vanadium exposure, it was necessary to measure the levels of Cell
death in Brassica napus both in non-inoculated and endophyte treatments

(Karuppanapandian et al., 2011).

The levels of cell death in the plants treated with endophytes P1, P2, P3 and P6 were shown
to have no statistical difference when compared to the non-stressed control indicating that
treatment with these endophytes did not negatively affect the cell death of their host plants
(Figure 10 A). It was also noted; however, that plants under non-stressed conditions treated
with endophyte P5 had levels of cell death that were significantly higher than the control,

indicating that it had a negative effect on cell viability in their host plants (Figure 10 A).

This increase in cell death could have come about as a result of the 105% increase in
superoxide content over the control (Figure 10 A), as this was the most significant change in
reactive oxygen species observed in the plants treated with endophyte P5. It should also be
noted that plants treated with endophyte P5 displayed significantly higher levels of lipid
peroxidation (Figure 14 A) than the control, which can be considered as one of the factors

that contributed to the noted increase in cell death.

Among those plants treated with vanadium it was found that all of the endophyte treatments
displayed levels of cell death that was significantly lower than the vanadium stressed control,
with endophytes P3, P5 and P6 showing extensive decreases in cell death (Figure 10 B);
however, even though the endophytes were able to increase the level of cell viability under
vanadium stress, there was still a significant increase in cell death among all of the treatments
in comparison to their non-stressed counterparts (Figure 10). The increased levels of cell
death under heavy metal stress seen here, was similar in nature to the results found in
chickpea seedlings treated with varying concentrations of vanadium. In the study it was found
that chickpea seedlings treated with vanadium ranging from 50mg kg* to 200mg kg*
experienced increasing levels of cell death in a directly proportional manner to the
concentration of vanadium (Imtiaz et al., 2018). This observation helped to show that

vanadium stress can induce an increase in plant cell death, which was attributed to the
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increased ROS accumulation noted in the seedlings due to exposure to vanadium (Imtiaz et
al, 2018). This could help to explain why endophyte treated plants under vanadium stress had
lower levels of cell death compared to the control, as all of the endophyte treated plants had
significantly lower concentrations of H,0; (figure 11 B) and ¢OH (Figure 13 B) in comparison
to the vanadium stressed control. These endophyte treatments also have also been found to
have antioxidant activities that are much higher than the control and this could have
contributed to the lowered cell death concentration, as it is known that the intervention of
sufficiently high levels of antioxidant activity can help halt cell death (Apel and Hirt, 2004;
Mittler et al., 2004; Manoharan et al., 2005; Karuppanapandian et al., 2011).

4.13.6 Superoxide content in Brassica napus under non-stressed and vanadium
stressed conditions
The significant increases in superoxide levels noted among the endophyte treated plants

under non-stressed conditions though unexpected, was determined to be non-detrimental to
the host plants in the case of plants treated with endophytes P1, P2, P3 and P6 as their levels
of lipid peroxidation (Figure 14 A) and cell death (Figure 10A) showed no significant increases
compared to the control in each respective case. In the above cases it was thought to be that
the increase in levels of superoxide, could be due to a recently discovered phenomenon in
which certain heterotrophic bacteria were found to produce exogenous superoxide at levels
that are far above those found intracellularly (Diaz et al., 2013). This would help to explain
the increase in superoxide levels seen among non-stressed endophyte treated plants, as the
exogenous superoxide that would usually be released into the environment would instead be
released into the internal environment of the plant. This would also be help to explain the
increase in SOD noted for all of the endophyte treatments under non-stressed conditions
(Figure 15 A), as it would need to be upregulated in order to offset the adverse effects that

the increased O, would bring about.

This however did not appear to be the same for plants treated with endophyte P5 as it was
noted that the levels of superoxide in the host plant of endophyte P5 had the highest
superoxide levels among all of the treatments, furthermore it also had significantly increased
levels of lipid peroxidation (Figure 14 A) and cell death (Figure 10 A). This could be explained

by an observation made by White and Torres (2010) involving endophytic fungi present in tall
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fescue plants. In the study it was found that endophytic fungi present in the apoplastic spaces
between plant cells would release Oy onto the plasma membrane of the nearby cells to
oxidize these membranes thereby causing leakage of intracellular nutrients into the
apoplastic space (White & Torres, 2010). This mechanism, though likely to not be utilized by
isolate P5 for nutrient acquisition, could still be inadvertently employed through the increase
noted in Oy7; however, the increase might have exceeded the threshold beyond which SOD,
was no longer able to scavenge sufficient Oy, which resulted in the oxidation of the resulting
membranes and the resulting increase in lipid peroxidation that was noted. The increase in
lipid peroxidation could also have been the result of the action of the ROS hydroperoxyl
(HOze), that is produced due to the protonation of O, under aqueous conditions (Gill &
Tuteja, 2010). The hydroperoxyl radical is highly reactive and can accept electrons from poly-
unsaturated fatty acids thereby leading to the initiation of lipid peroxidation
(Karuppanapandian et al., 2011). When taking into account the increase in O, content along
with possible conversion of a portion of this O in (HO2¢) it stands to reason that the increased

lipid peroxidation could be due in some part to the effects of the hydroperoxyl radical.

It should also be noted that vanadium exposure was found to exacerbate the levels of
superoxide in leaf tissue in Brassica napus in all of the treatment types with the control having
statistically similar Oz levels to those found in endophyte treatments P1, P2, P3, P6 (Figure
11 A), whereas the treatment carried out with endophyte P5 showed significantly reduced
levels of O, compared to the vanadium stressed control. This shows that under vanadium
stress endophyte P5 was able to successfully regulate the production or scavenging of Oy, to
the extent that it was able to decrease the adverse effect that increased O2 concentrations
would incur in the host plant. The increase in the concentration of O, found in the stressed
control was similar to the results found in a study conducted on Brassica napus under
vanadium stress, which exhibited a 71% increase in Oz levels when compared to the control
(Gokul et al., 2018). This indicates that the increase in O, seen in this study can be attributed

to the plant’s exposure to vanadium stress.
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4.13.7 Hydrogen peroxide content in Brassica napus under non-stressed and
vanadium stressed conditions
Exposure to vanadium caused a significant rise in the levels of hydrogen peroxide in leaf tissue

compared to the non-stressed treatments (Figure 12), with the vanadium stressed control
exhibiting the highest concentration of H,0, among all of the stressed treatments. This result
was supported by the findings of Imtiaz et al. (2018) who found that chickpea treated with
increasing concentrations of vanadium, led to a directly proportional rise in H;0;
concentrations with a maximum level of H,0, found at the highest treatment of 200mg. kg !
V (Imtiaz et al., 2018). This shows that the increase in H,03 seen in this study can be attributed
to the plants exposure to vanadium, indicating that any reduction in H,O; seen in the
vanadium stressed endophyte treatments, should be as a result of the endophytic bacteria
playing a role in reducing the stress imposed by vanadium on Brassica napus. This was further
supported by the results found in a study conducted on copper stress in the leaves of lentil
plants, which found that lentils grown in soil amended with copper were shown to have
increased levels of H,O; in their leaves compared to the control; however, plants grown in
soil amended with the same concentration of copper, exhibited significantly reduced levels
of H,0, when treated with the endophytic bacteria Providencia vermicola (Islam et al., 2016).
This was attributed to the endophyte causing an increase in the levels of the antioxidant
enzymes APX and Catalase, leading to the scavenging of excess stress induced H,0, so that
the deleterious effects of the increased ROS production could be mitigated (Islam et al., 2016).
This coincides with what was seen in this study as it was found that endophytes P1, P3 and
P5 upregulated APX activity (Figure 17 B) whereas endophytes P1, P2, P3 and P6 upregulated
Catalase activity (Figure 16 B), indicating their involvement in the decrease in H;0; seen in

these treatments in comparison to the vanadium stressed control.

In the non-stressed treatments endophytes P2, P3, P5 and P6 displayed levels of H,0; that
was determined to be statistically similar to the non-stressed control. Endophytes P1 on the
other hand displayed a significant downregulation in levels of H,0,. The similarity in H,O;
levels in the control to those seen in plants treated with endophyte P2, P3, P5 and P6 could
be due to the upregulation seen in catalase activity for these treatments, as it can be inferred

that the significantly higher levels of Oy seen in the non-stressed endophyte treatments
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(Figure 11 A) would result in the increased synthesis of SOD, as was seen by the upregulation
in SOD activity in the endophyte treated plants in comparison to the control (Figure 15 A).
The consequence of the increase in SOD activity would naturally be the production of more
H,0,, leading to an imbalance in the production-scavenging relationship maintained between
Oz, H202and SOD. The plant would therefore need to increase the synthesis of Catalase (P1,
P2, P3, P5, P5) (Figure 16 A) and APX (P1, P2, P6) (Figure 17 A) in order to scavenge the newly
formed H,0, and restore the delicate balance between ROS and antioxidants, as can be
inferred by the statistically similar levels of H,0, seen in endophyte treatments P2, P3, P5 and
P6. In addition to this the decrease in H,0, seen in endophyte treatment P1, could be
explained due to its relatively high activity of both Catalase and APX, along with the possibility
that the larger percentage of H,O, produced in the other treatments might have been
localized in the peroxisomes, whereas a larger percentage of the H,0; produced in the plants
under the treatment of endophyte P1 may have been localized to the chloroplast and cytosol.
This is of importance as catalase has a relatively low affinity for H,O, due to it requiring two
H.0; molecules to operate, whereas APX has a much higher affinity for H,O,, as it can catalyse
H,0, when only one molecule is present (Asada, 2006). In addition to this, catalase is
predominantly found in the peroxisomes and APX is found in the chloroplasts and cytosol,

making it the most ubiquitous H.0; scavenging antioxidant.

4.13.8 Hydroxyl radical concentration in Brassica napus under non-stressed and
vanadium stressed conditions
The Hydroxyl radical is the most reactive of the reactive oxygen species with it being able to

disrupt cellular macromolecules, induce lipid peroxidation, damage DNA and initiate the
onset of cell death in plant tissues, making it highly toxic to plants especially when under
biotic and abiotic stress (Hippeli & Elstner, 1997). In light of this determining its concentration
in leaf tissue was determined to be highly important for this study, in order to determine what
effect vanadium stress had on its production in Brassica napus treated with endophytes and

without (control).

Vanadium stress was found to induce a definite increase in the concentration of ¢OH in all of
the vanadium stressed treatments; however, it was noted that the endophyte treated plants

displayed statistically lower levels of «OH compared to the vanadium stressed control (Figure
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13 B). This trend was also seen in the non-stressed treatments, with endophytes displaying
decreased levels of #OH compared to the non-stressed control (Figure 13 A). The increase in
OH noted among all of the plants under vanadium stress is thought to be attributed to the
increased conversion of H,0, into *OH via the metal dependent Haber-Weiss/Fenton
reaction. (Maksymiec, 2007). The reason for this hypothesis relies on the fact that the Haber-
Weiss cycle is dependent on the reaction of reduced heavy metal ions with H,0, in order to
take place, resulting in the production of Fe3* along with OH" (Mittler et al., 2004). This in turn
means that if there is an increase in the available pool of intracellular reduced metal ions such
as Fe?*, along with an increase in the concentration of intracellular H,0;, then this could lead
to an upregulation in the production of eOH (Sharma et al., 2012). When this observation is
taken into account along with the fact that superoxide is able to reduce Fe3* into Fe?*, it can
therefore be established that a possible reason for the increase noted in the levels of ¢«OH
seen in this study was due to the upregulation in the production of O, (Figure 11 B) and H.0;

(Figure 12 B) seen under vanadium stress.

The downregulation in the levels of hydroxyl radical seen in vanadium stressed plants treated
with endophytes was attributed to combination of the upregulation of the hydrogen peroxide
scavenging enzymes catalase (Figure 16 B) or ascorbate peroxidase (Figure 17 B). This
assumption is made based on the consideration that the hydroxyl radical has been found to
have no known enzymatic scavengers, meaning that endophytes are not able to directly
reduce the levels of the hydroxyl radical in their respective host plants through any currently

known mechanisms (Gill & Tuteja, 2010).

All of the non-stressed endophyte treatments displayed marked decreases in ¢OH compared
to the control; however, the reason behind this could not be determined as all of the
endophyte treatments displayed increased levels of Oy (Figure 11 A) and statistically similar
levels of H,0; (Figure 12 A) respectively when compared to the control, without having a
similar level of «OH to the control. A possible reason behind why this occurred could be due
to the release of siderophores by the endophytes in order to increase their uptake of iron.
Siderophores are low molecular weight iron chelating compounds and is produced by bacteria

when there is insufficient iron in the local environment to meet the needs of the endophyte
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(Rajkumar et al., 2010). When this occurs then the siderophore is able to bind Fe3* ions
present from the greater surrounding environment for the eventual absorption and uptake
by the endophyte (Rajkumar et al., 2010). In addition to this it is well known that in order for
*OH to be produced from the Haber-Weiss cycle, Fe3* needs to donate an electron to H,0;;
however, if the siderophores in the environment can bind free Fe3* ions inside the plant, then
the endophyte should be able to directly lower the pool of Fe3* inside the plant resulting in
the decreased conversion of H,0, to *OH (Gill & Tuteja, 2010; Karuppanapandian et al., 2011;
Rajkumar et al., 2009). This particular mode of utilization of siderophores could possibly be
used by endophytic bacteria under certain conditions, as it has been seen before that
endophytes usually have to cope with low levels of available iron ions in the plant tissues

within which they reside (Idris et al., 2004; Sessitsch et al., 2004).

4.13.9 Levels of lipid peroxidation in Brassica napus under non-stressed and
vanadium stressed conditions
Levels of malondialdehyde (MDA), a secondary breakdown product produced as a result of

lipid peroxidation and has been shown to be a reliable indicator of the extent of lipid
peroxidation due to its stable nature and accuracy with which it can be quantified (Davey et
al., 2005). It was therefore decided to carry out a TBARS assay in order to determine the levels
of MDA in Brassica napus leaf tissue under vanadium stressed and non-stressed conditions to

ascertain the effects each treatment had on lipid peroxidation in the plant tissue.

Vanadium stress was found to increase the levels of lipid peroxidation among all of the
treatments; however, it should be noted that the endophyte treated plants showed
consistently lower levels of MDA compared to the vanadium stressed control (Figure 14 B).
The increase in MDA noted in this study was mirrored by results seen in a study on wheat
leaves under zinc and chromium stress, in which exposure to 0.1mM of each heavy metal
caused an increase of 33% and 32% in lipid peroxidation for each treatment respectively
(Panda et al, 2003). In the above study the increase in lipid peroxidation was attributed to an
increase in ROS, in particular as a result of a significant increase in H20;, which is similar to
what was found in this study where the vanadium stressed control had levels of H,0,that was
161% higher (Figure 12) than the non-stressed control, as well as a 201% increase in Oy

(Figure 11) over the non-stressed control. The decrease in lipid peroxidation noted in
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endophyte treated vanadium stressed plants compared to the vanadium stressed control,
could therefore be due to the comparatively lower levels of H,0, (Figure 12 B) and ¢OH

(Figure 13 B) seen in these plants compared to the control.

Levels of lipid peroxidation in the non-stressed trial were found to be statistically similar to
the control for treatments P1, P2, P3 and P6; however, those plants treated with endophyte
P5 showed increased levels of lipid peroxidation. The statistically similar result seen in lipid
peroxidation shows that these endophyte treatments did not negatively affect their host
plants, indicating that the levels of ROS within these treatments were well within the range
that could be considered “normal” levels for Brassica napus and should be in the range of
normal signaling processes (Slesak et al., 2007). This hypothesis was supported by the
statistically similar levels of cell death seen in these treatments when compared to the control
(Figure 10 A). This, however was not the case in plants treated with endophyte P5 which
displayed significantly higher levels of lipid peroxidation compared to all of the other non-
stressed treatments. This was thought to be as a result of the significant increase noted in the
levels of superoxide (Figure 11) in these plants, as it has been shown previously that Oz can
contribute towards the onset of lipid peroxidation in plant tissues, through cellular membrane
disruption and through its conversion into the highly toxic hydroperoxyl radical (White &
Torres, 2010; Sharma et al., 2012).

4.13.10 Levels of Superoxide dismutase activity in Brassica napus under non-
stressed and vanadium stressed conditions
Superoxide dismutase is an enzymatic antioxidant employed by plants to lower the levels of

intracellular superoxide in order to prevent the plant from accumulating an excess of Oy
which can cause the plant to enter into a state oxidative stress (Scandalios, 1993). Vanadium
stress induced a significant increase in Superoxide dismutase activity in all stressed
treatments in comparison with non-stressed treatments, with the control, P2, P3 and P6
having statistically similar levels of SOD activity and vanadium stressed plants inoculated with
P1 and P5 displaying significantly higher levels of SOD activity than the rest of the treatments
(Figure 15 B). The upregulation in SOD seen in all of the stressed treatments was thought to
be brought about by the significant increase in levels of Oz that was induced as a result of

exposure to vanadium (Figure 11 B). This upregulation in O, would help to initiate the
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increased synthesis of new SOD protein thereby leading to enhanced levels of SOD activity,
which could allow the plant to more efficiently scavenge a larger percentage of the Oy
produced due to vanadium stress (Verma & Dubey, 2003; Fatima & Ahmad, 2005). This
observation is supported by the results seen in a study assessing the effects of vanadium in 3
different chickpea cultivars, where it was noted that chickpea plants that were exposed to
vanadium stress, displayed a significant upregulation in SOD activity irrespective of the
cultivar (Imtiaz et al., 2015a). The increase in SOD noted in plants treated with endophyte P5
led to a noticeable reduction in Oy in the host plant; however, this did not occur in plants
treated with endophyte P1 (Figure 11 B). The reason for this is thought to be that plants
treated with endophyte P1 experienced enhanced levels of O, production throughout the 46-
day growth period leading to an increase in SOD activity; however, this upregulation in SOD
activity might not have been sustainable resulting in a gradual decrease in the level of SOD
activity over time, eventually leading to a decline in the amount of O, scavenged. This was
supported by the results seen by Panda et al. (2003) who found that wheat plants exposed to
varying levels of Zinc and chromium stress experienced a gradual decrease in SOD activity
over time, with the level of SOD activity starting at a high level, decreasing gradually and then
stabilizing at a lower concentration than the initial starting concentration (Panda et al., 2003).
The increase in SOD seen in plants treated with P5 was comparable to the results seen in
mustard plants under nickel stress, where it was found that exposure to nickel at toxic
concentration caused a significant rise in the levels of SOD in all of the treatments tested in
the experiments; however, those plants treated with an endophytic Pseudomonas spp.

displayed the highest level of SOD among all of the treatments (Tak, 2015).

For the non-stressed treatments, those plants inoculated with endophytes showed a
significant increase in the levels of SOD activity compared to the control; however, this was
determined to be as a result of the need to scavenge the increased Oz found in plants under
these treatments (Figure 11 A). This, however does not detract from the possibility that
endophytes could have also contributed to the upregulation in SOD activity, due to the
augmentation of the plants antioxidant machinery by mechanisms employed by the
endophyte, as a means to offset the increased Oy levels that it induced in the host plant

(Duponnois et al., 2006; Islam et al., 2016, White & Torres, 2010).
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4.13.11 Levels of catalase activity in Brassica napus under non-stressed and
vanadium stressed conditions
Inoculation with endophytes was found to significantly upregulate the activity of catalase in

the non-stressed plant treatments (Figure 16 A). This could be due to the increased levels of
0Oy noted in the endophyte treated plants being dismutated, leading to an increase in the
levels of H,0; present in the intracellular environment of the plant. This would therefore
require catalase to be upregulated in order to scavenge the newly formed H,0;, thereby
redressing the imbalance in ROS and returning it back to a state at which the plant was no

longer experiencing oxidative stress.

Exposure to vanadium stress was determined to increase catalase activity in plants treated
with endophytes P1, P2, P3 and P6 in comparison to the vanadium stressed control; however,
it was found that catalase activity in plants treated with endophyte P5 was significantly
downregulated in comparison to the control (Figure 16 B). The decrease in catalase seen in
vanadium stressed plants treated with endophyte P5 could be due to the fact that catalase is
sensitive to levels of Oy, with increasing concentrations of O, leading to the increased
possibility of inactivation of the Catalase enzyme (Calmak, 2000). It could also be due to the
downregulation in the enzyme synthesis activity as a result of vanadium inadvertently causing
damage to the plants enzyme synthesis machinery (Feiereband & Engel, 1986; MacRae &
Ferguson, 1985). The increase in catalase activity seen in the remaining endophyte treatments
when compared to the control, was supported by a similar result seen in a study done on
mustard seedlings. In the study it was found that treatment of mustard seedlings with 100mg
kg?, 300mg kg and 500mg kg of nickel increased the levels of catalase activity in mustard
seedlings; however, the catalase activity did not increase beyond the level of activity that was
observed in the plants treated with 100mg kg ! of nickel (Tak, 2015). In contrast to this, the
mustard seedlings inoculated with an endophytic Bacillus spp. also exhibited increased
catalase activity in all three treatments; however, the level of catalase activity was
significantly higher than the control in the case of 300mg kgt and 500mg kg treatments (Tak,
2015). The result seen in the above study supports what was seen in the endophyte treated
vanadium stressed plants which shows that endophytic bacteria can improve the level of

catalase activity when their host is under heavy metal stress.
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4.13.12 Levels of Ascorbate peroxidase activity in Brassica napus under non-
stressed and vanadium stressed conditions
Ascorbate peroxidase is an antioxidant enzyme that catalyses the conversion of H,0; and

ascorbic acid into water and dehydroascorbate, resulting in a reduction of the concentration
of intracellular H,0; thereby lowering the oxidative burden on the plant (Karuppanapandian

et al.,, 2011).

Vanadium stress was found to induce three distinct changes in the activity of APX in the
vanadium stressed plants with the control and in plants treated with endophytes P1
displaying statistically similar levels of increase in APX activity, treatments P3 and P5 having
significantly highly levels of vanadium compared to the control and plants treated with
endophytes P2 and P6 showed significant decrease in APX activity (Figure 17 B). The increase
in APX activity was attributed to the plant upregulating APX in order to counteract the
significant increase noted in H,0; in the plants under vanadium stress (Figure 12 B). This is
supported by a study on lead toxicity in Triticum aestivum L., which noted a 50% increase in
APX activity in plants that were treated with 1.5mM Pb when compared to the control
(Lamhamdi et al., 2011). The upregulation of APX activity in plants treated with endophytes
P3 and PS5, significantly exceeded the levels seen in the control and is thought to be due in
part to the plant upregulating APX activity and also due to certain endophytes having the
capability to activate gene expression for antioxidant enzymes in host plants in order to resist
the damage brought on by abiotic stress (Duponnois et al., 2006). This ability to initiate the
upregulation of APX activity under heavy metal stress was also seen in P. vermicola which was
shown to have increased APX activity in lentil plants when under copper stress when
compared to the non-inoculated control under the same conditions (Islam et al., 2016). The
decrease in APX activity noted in plants treated with endophyte P2 and P6, could possibly be
attributed to the significant damage applied by the increased concentration of ROS on the
structure of APX, leading to the disruption of its antioxidant capability (Martinez-Romero &
Rosenbleuth, 2006). This decrease in APX activity has been seen previously in Sunflower
plants treated with different concentrations of vanadium. In the study it was found that
sunflower treated with 3.25mg L%, 7.5mg L and 15mg L all experienced significantly

decreased APX activity compared to the non-stressed control (Abedini et al., 2017). This
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indicates that the antioxidant diminishing effects of vanadium can occur even at the point
vanadium is present at relatively lower concentrations, which supports the hypothesis that
the significantly higher concentration of vanadium used in this study could have resulted in

the downregulation in APX activity.

In the non-stressed conditions, it was found that endophytes P1, P2 and P6 significantly
upregulated APX activity and plants treated with P3 and P5 had significantly reduced levels of
APX activity when compared to the control (Figure 17). The upregulated activity noted here
may be due to a possible increase in H,0; created as a result of SOD scavenging the increased
02 noted among endophyte treated plants (Figure 11). The upregulation noted in APX activity
(Figure 17) coincides with the upregulation noted in catalase activity (Figure 14) seen in non-
stressed endophyte treated plants. This indicates that both of these enzymes were needed in
order to scavenge the excess H,0, which stands to reason since Catalase is localised to the
peroxisomes and APX is localized to the chloroplast, mitochondria and cytosol (Dat et al.,
2000), therefore it is likely that there was a sufficient concentration of H;0; in the
peroxisomes, as well as the chloroplasts, cytosol or mitochondria, which would have required
the upregulation of both Catalase and APX to scavenge. In addition, when taking into account
the different affinities that APX (uM) and catalase (mM) have for H,0,, it stands to reason
that the level of APX activity could be upregulated even if a much lower concentration of
H,0,, in comparison with total leaf H,0,, was present in the chloroplast or mitochondria in

comparison (Gill & Tuteja, 2010).

In conclusion, in this chapter, it was determined that exposure to vanadium has a detrimental
effect on the health of Brassica napus L plants, with it reducing plant leaf size, significantly
altering the regulation and uptake of nutrients within the plant and leading to the increased
production of harmful ROS and increasing the levels of certain antioxidants to counteract this
rise in ROS. Treatments with endophytes P1, P2, P3, P5 and P6 was found to ameliorate the
effects of vanadium stress on Brassica napus to various extents, with plants treated with these
endophytes displaying enhanced biomass, increased leaf size, lower levels of certain ROS

molecules and enhanced levels of antioxidants. This indicates that these endophytes could
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play a role in increasing crop yield by promoting increased tolerance to abiotic stressors such

as heavy metals in crop plants.
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Chapter 5

Conclusion and future
perspectives
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Endophytic bacteria have been shown to possess a variety of different mechanisms for the
promotion of plant growth, such as the production and regulation of plant hormones, the
production of ACC deaminase, phosphate solubilization and overall nutrient upregulation.
Endophytes may use any combination of these mechanisms to promote growth and therefore
the endophytes isolated in this study were tested for the ability to use any of these growth

promoting characteristics.

The results of the plant growth trials indicated that all of the isolates showed significantly
improved growth compared to the control plants furthermore, P1 was found to have the best
germination rate and isolate P6 was found to have the best effect on improving plant growth,
in terms of increased root, stem and leaf size. Furthermore, the results seen from comparing
the biomass correlates with those seen in the comparative growth results. This was further
supported by the results of the ICP-OES analysis which indicated that all of the endophytes
were involved in increasing the uptake of one or more nutrients in their respective plants. P1
was found to be the best nutrient regulator overall; however, certain isolates were better
able to upregulate the intake of certain micronutrients in comparison to isolate P1. In the
biochemical tests all of the isolates were shown to produce siderophores and ACC deaminase,
while none of the isolates were capable of solubilizing phosphate and P3 was the only isolate
capable of significant IAA production. When taking into account the overall plant growth
promotion capabilities of all of the isolates, it was determined that although P4 could
promote plant growth, its overall effect was not significant enough and was therefore
excluded from the experiments that followed after the preliminary plant growth promotion

experiments.

Once the endophytes were confirmed to possess growth promotion characteristics, this study
then went further to determine what effect treatment with the chosen endophytes (P1, P2,
P3, P5, and P6) would have on the physical and oxidative state of Brassica napus under the
effects of vanadium stress. Vanadium stress was found to be detrimental to the health of
endophyte free Brassica napus with it causing stunted leaf growth, decreased biomass,
significantly enhanced lipid peroxidation and increased cell death among when compared to

its non-stressed counterparts. When compared to the vanadium stressed control, it was
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found that all of the endophyte treated plants showed varying degrees of enhanced tolerance
to the detrimental effects caused by vanadium stress. This was observed through a significant
increase in leaf size, enhanced biomass and significantly decreased levels of both lipid
peroxidation and cell death when compared to the vanadium stressed control. It was also
found that vanadium stress disrupted the normal uptake of nutrients in the plants, with the
vanadium stressed control displaying upregulation of certain nutrients in both the leaf and
root tissues; however, this upregulation was determined to be non-beneficial when taking
into account the physiological changes (reduced size, decreased biomass, enhanced lipid
peroxidation, increased cell death) noted in those plants under vanadium stress. In relation
to this it was found that there was an increase in the uptake of vanadium in both the roots
and leaves of these plants; however, the vast majority of vanadium uptake was localized to
the roots, which indicated that the plant could have been protecting itself through this
mechanism. This trend in nutrient upregulation was also noted in the vanadium stressed
endophyte treated plants; however, it was found that the overall extent of nutrient
upregulation was lower when compared to the control, which pointed to the possibility that
the endophytes were able to protect their hosts from the effects of vanadium stress, as the
change in nutrient uptake was linked to the increased uptake of vanadium by the plants.
Exposure to vanadium was also determined to induce an increase in the levels of the harmful
stress induced reactive oxygen species Oz, H02 and ¢OH among all of the treatments;
however, it was found that the endophytes treated plants possessed lowered levels of these
ROS compared to the vanadium stressed control. As a result of these differences noted in ROS
among the vanadium stressed and non-stressed plants it was deemed necessary to ascertain
what changes occurred in the antioxidant profile among the treatments. It was found that
exposure to vanadium stress caused an increase in the activity of SOD in all of the vanadium
stressed treatments, an increase in the activity of catalase for the control and plants treated
with endophyte P1, P2, P3 and P6 and an increase in the activity of APX for the control and
plants treated with endophytes P1, P2 and P6. Conversely vanadium caused a decrease in the
activity of catalase in plants treated with endophytes P5 as well as a decrease in the activity

of APX in plants treated with endophytes P2 and P6.
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This shows the potential of these endophytes to be used to promote crop plant growth;
however, future studies should be done before it could be used in that capacity. This would
include conducting field trials to determine the extent to which the endophytes can promote
plant growth in the field in a non-static environment. Combination studies combining two or
more of the endophytes should also be carried out to determine if endophytes with different
growth promoting mechanisms could act in a synergistic manner to improve plant growth to
an extent that is above that of either endophyte on its own. It would also include determining
to what extent translocation of nutrients from the soil to the roots and from the roots to the
leaves occurs, under different soil conditions, with the soil being either nutrient poor or
nutrient dense. It will also be necessary to perform indirect mutagenesis on the endophytes
to attempt to obtain endophytes with improved siderophore production and then testing
whether these mutants can help protect their hosts under low iron conditions. In addition to
this it will be essential to perform whole genome sequencing on the normal and mutant
endophytes in order determined what changes have occurred in the genomes of the mutants

resulting in the increase in siderophore activity.
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Appendix
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Figure 18: Level of ACC deaminase activity of isolated endophyte P1 as indicated by growth on ACC media
compared to growth on magnesium sulphate and ammonium sulphate containing media
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Figure 19: Level of ACC deaminase activity of isolated endophyte P2 as indicated by growth on ACC medium
compared to growth on magnesium sulphate and ammonium sulphate
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Figure 20: Level of ACC deaminase activity of isolated endophyte P3 as indicated by growth on ACC media
compared to growth on magnesium sulphate and ammonium sulphate containing media
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Figure 21: Level of ACC deaminase activity of isolated endophyte P4 as indicated by growth on ACC media
compared to growth on magnesium sulphate and ammonium sulphate containing media
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Figure 22: Level of ACC deaminase activity of isolated endophyte P5 as indicated by growth on ACC media
compared to growth on magnesium sulphate and ammonium sulphate containing media
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Figure 23: Level of ACC deaminase activity of isolated endophyte P6 as indicated by growth on ACC media
compared to growth on magnesium sulphate and ammonium sulphate containing media
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Table 7: Showing the 16s rDNA sequencing results for endophytes P1, P2, P3, P5 and P6

Endophyte Description Identity
P1 Rhodococcus gingshengii strain JCM 15477 99%
P2 Rhodococcus gingshengii strain JCM 15477 99%
P3 Rhodococcus gingshengii strain JCM 15477 99%
P5 Rhodococcus gingshengii strain JCM 15477 99%
P6 Rhodococcus gingshengii strain JCM 15477 98%
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