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Figure 10: Ratio of 14c allocation to soluble and insoluble nitrogenous- (N) and carbohydrate (CHO) 

fractions within the root and shoot of maize supplied ammonium or nitrate at 4mM or 12mM 

concentrations. (Means of 3 replicates of 2 plants each. Bar heights represent S.E. of the 

fractions below them. Means and S.E. calculated after arcsin square root transformation). 



4.6.3. 14c Allocation to Carbohydrate and Nitrogenous Compounds on a Whole 

Plant Basis 

Percentage 14c allocation to various fractions within roots or shoots based on 
' 

within organ carbon content (Section 4.5.2.) is useful in that it may highlight changes 

occurring in 14c allocation to various fractions once the 14c is contained in either 

the root or shoot. It must be borne in mind however, that these carbon pools are 

not isolated in the root or shoot, and that all carbon pools except structural material, 

may be translocated from shoot to root or vica versa. 

For this reason, it is of interest to consider 14c allocation to various pools as a 

percentage of total 14c in the plant. This allows for comparison of the relative sizes 

of the pools in roots and shoots in wheat (Table 6) and maize (Table 7). 

4.6.3.1. 14c Allocation in Wheat on a Whole Plant Basis 

In 4mMarnmonium-fed wheat, total 14c allocation to nitrogen-compounds (soluble 

plus storage) was 24% where 7% was present in roots and 17% in shoots. In 

comparison, 4mM nitrate-fed wheat also showed an allocation of 24% to the same 

fraction, where 5% was present in the roots and 19% in the shoots (Table 6). 

Ammonium-fed plants appeared to allocate slightly more 14c to the soluble 

nitrogen fraction, while nitrate-fed plants appeared to allocate slightly more to the 

insoluble nitrogen fraction on a whole plant basis. 
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In the 12mM ~treatments, ammonium-fed wheat showed a 14c allocation to 

ni;:rogen compounds of 29% (9% from the roots and 20% from the shoots) whereas 

ni::rate-fed wheat allocated 34% ( 4% from the roots and 30% from the shoots : 

T2ble 6). Again, the nitrate-fed plants allocated more 14c to the insoluble N 

compounds (28.4%) than to the soluble N compounds (5.7%) which was also 

trne for ammonium-fed plants (allocation to soluble N compounds 12.1 % and to 

insoluble N compounds 17.3%: Table 6). 

However, on a whole plant basis, 14c allocation to the nitrogen fractions (soluble 

pius storage) was not significantly different between ammonium- and nitrate-fed 

piants in either 4mM or 12mM nitrogen concentrations. 

Allocation of 14c to the soluble plus storage carbohydrate fractions at the 4mM N 

level was 31 % in ammonium-fed plants {9% in the roots and 22% in the. shoots) and 

34% in nitrate-fed plants (9% in the roots and 25% in the shoots). 

In 12mM N-fed wheat, 14c allocation to the soluble plus storage carbohydrate 

fractions was 41.08% for ammonium- (10.81 % in the roots and 30.27% in the 

shoots) and 34.61 % for nitrate-fed plants (7.53% in the roots and 27.08% in the 

shoots : Table 6). 

On a whole plant basis, 14c allocation to non-structural carbohydrate fractions 

showed no significant difference between the ammonium- and nitrate-fed wheat at 

the 4mM N level. At the 12mM N level, there appeared to be a greater proportion 

of 14c allocated to carbohydrates in ammonium-fed wheat. 
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The 
14

C allocation to structural material on a whole plant basis was interesting, in 

that for both the 4mM and 12mM N levels, the ammonium-fed plants appeared to 

. allocate proportionately more carbon to this fraction, especially in the root, when 

compared to the nitrate-fed plants. The percentage 14c allocated to root structural 

carbohydrate was 11, 16% for ammonium- and 9.41 % for nitrate-fed wheat in the 

4mM treatment, and 10.49% for ammonium- and 6.52% for nitrate-fed wheat in the 

12mM treatment. A significant difference (p < 0.05) existed in the 14c allocation 

to structural material between 12mM ammonium- and nitrate-fed wheat. 

4.6.3.2. 14c Allocation in Maize on a Whole Plant Basis 

In 4mM ammonium- and nitrate-fed maize, total 14c allocation to nitrogen 

compounds (soluble + storage) was 7%, where 3% was present in the roots and 4% 

in the shoots (Table 7). 

In the 12mM N treatments, ammonium-fed maize showed a 14c allocation to 

nitrogen compounds of 17%, where 6% was present in the roots and 11 % in the 

shoots. 12mM nitrate-fed plants showed a similar 14c distribution, where root 

nitrogen compounds contributed 4% and the shoot- 14% of the total plant 14c 
allocation (18%) to nitrogen compounds (Table 7). 

Proportional allocation of 14c to nitrogen compounds in 4mM N-fed maize was 

similar (ca. 7%) for ammonium- and nitrate-fed treatments (Table 7) therefore. 

This allocation was significantly different (p < 0.05) in the 12mM N-fed plants (ca. 

17%) when compared to the 4mM N-fed plants, but there was again no significant 

difference between maize from ammonium and nitrate treatments. 
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Allocation of 14c to the soluble plus storage carbohydrate fractions at the 4mM N 

level was 43% for ammonium-fed maize (18% in the roots and 25% in the shoots: 

Table 7) and 48% for nitrate-fed maize (21 % in the roots and 27% in the shoots : 

Table 7). In the 12mM N treatment, 14c allocation to these combined fractions was 

slightly higher, with 14c allocation to the soluble + storage carbohydrate fractions 

at 50% for ammonium-fed (8% in roots and 42% in shoots : Table 7) and 52% for 

nitrate-fed maize (10% in roots and 42% in shoots: Table 7). 

Proportional allocation of 14c to the soluble and storage carbohydrate fractions was 

high in both 4mM and 12mM ammonium- and nitrate-fed plants (ca. 50%) 

therefore. Again, there were no significant differences between maize fed· 

ammonium or nitrate in this respect. 

Allocation of 14c to structural carbon in the 4mM N treatment was 50% for 

ammonium-fed maize (16% in roots and 34% in shoots: Table 7) and 45% in 

nitrate-fed maize (19% in roots and 26% in shoots : Table 7). In the 12mM N 

treatment, 14c allocation to structural material was lower than that in the 4mM N 

treatment, being 33% in ammonium-fed maize (9% in the root and 24% in the 

shoot) and 29% in nitrate-fed maize (6% in the root and 23% in the shoot). 
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Table 6: Allocation of 14c on a whole-plant percentage basis, to the carbon fractions of wheat fed 

either ammonium or nitrate at both 4mM and 12mM concentrations. (Means of 3 replicates 

of 10 plants each.±. S.E.). 

-------------------------------------------------------------------------------------------------------
c Fraction 
& location 

(Root (Rt), 4mM 12mM 
Shoot (Sht) I or ----------------------------------------- -----------------------------------------
Total Plant (Plt) Ammonium Nitrate Ammonium Nitrate 
---------------- ----------------- ------------------- ----------------- -------------------
Soluble Rt 2.57 ± 0.21 1.21 ± 0.08 4.91 ± 0.33 1. 32 ± 0.17 

N Sht 2.90 ± 0.18 2.66 ± 0.14 7.20 ± 0.13 4.40 ± 0.39 
Plt 5.48 ± 0.44 3.87 ± 0.34 12.11 ± 0.31 5.72 ± 0.32 

Insoluble Rt 4.58 ± 0.27 4.35 ± 0.20 4.15 ± 0.11 2.52 ± 0.11 
N Sht 14.61 ± o. 31 16.40 ± 0.64 13.16 ± 0.64 25.90 ± 0.75 

Plt 19.19 ± 0.34 20.75 ± 0.45 17.31 ± 0.77 28.42 ± 0.59 

Soluble Rt 4.51 ± 0.43 2.74 ± 0.22 6.32 ± 0.47 3.47 ± 0.33 
Carbo- Sht 10.88 ± 0.61 12.88 ± 0.63 16.61 ± 1. 54 14.07 ± 1. 50 
hydrates Plt 15.39 ± 1. 27 15.62 ± 1. 52 22.93 ± 2.09 17.54 ± 1. 63 

Storage Rt 5.14 ± 0.55 6.23 ± 0.09 4.49 ± 0.13 4.06 ± 0.17 
Carbo- Sht 11. 01 ± 0.38 12.26 ± 0.12 13. 66 ± 0.39 13.01 ± 1.19 
hydrates Plt 16.15 ± 0.77 18.49 ± 0.13 18.15 ± 0.51 17.07 ± 1. 67 

Structural Rt 11.16 ± 0.75 9.41 ± 0.97 10.49 ± 0.91 6.52 ± 0.09 
carbon Sht 32.64 ± 0.89 31. 82 ± 0.42 19.05 ± 0.69 24.73 ± 1.19 

Plt 43.80 ± 1. 42 41. 23 ± 2.26 29.54 ± 1. 79 31. 25 ± 1. 40 
------~---------------------------------------------~--------------------------------------------------



Table 7: Allocation of 14c on a whole-plant percentage basis, to the carbon fractions of maize fed 

either ammonium or nitrate at both 4mM and 12mM concentrations. (Means of 3 replicates 

of 2 plants each.±. S.E.). 

--------------~---------------------------------------------~------------------------------------------
c Fraction 
& location 

(Root (Rt), 4mM N 12mM N 
Shoot (Sht), or ----------------------------------------- -----------------------------------------
Total Plant (Plt) Ammonium Nitrate Ammonium Nitrate 
---------------- ----------------- ------------------- ----------------- -------------------
Soluble Rt 1.17 ± 0.07 1.00 ± 0.18 2.67 ± 0.15 1.62 ± 0.12 

N Sht 1.01 ± 0.08 0.91 ± 0.09 2.74 ± 0.32 3.06 ± 0.24 
Plt 2.18 ± 0.15 1. 91 ± 0.26 5.41 ± 0.37 4.68 ± 0.16 

Insoluble Rt 1. 82 ± 0.11 2.03 ± 0.09 2.78 ± 0.10 1.81 ± 0.19 
N Sht 3.10 ± 0.13 3.30 ± 0.35 8.64'± 0.36 11. 25 ± 0.57 

Plt 4.92 ± 0.12 5.33 ± 0.52 11. 42 ± 0. 4 3 13.76 ± 0.76 

Soluble Rt 14.21 ± 0.39 11.76 ± 1. 50 3.74 ± 0.23 6.67 ± 0.49 
Carbo- Sht 15.76 ± 0.21 14.44 ± 0.69 17.82 ± 1. 72 21. 76 ± 2.42 
hydrates Plt 29.97 ± 0.66 26.20 ± 2.17 21. 56 ± 1. 97 28.43 ± 2.72 

Storage Rt 4.24 ± 0.58 9.07 ± 0.92 4.26 ± 0.37 3.27 ± 0.31 
Carbo- Sht 8.69 ± 0.85 12.78 ± 1. 62 24.32 ± 1. 85 20.75 ± 1. 81 
hydrates Plt 12.93 ± 1. 21 21. 85 ± 2.15 28.58 ± 1. 97 24.02 ± 1. 92 

Structural Rt 15.60 ± 1. 67 18.66 ± 1. 48 8.82 ± 0.60 5.81 ± 0.06 
Carbon Sht 34.40 ± 3.21 26.05 ± 0.33 24.21 ± 1. 04 23 .. 30 ± 1. 63 

Plt 50.00 ± 2.59 44.71 ± 1. 81 33.04 ± 1. 10 29.11 ± 1. 66 
-------------------------------------------------------------------------------------------------------

-...! 
0 



-4.7. Total N and l5N Distribution in Maize 

Total nitrogen content and 15N content of maize plants fed 12mM N are shown in 

Table 8. In ammonium-fed maize, total nitrogen content of roots (2.66 mg N/g) and 

shoots (4.52 mg N/g) was higher than in roots (1.78 mg N/g) and shoots (3.41 mg 

":'../g) of nitrate-fed plants respectively, but this was not a significant difference. The 

i5N content was significantly higher (p < 0.05) in ammonium-fed plants (582 )lg/g 

in roots and 817 µg/ g in shoots respectively) when compared to nitrate-fed plants 
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(265 pg/gin roots and 300.54 ug/g in shoots). This indicates faster uptake of nitrogen 

in ammonium-fed plants in comparison to nitrate-fed plants. It is interesting to note 

however, that this higher level of l5N assimilation in ammonium~fed plants, compared 

to nitrate-fed plants, was not as evident in the measure of total nitrogen content. 

The ratio of ammonium-fed plant l5N content : nitrate-fed plant l5N content was 

2.2 : 1 for roots and 2.7 : 1 for shoots, while the ratio ammonium-fed plant total 

nitrogen content : nitrate-fed plant total nitrogen content was 1.5 : 1 for roots and 

1.3 : 1 for shoots (Table 8). 



Table 8: Total nitrogen (mg N g-1 fw), 15N enrichment (A%E) and 15N concentration (JJg N g-l fw) in 

roots and shoots of maize supplied either ammonium as 12mM 99A %E 15N NH4Cl, or nitrate 

as 12mM 99A %E 15N KN03. (Means of three replicates of 2 plants each,.±. S.E.). 

ROOT SHOOT 

N-Fraction 

Soluble 

Bound 

Nitrogen 
Treatment 

N cone. 
mgN/g fw 

12mM ammonium 1.59 
±0.05 

12mM nitrate 1. 29 
±0.05 

12mM ammonium 1.07 
±0.06 

12mM nitrate 0.49 
±0.02 

28.15 
±1.13 

18.79 
±0.25 

12.53 
±0.28 

3.95 
±0.14 

15N cone. N cone. 
µgN/g fw mgN/g fw 

447.80 
±22.17 

245.47 
±11. 32 

134.36 
±7.39 

19.48 
±1.28 

2.99 
±0.09 

2.76 
±0.14 

1. 53 
±0.43 

0.65 
±0.07 

22.48 
±0.84 

10.10 
±0.50 

8.67 
±0.14 

3.14 
±0.05 

15N cone. 
µgN/g fw 

686.01 
±46.07 

279.98 
±10.16 

131. 68 
±9.35 

20.56 
±2-42 



CHAPTER 5 : DISCUSSION 

5.1. Wheat 

5.1.1. Plant Growth Responses 

From the observed growth response of wheat to ammonium nutrition (section 4.1.), 

and from the shoot: root ratios obtained in this work (Figure 3), it is clear that even 

when the pH of the growth media was carefully controlled, stunting of wheat, 

especially of the roots, still occurred in response to ammonium nutrition. This is in 

agreement with previous reported results (Lewis and Chadwj.ck, 1983; Lewis et al. 

1987). Ammonium toxicity therefore appears not to be a direct effect of increased 

acidity, as has been suggested (Hewitt, 1966; Maynard and Barker, 1969). 

5.1.2. Photosynthesis 

Ammonium-fed wheat did not show a significant increase in photosynthetic rate 

compared to nitrate-fed plants as measured by co2 uptake m-2s-1 (Figure4). This 

was suggested to occur in ammonium-fed plants due to the linear correlation 

between nitrogen content and photosynthetic rate (Field and Mooney, ·1986). 

Ammonium-fed wheat did not appear to have a significantly higher shoot nitrogen 

content relative to nitrate-fed wheat shoots, however (Table 1 ), whi~h may account 

for the similarity in photosynthetic rate observed between treatments. 
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5.1.3. Root Respiration 

Due to the necessary assimilation of ammonium in the root, it has been suggested 

that more carbon may be lost via root respiration in ammonium-fed plants than in 

nitrate-fed plants. This would render less carbon available for allocation to growth 

and lead to the stunting observed (especially of the roots) in plants supplied 

ammonium (reviewed in Givan, 1979). Measurements of root respiration occurring 

in ammonium- and nitrate-fed plants (Figure 5) showed no significant differences in 

root respiration (as measured by co2 evolution g-1 fw) between the two nitrogen 

feeding regimes, however. 

Growth, maintenance of biomass and transport (ion uptake) are the three major 

energy-requiring processes occurring in the root. In nitrate-fed plants, root 

respiratory energy is required for the active uptake of the nitrate ion against a 

concentration gradient, while in ammonium-fed plants, uptake of nitrogen is largely 

passive. Ammonium-fed plants, however, are required to assimilate this nitrogen in 

the root immediately via the ATP and reduced NAD-requiring GS-GOGAT 

pathway, thus using respiratory energy, while nitrate-fed plants expend relatively 

little root respiratory energy in transporting nitrate to the shoot for assimilation. In 

nitrate-fed plants, some nitrate is reduced in the roots however, and there may also 

be considerable losses due to the bicarbonate exchange for nitrate in the root, and 

the energy requirement for the active uptake of this ion. From the data presented 

here, it appears that the total of the respective energy-requiring processes in the 

roots of ammonium- and nitrate-fed plants is very similar. The respective 

respiratory carbon losses in the roots of ammonium-fed plants are due to the ATP 

and reduced NAD requiring GS-GOGAT patqway, and in nitrate-fed plants are due 

74 



to energy required for active nitrate absorpdon and some nitrate reduction in the 

root. It thus appears that root respiration is not an important source of carbon loss 

occurring exclusively in ammonium-fed plants, which can be held accountable for 

the reduced growth observed in these plants compared to nitrate-fed plants. 

5.1.4. Xylem Sap 

Ammonium-fed wheat has been shown previously to contain higher levels of total 

nitrogen and newly assimilated nitrogen, than nitrate-fed wheat (Table 1, section 

2.4.). Results reported here from xylem sap analysis showed that more amino 

compounds are transported from the root in ammonium-fed plants compared with 

nitrate-fed plants, and the C:N ratio of the xylem sap was lower. This implies that 

ammonium-fed plants transported more nitrogen relative to carbon from the roots 

to the shoots than nitrate-fed plants. However, total carbon content of the xylem 

sap from ammonium-fed wheat was higher than that from nitrate-fed wheat, but not 

significantly so (Table 4 ). It therefore appears that although ammonium-fed pJants 

transported more nitrogen to the shoots, this was incorporated into amino 

compounds that have a low carbon content relative to nitrogen, for example the 

amides. This has been reported previously for barley (Lewis and Chadwick, 1983). 

The amount of ammonium detected in xylem sap was low, and not significantly 

different for ammonium- or nitrate-fed plants. This implies that the toxic effect of 

ammonium was not due to the uncoupling of photo-phosphorylation in the shoot, as 

has been suggested (Mills and Jones, 1979). 
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5.1.5. Plant Water Content 

A significant difference was found in plant water content between ammonium- and 

nitrate-fed wheat (Table 5). It is possible that this may contribute to the poor 

respon~e to ammonium nutrition observed, and may explain the tendency of 

ammonium-fed plants to lodge. It has been suggested (Smirnoff and and Stewart, 

1985; Salsac et al., 1987) that nitrate nutrition plays an important role in the 

osmoregulation of plants. These authors propose that although a high concentration 

of nitrate in the vacuole may serve as a reserve nitrogen source, it may be equally 

important in regulating osmotic balance of the plant in response to fluctuating . 
external water availability. The accumulation of ions serves as the least energy­

expensive mechanism of osmoregulation and nitrate is the ion most commonly 

available to plants for this purpose. Plants fed ammonium might have low levels of 

organic anions (e.g. malate) if their formation is dependent on the presence or 

reduction of nitrate. These low levels in tum cause a decrease in uptake and 

translocation of mineral cations and decrease vacuolar solute accumulation. This· 

would impair the ability of the plant to osmoregulate effectively. If this were the 

case, then the favourable response exhibited by wheat to combined ammonium and 

nitrate nutrition (Lewis et al. 1987) would be due to nitrate inhibiting the passive 

flow of ammonium into the plant (Deignan and Lewis, 1988) as well as its 

stimulation of malate production aiding osmoregulation. 
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5.1.6. 14c Allocation to Nitrogenous Compounds 

The roots of ammonium-fed wheat appeared to act as greater sinks for newly 

assimilated carbon than those of nitrate-fed wheat (Figure 6), suggesting an 

increased carbon requirement in the roots for ammonium assimilation. Of the 

newly assimilated carbon translocated from the shoot to the root, more was found in 

nitrogenous compounds relative to carbohydrate compounds in ammonium- than in 
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nitrate-fed wheat (Figure 7) and this difference was mainly due to an increase in 

allocation to the soluble nitrogen pool (Figure 8). A larger proportion of newly 

assimilated carbon was ·also allocated to this pool1within the shoots of ammonium-fed 

plants at the 12mM level, compared to 12mM nitrate-fed wheat shoots. This 

supports the concept that assimilated ammonium is transported to the shoots with 

carbon. 

5.1.7. 14c Allocation to Structural Material 

On a within root 14c allocation basis, there was a small, but not significant, 

reduction in allocation to structural material in ammonium-fed roots (Figure 8). 

Although there is a possibility that this may have a cumulative effect over time, it 

appears, from data of 14c allocation ratios based on whole plant 14c, that this is 

not likely to be the case. On a whole plant basis, ammonium-fed plants appeared to 

allocate more 14c to the structural carbohydrate than nitrate-fed plants. The 

reason why this apparent contradiction occurs, is that although proportionately 

more 14c within the ammonium-fed root was allocated to nitrogenous compounds 

relative to structural compounds when compared to nitrate-fed plants, a larger 

proportion of total plant 14c had been diverted to the root in ammonium-fed. 



plants, which accommodated this increase. This becomes clear when proportional 

14c allocation is expressed as percentage of that present in the whole plant. 

5.1.8. Summary of Wheat Response to Nitrogen Form 

In the ammonium-fed plant, there is a greater initial carbon allocation to the root 

(compared to nitrate-fed plants) to accommodate the need for the assimilation of 

large amounts of ammonium in the root (Table 1 ). This is then cycled back to the 

shoot in the form of soluble N compounds. Allocation to structural material does 

not appear to be affected by the obligatory assimilation of nutrient ammonium in 

the root, and root respiratory loss is not significantly different between ammonium­

and nitrate-fed plants. 

In nitrate-fed wheat, less carbon is diverted to the root than in ammonium-fed 

plants. The active uptake of nitrate from the external medium causes considerable 

respiratory carbon loss, however, that is comparable to the respiratory loss due to 

ammonium assimilation in the roots of plants supplied ammonium (Figure 5). 

Nitrate assimilation appears to occur predominantly in the shoots, as indicated by 

the larger allocation of 14c to nitrogenous compounds in the shoots of nitrate­

compared to ammonium-fed wheat (Figure 8). 

The poor response of wheat to ammonium nutrition does not, therefore, appear to 

be due to large root respiratory carbon losses in these plants compared to nitrate­

fed plants, nor to a reduced allocation to structural material. The necessity for the 

transport of nitrogen to the shoot accompanied by carbon in ammonium-fed plants 
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appears to be compensated for by an initial increase in the proportion of 14c 

diverted from shoot to root in these plants. 

The ammonium-detoxifying mechanisms of the plant are known to be very efficient 
' 

(reviewed in Givan, 1979). However, it is possible that large-scale ammonium influx 

may disrupt root functioning by interference with transmembrane proton gradients 

at high nitrogen feeding levels, due to its presence in the root not being spatially or 

temporally controlled. The concentration of ammonium and nitrate in soils is 

seldom higher than lmM (Harmsen and Kolenbrander, 1965), and the 

concentration required to sustain most species is in the region of 20uM (Ingstad, 

1982). 

Investigation of the possible role of nitrate in osmoregulation, the interrelating 

effects of malate production and their impact on plant response to ammonium and 

nitrate nutrition was not within the scope of the research reported here. However, 

the results obtained showing the significantly lower water content in ammonium-fed 

compared to nitrate-fed wheat, suggest that differences in osmoregulation may 

contribute to the poor response of wheat to ammonium nutrit~on. Lower water use 

efficiency has been reported for wheat fed ammonium in comparison to wheat fed 

nitrate by Lips et al., (1990). 
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5.2. Maize 

' 5.2.1. Plant Growth Responses 

. 
Maize appeared to show an equally favourable growth response, regardless of 

nitrogen form supplied. No stunting of root growth in ammonium-fed plants was 

evident (Figure 3) and the shoots were erect. 

5.2.2. Photosynthesis 

Photosynthetic rate was predictably high in maize, due to the C-4 photosynthetic 

pathway coupled with the high light intensity and high temperature growth 

conditions (Figure 4 ). Although photosynthetic rate appeared to be slightly higher 

in maize fed ammonium, this was not significantly different from that of nitrate-fed 

plants. As with wheat, the predicted higher photosynthetic rate of ammonium-fed 

plants based on their predicted higher nitrogen content (Field and Mooney, 1986) 

was not found in maize plants, and this is likely to be due to the lack of significant 

differences in the total shoot nitrogen content between shoots of ammonium- and 

nitrate-fed maize (Table 7). 

5.2.3. Root Respiration 

A significantly higher root respiratory rate (as measured by co2 respired g·1 fw) 

was found in maize fed nitrate in comparison to maize fed ammonium. In 

explaining this, two factors should be considered. Firstly, uptake of nitrate may 

cause co2 loss via the active uptake mechanism required for this ion, and via the 
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bicarbonate/nitrate exchange during uptake. These losses may be greater than 

those in ammonium-fed plants at high nitrogen feeding levels. Secondly, a 

contributing factor to the higher respiration rate observed in nitrate-fed plants may 

be the supply of the iron source as ferric citrate. Ferric citrate is the form in which 

iron is transported in the plant, and is reduced when required by the enzyme nitrate 

reductase (Campbell and Redinbaugh, 1984). Although this occurs mainly in the 

leaves, iron is important for a number of cellular functions in the root. Under the 

conditions prevailing in these experiments, the roots may be provided with their iron 

requirement by direct assimilation of ferric citrate in the root since this iron source 

is readily available in the nutrient medium. Since nitrate reductase is an.inducible 

enzyme, it is possible that the nitrate-fed plants, which would have larger quantities 

of the enzyme, may assimilate more of the ferric citrate and so result in having a 

higher root respiration rate. This higher rate did not appear to have any adverse 

effect (in terms of growth rate or appearance) on the nitrate-fed maize. 

5.2.4. Xylem Sap 

Ammonium-fed maize transported significantly more amino compounds to the 

shoot in comparison to nitrate-fed maize. This transport was accompanied by 

significantly more carbon (Table 4 ). This indicates rapid assimilation of ammonium 

in the maize root and rapid translocation of this assimilate to the shoot 

accompanied by carbon. 
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5.2.5. Plant Water Content 

No difference in water content between ammonium- and nitrate-fed maize was 

found (Table 5). It has been suggested (Smirnoff and Stewart, 1885; Salsac et al., 

1987) that nitrate nutrition may play a role in osmoregulation, by maintaining 

osmotic balance through vacuolar storage of nitrate, and by stimulating the 

production of malate. Maize possesses a mechanism for the active synthesis of 

organic anions independently of nitrate assimilation, since it is a C-4 malate former. 

If poor osmoregulation is a cause of the poor response of some plants to ammonium 

nutrition,. then the ammonium tolerance exhibited by maize may be explained by 

this independent pathway for organic anion synthesis. No significant difference in 

water content was found between maize supplied ammonium or nitrate. 

5.2.6. 14c Allocation to Nitrogenous Compounds 

At the 4mM nitrogen feeding level, a large proportion of newly assimilated carbon 

was diverted from the shoots to the roots in both ammonium- and nitrate-fed 

treatments (Figure 6). This indicates a rapid translocation of newly assimilated 

carbon from shoot to root. A very small proportion of this was allocated to 

nitrogenous compounds (Figure 9), with most going into soluble and storage 

carbohydrate (Figure 10). This suggests that the root may serve as a storage organ 

for reserve carbohydrate. At the 12mM N feeding level, a smaller proportion of 

newly assimilated carbon was found in the root compared to the 4mM feeding level, 

although there was a significantly greater proportion in the roots of ammonium­

compared to nitrate-fed maize. Of the 14c within the root, a far greater proportion 
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was allocated to nitrogenous compounds in comparison to 4mM nitrogen-fed roots, 

and a larger proportion was in association with nitrogen in the shoot. 

5.2.7. 14c Allocation to Structural Material 

Proportional allocation of 14c to structural material on a whole plant 14c content 

basis appeared to be slightly higher in ammonium-fed maize in comparison to 

nitrate-fed maize. This indicates that allocation to this fraction was not reduced in 

response to ammonium nutrition, to compensate for increased 14c allocation to 

processes associated with ammonium assimilation. 

5.2.8. 15N and Total Nitrogen Content of Maize 

It is of interest to note that although the levels of newly assimilated nitrogen ( lSN) 

were higher in ammonium- with respect to nitrate-fed maize, the difference in total 

nitrogen content between the two treatments was much smaller (section 4.7). While 

the newly assimilated N content was more than two fold higher in the roots and in 

the shoots of ammonium-fed compared to nitrate-fed maize, the total N content was 

only 1.5- (roots) and 1.3- (shoots) fold higher. This suggests that maize may have 

the capacity to cycle ammonium out of the plant again, thus controlling the 

amount of assimilation of this ion required in the root. 
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5.2.9. Summary of Maize Response to Nitrogen Form 

It therefore appears that in maize fed 4mM nitrogen, there is a greater availability 

of carbon, which is rapidly translocated to the root and is present in this organ 

mainly as soluble and storage carbohydrate. Nitrate-fed plants appeared to allocate 

more 14c to the roots at this feeding level than ammonium-fed plants. A small 

proportion of newly assimilated carbon in the root was allocated to nitrogenous 

compounds, relative to carbohydrate compounds. This indicates that the carbon 

required for nitrogen assimilation at the 4mM N feeding level represents only a 

small proportion of the total carbon fixed by maize. 

At the 12mM nitrogen feeding level, a smaller proportion of newly assimilated 

carbon was found in maize roots than at the 4mM nitrogen feeding level, but a 

larger proportion of this was associated with nitrogen. Of the 14c in the shoot, 

there was also more associated with nitrogen at this feeding level. This suggests that 

in ammonium-fed plants, nitrogen is assimilated rapidly and transported to the 

shoots (since negligable amounts of ammonium were found in the xylem sap: Table 

8), while in nitrate-fed plants, nitrate is taken up actively and transported to the 

shoot for assimilation, although some assimilation also occurred in the root, as is 

evidenced by the amino compound content of the xylem sap (Table 8). 
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5.3. Comparison of Wheat and Maize Response to Nitrogen Form 

Tne most important factor determining the difference between wheat arid maize in 

their response to ammonium and nitrate nutrition, appears to be the far larger 

carbon gaining capacity of maize. This speCies appears to have large carbon 

reserves that can be mobilized at high nitrogen levels for efficient assimilation and 

rapid translocation of nitrogen. In wheat, carbon allocation to the root was 

increased only in response to ammonium nutrition. The carbon budget therefore 

appears to be much more tightly controlled. Maize, on the other hand, had large 

amounts of reserve carbon, and allocated root reserves to nitrogen assimilation and 

rapid translocation, instead of diverting carbon from the shoot to the root in 

response to ammonium nutrition, as occurred in wheat. 

In the root of ammonium-fed wheat, the increase in allocation to nitrogenous 
' 

compounds compared to that in nitrate-fed wheat appeared to be compensated for 

·by an increase in the initial diversion of 14c to the root. It appears, however, that 

retranslocation of this carbon to the shoot was slow. There was no large difference 

in carbon content of xylem sap from ammonium- and nitrate-fed plants (Table 4 ). 

From previous work (Table 1), it appears that most of the newly-assimilated carbon 
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that had been diverted to the root was still in the root 24h after 15N feeding. In maize, 

however, rapid translocation of 14C and 15N occurred. 

If the toxic effects of ammonium observed in wheat were due to abnormally high 

nitrogen levels imposed experimentally, one may expect maize to exhibit a similar 

response. This was not the case, however. It is possible that the high rate of carbon 

assimilation afforded by the C-4 photosynthetic pathway and the high light 



intensities provided, allowed for sufficient carbon fixation to cope with the imposed 

nitrogen stress. 

Finally, if stored nitrate, or the induction of malate production by nitrate is 

important in osmoregulation, then maize fed ammonium has an alternative pathway 

for malate production, while wheat does not. 

5.4. Suggestions for Further Research 

The experiments carried out for this work traced the fate of labelled carbon and 

nitrogen after 24h assimilation time. It would be interesting to carry out a set of 

serial harvests after, for example, 6, 12, 18, 24, 36 and 48 hours of labelled feeding, 

to gain more insight into the flux of C and N through the plant. 

Plants in these experiments were supplied l5N or 14c after three weeks growth with 

either ammonium or nitrate, which resulted in the ammonium-fed wheat already 

showing symptoms of poor growth and root stunting. Experiments where all plants 

are provided with a nitrate plus ammonium mix for the first two weeks growth, and 

then provided ammonium or nitrate as the sole nitrogen source would circumvent 

this problem. This could be followed by l5N and 14c tracing after one week and 

two weeks growth on either nitrogen source, to elucidate more clearly what changes 

in carbon allocation occur in response to ammonium or nitrate nutrition. 
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It appears that the carbon allocation patterns in maize differ from that in wheat 

mainly because of the large differences between the two species in the amount of 

carbon fixed. It would therefore be of interest to see how maize would allocate 

carbon in response to ammonium and nitrate nutrition under low light growth 

conditions, where the rate of carbon fixation was comparable to that of wheat. It 

would be interesting to compare this with a C-4 aspartate former, and to include 

measurements of malate produced under the different nitrogen feeding regimes. 

It is interesting to note that plants fed ammonium (particularly maize) do not 

appear to have total N contents appreciably higher than nitrate-fed plants, although 

their 15N (newly assimilated N) content is significantly higher. This implies that 

nitrogen is cycled out of these plants again in some way. The mechanism by which 

this occurs requires further research, and is currently being addressed by workers 

here and at the Ben Gurion University of the Negev. 
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CONCLUSIONS 

The poor response of some species, such as wheat, to ammonium nutrition has often 

been attributed to a diversion of carbon from structural compou'nds (for root 

extension) to processes associated with detoxification of ammonium in the root. 

These include the provision of carbon skeletons for the formation of amino 

compounds which would subsequently be lost to the root through translocation to 

the shoot, and the increased carbon loss via root respiration due to the necessary 

ammonium assimilation in the root away from the site of carbon fixation. 

The work reported here shows that root respiration of ammonium-fed wheat is not 

significantly different from that of nitrate-fed wheat. This suggests that carbon loss 

due to root respiration for the active uptake of nitrate is comparable to that lost due 

to assimilation of ammonium in roots. Increased carbon loss via root respiration in 

wheat supplied ammonium does not appear to explain root stunting 09served in 

these plants. 14c allocation to structural material in roots of ammonium-fed plants 

did not appear to be reduced compared to nitrate-fed plants. On the basis of these 

results, stunted root growth of ammonium-fed plants can therefore also not be 

attributed to a reduction in carbon available for root extension. 

Although translocation of nitrogen to the shoots of plants fed ammonium was in 

association with carbon, this appeared to be compensated for by a larger initial 

diversion of 14c to the root than in nitrate-fed plants. 
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Maize had larger carbon reserves than wheat, which appeared to be allocated to the 

root, but could be mobilized for rapid assimilation and translocation of nitrogen in 

maize supplied high ( 12mM) concentrations. 

Alteration of carbon allocation in response to nitrogen form does not appear to 

explain the poor response to ammonium nutrition observed in wheat. Investigation 

of the effects of nitrogen form on osmoregulation efficiency was not within the 

scope of this research. It is, however, interesting to note the difference in water 

content found between ammonium- and nitrate-fed wheat, which was not evident in 

maize. If nitrate nutrition has an osmoregulatory function, then maize may be able 

to compensate under conditions of ammonium nutrition via the independent (of 

nitrate) production of malate. 
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APPENDIX 1 

Pilot Study of the Maintainance of pH in Sand Culture Experiments 

A pilot study was carried out to test the effectiveness of using calcium carbonate to 

buffer pH fluctuations in sand used for plant culture. Plants were grown two per pot 

for two weeks (maize), or ca. 10 per pot for three weeks (wheat) in calcium 

carbonate-treated sand(.±.. 7g CaC03 mixed into the sand for each pot) and fed 

either nitrate or ammonium. After the growth period, sand pH was tested using the 

method of Schoffield and Taylor (1955). Ten grams of sand from each pot and 25ml 

O.OlM CaC12 were shaken together for 30 minutes and the pH of the suspension 

read using a Beckman pH meter fitted with a glass electrode. Two replicates were 

carried out for each pot. The results show that the method maintained pH at a 
I 

favourabl6, constant level in both treatments for the growth period required (pH of 

sand for nitrate-fed plants 6.55 .±. 0.05 S.E.; for ammonium-fed plants 6.58 .±. 0.02 

S.E.; number of replicate pots = 5). 
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APPENDIX2 

Pilot Studies optimizing Hydroponic Cultivation of Maize 

Four varieties of maize, PNR 394, PNR 95, Kudu 9046 and PNR 6528 (Starke Ayres 

(Pty) Ltd, Evans Ave, Epping 1, Box 304, Epping Ind. Est., Cape) were tested for 

their compatability with hydroponic culture under greenhouse conditions. Six 

replicates of three plants each for each variety were planted out on shade nets 

suspended over 1.7dm3 pots containing standard Long Ashton solution with 4mM 

KN03. The solutions were aerated vigorously using polythene tubes connected to 

an air supply, to prevent anaerobic conditions from developing in the feeding 

solution. After two weeks, it was found that the variety PNR 394 appeared to 

respond best to hydroponic culture. However, a repetition of the experiment under 

· high light conditions caused symptoms of chlorosis and striation to recur. 

Two possible problems were identified. 

I 

1) Vigorous aeration of nutrient solutions may adversely affect growth by damaging 

the delicate root hairs. This was suggested by the more healthy appearance of 

plants in a pot where the aeration tube became blocked. 

2) Yellowing of the leaves suggests an iron deficiency, which has also been reported 

for hydroponically grown maize by Murphy (1984). 
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In the light of this, the following modifications were made: 

1) Plants were cultivated .in large troughs where the aeration source was situated far 

from the roots and did not agitate the solution directly bathing the roots. This 

method improved growth, but striation still occurred. 

2) The iron source fed to plants was manipulated in several ways. 

a) The iron content of the Long Ashton solution (in the form of 

FeEDTA) was increased three-fold and five-fold. 

b) Supplementary iron feeding in the form of foliar supplied ferric 

citrate was given daily. 

c) The FeEDTA iron supplement in the Long Ashton Solution was 

supplied as Sequestron (Ciba Geigy). 

At this time, co-workers investigating the same problem in our laboratory found that 

a modified Long Ashton solution containing ferric citrate as the iron source 

produced favourable growth without striation occurring. The growth methods and 

materials finally used in this work therefore used this iron supplement. 
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