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Good afternoon, I am Alistair Pask from the Dept of Plant and Crop Sciences at the University of Nottingham, UK

May I firstly thank the organisers of the conference for their invitation to talk.

The research I would like to present today is Quantifying…

Together with John Foulkes (also University of Nottingham), Roger SB (ADAS UK ltd) and Peter Jamieson (Plant and Food Research NZ)

In particular I aim to identify physiological traits useful for the development of N-efficient cultivars



Overview

• Background and rationale of research

• Quantifying canopy N pools

• Crop N allocation at flowering

• Crop N remobilisation and uptake from 
flowering to harvest

• Breeding for improved NUE
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Firstly I will present the background and rationale of the research…
An approach to quantifying canopy N pools
Results for:
And finally opportunities for…




Benefits of improved N-use efficiency

• In high input systems: reduced 
excessive fertiliser N inputs whilst 
maintaining high yield potential

• In low input systems: improved yield 
response to N inputs in low resource 
environments

• Overall reduced environmental 
impacts due to use of and pollution 
from N inputs
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The aim of the research is to contribute to the development of N-efficient cultivars by increasing the knowledge and understanding of the link between yield potential and N supply, ((thereby producing more grain yield per unit of N available to the crop))

In high input systems, winter wheat crops typically receive large amounts of N to maximise yields - however as only around half of this fertiliser N is taken up - significant quantities of excessive fertiliser N inputs are lost to the environment. Improved NUE may reduce…

Whilst, in low input systems, the yield potential of crops is often limited by low N availability. Improved NUE may…

And overall higher NUE...



Understanding N-use efficiency

• N-Use Efficiency (NUE) is the grain yield per unit of N available 
in the soil.

• NUE is the multiple of two components:

• NUE can be improved by both uptake and utilisation of N

N utilisation E can be improved by reducing inessential crop N

NUE = N Uptake E  *  N Utilisation E
N uptake / N supply Grain yield / N uptake
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Therefore in order to appreciate the aim of our research, it is important to understand the concept N use efficiency: 
this is the amount of grain produced per amount of N available to the crop

It is the multiple of two components:
The uptake efficiency which is the amount of N available in the soil is absorbed by the crop; and,
The utilisation efficiency which is the efficiency with which the absorbed N is used to produce grain yield.

Several approaches can be taken to increase N use efficiency: either increase UPE and/or increase UTE;
But the objective of this research is to attempt to increase UTE by identifying and reducing the inessential N within the crop canopy, whilst maintaining grain yields. 


((Thereby increasing the amount of biomass produced per unit of crop N (biomass production efficiency) whilst maintaining the proportion of crop dry matter allocated to the grain (harvest index))




Defining canopy N pools

1. Photosynthetic N (PN):
• photosynthetic proteins in green 

tissues

2. Structural N (SN):
• structural supporting tissues and 

vascular connections

3. Reserve N (RN):
• canopy N not allocated to PN or SN 

pools
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In order to identify the location and quantity of inessential N in the crop canopy, it is first necessary to define that N which is essential for productive growth. To do this we have simplified the accumulation and use of N by the crop into three main pools at flowering:

Firstly, that N which is considered to be essential for growth was allocated either to:
The photosynthetic N (PN): is the N contained in the photosynthetic proteins in green tissues (principally Rubisco and chlorophyll)
The structural N (SN): in the N contained in the structural supporting tissues and vascular connections (principally low N polysaccharides fibres, pectin and N containing glyco-proteins; i.e. lignin)

Therefore the remaining N was:
The reserve N (RN): that N remaining not allocated to either PN or SN pools

In addition, a functional approach is taken by partitioning the canopy into the component organs and considering the amount of PN and SN required by each organ; so the amount and distribution of RN can then be calculated. 




Experiments

• Two sites (UK & New Zealand) and 3 field experiments
• Range of N treatments (nil N to supra-optimal N) applied to 
four winter wheat (feed) cultivars
• Sequential sampling for dry matter and N%, with canopy 
partitioned into four components
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The research is based on data from field-grown FEED winter wheat cultivars, in three experiments;
at two sites (UK and New Zealand)

This photograph is from the New Zealand experiment; and you can see:

A range of six N treatments were applied to crops in each experiment; from unfertilised through the predicted optimum for grain yield (referred to as the ‘recommended’ N treatment) to super-optimum N treatments: N rates - deficient to optimal to excess… response of the crop to the availability of nitrogen.

In all three experiments the principal variety was Istabraq (a semi-dwarf feed wheat cultivar), whilst in the UK experiments there were three additional varieties to test for genetic effects

Plots were sampled at 5-6 key growth stages, particular emphasis on flowering and harvest
Crop was sampled for dry mass and N content
And the canopy was partitioned into leaf lamina, leaf sheath, true stem, and ear (or chaff/grain at harvest)

The results I will present today are an average of the three experiments for the principal variety; with a discussion of the genetic effects

Varieties chosen from phenotyping trials to express max variation in whole stem N content at anthesis in modern germplasm

Feed wheats – ok to reduce grain N% as end use is improved thru lower grain N



Grain yields
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The first data is of the grain yields for the three experiments:

Describe the graphs: yield in t/ha 85% DM and applied N in kg/ha
Two UK experiments and one NZ experiment.

Main variety is Istabraq: and a N response linear plus exponential curve has been fitted to this variety in each experiment, from this the amount of N for optimum yield was estimated – shown with the dashed red line.

The amount of applied N for optimum grain yield was estimated for TT06, TT07 and LC07 as 245 (±22), 136 (±48) and 312 (±14) kg
N/ha, with corresponding yield optima of 13.6, 10.5 and 15.2 t/ha, respectively

In the UK experiments the yield three other varieties have been plotted but lines not fitted.

As you can see:
The pattern of yield response to N was similar, but actual yields were significantly different across site/seasons
The highest yield was observed in the NZ experiment – with the largest response to N (of approx 8 t/ha)
The UK 2006/7 experiment there was some poor weather conditions during stem-extension which caused some leaning/lodging of the crop but UK 2005/06 crop performed well

Therefore: detailed data on the following will be on Istabraq (the principal variety) focused at the recommended N treatment which in each case is similar to the N amount for optimum yield





Canopy N allocation model at flowering

For individual crop components (leaf lamina, 
leaf sheath, true stem and ear):
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Our new N allocation model was developed, to estimate the quantity and location of the structural, photosynthetic  and reserve N in the canopy at flowering

In the first instance; we estimated the amount of N required for the function of the green tissues:
Combining data for the three experiments for the main variety Istabraq we plotted the green leaf lamina N concentration (SLN) against the radiation-use efficiency (RUE) at flowering

:Describe the graph

we found that the breakpoint of the bi-linear relationship was at : SLN 2.1(±0.30) gN m-2, RUE 2.96(±0.10) gDM MJ-1

This is in agreement with previous studies in wheat: which suggest an SLN at ca. 2 g N m-2 to maximise RUE
corresponding to the breakpoint across sites and seasons, and with values reported in previous studies (Foulkes et al., 2006; Hay and Porter, 2006).




Canopy N allocation model at flowering

For individual crop components (leaf lamina, 
leaf sheath, true stem and ear):

SN+PN = Green Area x 2.061 g N m-2

SN = AGDM at harvest x minimum N% at harvest

PN = (SN+PN) - SN

RN = AGN – (SN+PN)
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Addressing each of the four components of the crop canopy in turn:

The amount of (SN + PN) required by each organ can then be calculated based on the projected planar green area x value at the breakpoint

Then:
The amount of structural N was estimated by multiplying the AGDM observed by the minimum concentration of N in that component under the nil N treatment at harvest

The amount of photosynthetic N was estimated by the difference between the (SN+PN) and SN

And finally the amount of reserve N was estimated by the difference between the total above-ground N and the (SN+PN)
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Using the model the following data was produced:
This shows the N allocation to the three N pools for the individual crop components at flowering.
The data are for the main variety: Istabraq; at the recommended N treatment; averaged across the three experiments

You can see:
Majority of N was allocated to the PN and RN pools with a smaller amount to the SN pool

Of the:
Structural N: main structural component was the true stem - contained the most SN

Photosynthetic N: allocated to those crop components with large green areas (principally leaf lamina and leaf sheath (altho ear area under-represented in model)

Reserve N: allocated to all crop components: with the true stem containing the largest amount of RN (44 kg/ha)
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Looking more closely at the reserve N pool:
This shows the allocation of crop N to the reserve N pool for the individual crop components at flowering at increasing N supply:

The data are for the main variety: Istabraq; averaged across the three experiments; at three N treatments: unfertilised, optimally fertilised and super-optimally fertilised.

You can see:
That the amount of RN responds to N supply
Generally the pattern of RN allocation is consistent across N treatments; however,

At the super-optimally fertilised N treatment: the proportion of RN allocated to the leaf lamina and leaf sheath increases; the amount of RN allocated to the true stem increases to 45 kg N /ha

At the unfertilised N treatment: RN is allocated almost entirely to the ear and true stem.





Genetic effects at flowering

• Varieties selected to contrast for N partitioning

• Only small varietal differences in allocation to N pools

• Atlanta allocated more Reserve N to the ear, but 
associated with earlier flowering

Above-ground N Reserve N True stem RN

Genetic range at 
rec’d N treatment

252-277 kg/ha 90-109 kg/ha 47-54 kg/ha

Probability (G)
Probability (G*N)

ns
ns

<0.01
ns

ns
ns
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In the UK experiments the amount of N in the canopy N pools at flowering was estimated for all four varieties:

There were no statistically significant differences between varieties for the total amount of above-ground N (N uptake)

And despite the varieties being selected to contrast for N partitioning at flowering:

Overall there were only small differences observed amongst varieties in the allocation of N amongst the three crop N pools.

At the recommended N treatment, there was a trend for Atlanta to accumulate proportionally slightly more crop N in the ear RN pool (0.39) than the other varieties (0.36-0.37) 
Associated with:
And also a shorter stem length : proportionally less in the SN; and/or,
earlier flowering for Atlanta: more N accumulation in the ear

There was no consistent difference amongst these four elite varieties in the proportion of AGN allocated to the PN pool in the range
0.40-0.42.  This pattern of varietal effects was consistent across the two other N treatments, and

there were no significant N x variety interactions for partitioning of N amongst the crop N pools.



Post-flowering N remobilisation and uptake

For individual crop components (leaf lamina, 
leaf sheath, true stem and ear):

Structural N was assumed to remain in straw at 
harvest

Reserve N appeared to be remobilised to grain 
before photosynthetic N

N in the crop at harvest which was not present in 
the crop at flowering was termed ‘post-anthesis N 
uptake’ (PANU)
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In the grain-filling phase, from flowering to harvest:
Our model was then used to estimate the amount of N remobilised to the grain from the PN and RN pools for each crop component:

Using the following assumptions:
(ii) Structural N is not remobilised and remains in the straw at harvest.
(iii) Based on our data – the Reserve N is remobilised first in preference to PN.
(iv) Photosynthetic N is remobilised when the amount of N remobilised > RN.




Reserve N remobilised at harvest is termed ‘storage N’
Reserve N not remobilised at harvest is termed ‘accumulation N’
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Using the model, the following data were produced:
This slide shows the crop at harvest:

The amount of N remobilised to the grain from the photosynthetic N and reserve N pools for the individual crop components between flowering and harvest (shown ON THE RIGHT); and the amount of N remaining in the straw (ON THE LEFT).

The data are for the main variety: Istabraq; at the recommended N treatment; averaged across the three experiments

You can see:
Structural N: is (assumed) not the be remobilised and remains in the straw at harvest

Reserve N: the majority was remobilised to the grain – 
A small, but significant, amount was remaining in the true stem (12 kg N /ha) and some in the ear (3 kg N /ha) 
That all the RN was remobilised from the leaf lamina or leaf sheath
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Looking more closely at the reserve N pool:
This slide shows the N remobilisation from the reserve N pools for the individual crop components at three N treatments: unfertilised, optimally fertilised and super-optimally fertilised.

The data are for the main variety: Istabraq; averaged across the three experiments; 
With N remobilised to the grain  on the right; and the amount of N remaining in the straw on the left.

You can see:
At the nil N treatment, all the RN was remobilised in all crop components in all three experiments (except 2 kg/ha in both the true stem and ear in TT07). 
Whereas at the supra-optimal N supply the amount of non-remobilised RN continued to increase in the true stem and ear (to 17 and 5 kg/ha, respectively) but not in the leaf lamina or leaf sheath.





Genetic effects at harvest

• Only small varietal differences in RN remobilisation

• Varietal effect of non-remobilised true stem RN – although 
both effect and range small

• Atlanta remobilised more ear RN to the grain, but 
associated with earlier flowering increasing ear RN

Above-ground N Remobilsed
true stem RN

Non-remobilsed
true stem RN

Genetic range at 
rec’d N treatment

313-325 kg/ha 32-40 kg/ha 11-16 kg/ha

Probability  (G)
Probability (G*N)

ns
ns

ns
ns

<0.01
ns
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In the UK experiments the amount of N remobilised between flowering and harvest was estimated for all four varieties:

Again there were no statistically significant differences between varieties for the total amount of above-ground N (N uptake)

Only small, non-significant differences were observed amongst varieties in the N remobilisation from the PN and RN pools.

The was an effect of variety on the amount non-remobilised RN in the true stem
But the effect was inconsistent across seasons and overall the range was small (11-16 kg N /ha)

There was a trend for Atlanta to remobilise more chaff RN than the other three varieties
Associated with: earlier flowering for Atlanta: more N accumulation in the ear at flowering

there were no significant N x variety interactions for partitioning of N amongst the crop N pools.




Reserve N unloading in post-flowering N 
source/sink manipulations
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To test whether it is possible to increase the amount of RN remobilised from the crop components during grain-filling.
N source/sink manipulations were performed in the UK2005/06 and NZ2006/07 experiments at around 14 days after flowering

The degraining manipulation decreased the grain N sink; by removing all the florets on one side of the ear

Whilst,  the defoliation manipulation decreased the grain N source by removing all the leaf laminae below leaf 2.

With a focus on the true stem in particular;
And in comparison to the control, you can see:

By decreasing the grain N sink in the degrained treatment, the amount of non-remobilised RN in the true stem was significantly increased
Whilst by decreasing the grain N source in the defoliated experiment, the amount of non-remobilised RN in the true stem was significantly decreased (in each case by ~20%).

Demonstrating a potential to remobilise more of the N remaining in the (true stem) straw at harvest, and hence potentially reduce the amount of inessential N in the canopy

((Significant effect ** of manipulation on true stem accumulation N))




Conclusions

• New model shows significant role of RN:

– Up to flowering: 109 kg/ha RN at recommended N of 
which 27% in leaf lamina and 41% in true stem

– During grain-filling: 94 kg/ha RN remobilised; 100% of leaf 
lamina RN, but 72% of true stem RN

• True stem has important RN function:

– Large physical size and central location

– But contained 12 kg/ha RN in straw at harvest

– Small varietal difference in non-remobilised RN

– N source/sink manipulations indicate potential for 
increased remobilisation of RN
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In conclusion:

The model shows that Reserve N has a significant functional role in the crop:

Up to flowering: the Reserve N increases the crop N sink capacity
- providing dynamic N to support plant growth (e.g. leaf laminae expansion)

During grain-filling: RN buffers the mobilisation of PN and delays canopy senescence, thereby maintaining green area and RUE

With regards to the true stem RN function:
The true stem appears to be physically suited to N storage
But at harvest contained a small but significant quantity of non-remobilised RN at harvest – equating to around 20kg/ha of applied fertiliser N
However the source/sink manipulation experiments suggest that some/all of this true stem non-remobilised RN is potentially remobilisable






Breeding for improved NUE

• Optimisation of RN :

– Feed wheats: Lower grain N to reduce requirement for true 
stem RN accumulation

– Bread wheats: Increased  true stem RN mobilisation 
efficiency during grain-filling

• Screening for target traits:

– True stem traits such as wall thickness, height and N 
content

• Search for genetic variation:

– In wider wheat germplasm, relatives of wheat and 
synthetically derived wheats

– Potential for gene introgression 19
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Finally, with respect to breeding for improved NUE:

In feed wheats: breeding for lower grain N would reduce the need for the accumulation of Reserve N to supply the grain thereby reducing crop N requirement and increasing NUE ((and/or would also reduce/delay the N relocation from the PN pool in the photosynthetic organs))

In bread wheats: breeding for increased reserve N remobilisation during grain filling to reduce true stem straw N content and increasing NUE

In screening…
It appears from our research that true stem traits such as: wall thickness, stem height and stem N content could be used to screen for varieties with lower true stem reserve N

Search for genetic variation:
The varieties in this research were all modern, semi-dwarf, feed wheats from elite UK germplasm with similar release dates (1998-2004) and anthesis dates, and some common parentage (e.g. common parent of Riband for Atlanta, Istabraq and Savannah). 

So… it would be necessary to look -
With the potential for gene introgression into modern cultivars.


allow for larger grain production, but also reduce grain N

Conservative nature of crops
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