Field Crops Research 155 (2014) 213-223

Contents lists available at ScienceDirect

Field Crops Research

journal homepage: www.elsevier.com/locate/fcr

Nitrogen partitioning and remobilization in relation to leaf @CmMaIk
senescence, grain yield and grain nitrogen concentration
in wheat cultivars

Oorbessy Gaju?, Vincent Allard <, Pierre Martre”¢, Jacques Le Gouis "¢,
Delphine Moreau ¢, Matthieu Bogard "<, Stella Hubbart?, M. John Foulkes*
3 Division of Plant and Crop Sciences, School of Biosciences, University of Nottingham, Leicestershire LE12 5RD, UK

b INRA, UMR1095 Genetics, Diversity and Ecophysiology of Cereals, 5 Chemin de Beaulieu, F-63 039 Clermont-Ferrand, Cedex 02, France
¢ Blaise Pascal University, UMR1095 Genetics, Diversity and Ecophysiology of Cereals, F-63 170 Aubiére, France

ARTICLE INFO ABSTRACT

Article history: Our objective was to investigate the determinants of genetic variation in N accumulation, N partitioning
Received 16 April 2013 and N remobilization to the grain post-flowering and associations with flag-leaf senescence, grain yield
Received in revised form 4 September 2013 and grain N% in 16 wheat cultivars grown under high N (HN) and low N (LN) conditions in the UK and

Accepted 9 September 2013 France. Overall, cultivars ranged in leaf lamina N accumulation at anthesis from 5.32 t0 8.03 gNm~2 at HN

and from 2.69 to 3.62 gN m~2 at LN, and for the stem-and leaf-sheath from 5.45 to 7.25 g N m~2 at HN and
from 2.55 to 3.41 gNm~2 at LN (P<0.001). Cultivars ranged in N partitioning index (proportion of above-
ground N in the crop component) at anthesis for the leaf lamina from 0.37 to 0.42 at HN and 0.34 to 0.40
Nitrogen remobilization at LN; and for the stem-and leaf-sheath from 0.39 to 0.43 at HN and from 0.35 to 0.41 at LN (P<0.001). The
Canopy senescence amount of leaf lamina N remobilized post-anthesis was negatively associated with the duration of post-
Wheat breeding anthesis flag-leaf senescence amongst cultivars in all experiments under HN. In general, it was difficult to
separate genetic differences in lamina N remobilization from those in lamina N accumulation at anthesis.
Genetic variation in grain yield and grain N% (through N dilution effects) appeared to be mainly influenced
by pre-anthesis N accumulation rather than post-anthesis N remobilization under high N conditions and
under milder N stress (Sutton Bonington LN). Where N stress was increased (Clermont Ferrand LN), there
was some evidence that lamina N remobilization was a determinant of genetic variation in grain N%
although not of grain yield. Our results suggested that selection for lamina N accumulation at anthesis
and lamina N remobilization post-anthesis may have value in breeding programmes aimed at optimizing
senescence duration and improving grain yield, N-use efficiency and grain N% of wheat.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
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1. Introduction Moll et al., 1982). N-use efficiency can be divided into two compo-
nents: (i) N-uptake efficiency (NUpE; crop N uptake per N available)
Nitrogen (N) fertilizer represents a significant cost for the and (ii) N-utilization efficiency (NUtE; grain dry matter yield per

grower and may also have environmental impacts through nitrate crop N uptake). The contribution of NUpE and NUtE to genetic vari-
leaching and N,O (a greenhouse gas) emissions associated with ation in NUE in wheat varies according to previous studies (Le
denitrification by soil bacteria. Breeding of N-efficient cultivars Gouis et al., 2010). However, in an examination of 39 UK vari-
is one approach to reduce N fertilizer inputs while maintaining eties, Barraclough et al. (2010) found that NUtE explained more
acceptable yields (Foulkes et al., 2009). N-use efficiency (NUE) can of the variation in grain yield than NUpE at 5N rates. Similarly
be defined as the grain dry matter (DM) yield (kg DM ha—1) divided Gaju et al. (2011) reported genetic variability in NUE under low
by the supply of available N from the soil and fertilizer (kgNha~1; N related mainly to differences in NUtE rather than NUpE. There-
fore, understanding the physiological basis of variation in NUtE may
offer avenues to increase NUE in wheat grown in NW Europe and

elsewhere in the world.
Accumulation and redistribution of N are important processes
determining grain yield and grain quality (Simpson et al., 1983;
- Hirel et al., 2007, Gaju et al., 2011). It is widely understood that
* Corresponding author. Tel.: +44 1159 516024; fax: +44 1159 516060. N accumulated before anthesis provides the major source of grain
E-mail address: John.Foulkes@nottingham.ac.uk (M.]. Foulkes). N. In wheat, around 50-95% of the grain N at harvest comes from
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the remobilization of N stored in shoots and roots before anthesis
(Palta and Fillery, 1995; Kichey et al., 2007). The leaves and stems
are the most important sources of N for the grain (Critchley, 2001)
with the roots and chaff contributing about 10 and 15%, respectively
(Dalling, 1985).

N-remobilization efficiency (NRE; the proportion of N in the crop
or crop component at anthesis which is not present in the crop or
crop component at harvest) depends on the amount of N remo-
bilised to the grain in the post-anthesis period and on the amount
of N stored in vegetative parts at anthesis. Zhen-Yuan et al. (1996)
found that, in wheat between anthesis and maturity, the leaves
had a higher NRE (0.75) than the stems (0.43) and the roots (0.47).
Using 1°Nlabelling, Kichey et al. (2007) also reported higher NRE for
leaves (0.76) compared to stems (0.73) and chaff (0.73). Pask et al.
(2012) reported NRE of winter wheat cultivar Istabraq at optimal
N was higher for the leaf lamina (0.76) compared to the leaf sheath
(0.61), chaff (0.56) and true stem (0.48), with corresponding values
for NRE at low N of 0.73, 0.56, 0.63 and 0.47, respectively. Higher
N remobilization has been observed under low N supply compared
to high N supply by Barbottin et al. (2005). In addition, N uptake by
the roots post-anthesis can contribute between 5 to 50% of grain
N (e.g. Van Sanford and MacKown, 1986; de Ruiter and Brooking,
1994) depending on soil N availability as well as environmental
conditions. The amount of N remobilized to the grain is also highly
dependent on N stored at anthesis. Therefore, management prac-
tices such as high N supply and late N applications can increase
grain protein content (Gooding and Davies, 1992; Palta and Fillery,
1993; Bly and Woodward, 2003). Genetic variation in NRE of the
vegetative tissues has been reported in wheat from 0.52 to 0.92
(e.g. Cox et al., 1986; Van Sanford and Mackown, 1987; Papakosta
and Garianas, 1991; Barbottin et al., 2005; Tahir and Nakata, 2005;
Kichey et al., 2007; Pask, 2009).

Several investigations have concluded that the genetic control
of N remobilization is linked to the regulation of leaf senescence
(Sinclair and De Wit, 1975; Masclaux et al., 2001; Uauy et al., 2006).
Stay-green, the ability to retain green area during grain filling, has
been related to the N supply-demand balance during grain fill-
ing in sorghum (Borrell et al.,, 2001; Van Oosterom et al., 2010).
Martre et al. (2003) suggested that N remobilization is not driven
by demand for N by the grain but rather by the source supply from
the vegetative tissues. Modifying NRE to delay senescence could be
advantageous in feed wheat cultivars to favour a longer period of
active photosynthesis during grain filling and higher grain yield,
whereas in bread-making cultivars it may not be advantageous
due to detrimental effects on bread-making quality associated with
lower grain protein concentration. Gaju et al. (2011) reported that
the onset of post-anthesis senescence amongst 16 wheat cultivars
grown in the field in France and the UK was negatively correlated
with the crop NRE under low N supply, whereas under high N
supply there was no correlation. This result suggested that under
N-limiting conditions grain growth of wheat crops may be mainly
source limited; under non-N-limiting conditions grain growth is
reported to be mainly sink limited (Fischer, 2008).

This investigation was conducted to evaluate the effects of N
fertilizer rate and genotype on N partitioning and post-anthesis
N remobilization and associations with flag-leaf senescence, grain
yield and grain N% of wheat. Previously we reported variation in
NUE, crop NRE and senescence parameters for 16 wheat cultivars
grown in field experiments at four sites in the UK and France in
two years (Gaju et al., 2011). In summary, a significant N x cultivar
level interaction was observed for NUE. Overall genetic variability
in NUE under LN related mainly to differences in NUtE rather than
NUDpE. In this paper, we present an analysis of the genetic varia-
tion in N accumulation and N partitioning at anthesis (leaf lamina,
stem-and-leaf-sheath and ear) and post-anthesis N remobilization
from these crop components and relationships with senescence

parameters, grain yield and grain N% carried out at two of the
four sites in two years in the same set of experiments. The main
hypotheses examined were that: (i) N accumulation at anthesis in
leaf lamina and stem-and-leaf-sheath is a determinant of genetic
variation in post-anthesis N remobilization from these respective
plant components, and (ii) leaf~-lamina N remobilization is a deter-
minant of genetic variation in flag-leaf senescence and grain N%.
The specific objectives of the present paper are to: (i) investigate
the physiological basis of genetic variation in N accumulation in
plant components (leaf lamina, stem-and-leaf-sheath and ear) at
anthesis and N remobilization and responses to N availability and
(ii) examine associations between N accumulation in plant compo-
nents (leaf lamina, stem-and-leaf-sheath and ear) at anthesis and N
remobilization and flag-leaf senescence, grain yield and grain N%.

2. Materials and methods
2.1. Experimental sites and treatments

Field experiments were carried out at two sites: Sutton Bon-
ington, UK (52°50’ N, 1°14’ W) and Clermont-Ferrand, France
(45°46' N, 03°09' E) in 2006/7 and 2007/8. Seven UK cultivars and
nine French cultivars were grown at two rates of N fertilizer. The
full experimental details were described by Gaju et al. (2011). In
summary, each experiment used a split-plot design in which N
treatment was randomized on main plots, cultivar was randomized
on the sub-plots and each treatment was replicated three times. The
high N (HN) fertilizer treatment was intended to replicate commer-
cial practice and was calculated using methods described in Anon
(2000) in the UK and ‘Méthode du Bilan’ in France using measure-
ments of the amount of mineral N in the soil in February. Each N
treatment was applied in 2 to 4 splits with the first split applied in
March and the second and third splits applied when the stem was
extending (growth stage (GS; Zadoks et al., 1974) 32 to GS37), and
the fourth split at around anthesis. All N fertilizer was applied as
granules of ammonium nitrate and each split was applied on the
same calendar date for the 16 cultivars.

At Sutton Bonington (SB) the level of fertilizer N applied under
low N (LN) was 0 and 30kg N ha~! for 2006/7 and 2007/8, respec-
tively, whilst 210kgNha~! was applied in both years under HN
conditions. At Clermont-Ferrand (CF) 40 and 240 kg N ha~! of fertil-
izer N was applied under LN and HN, respectively, in both years. The
soil type at SB was clay loam in 2006/7 and sandy loam in 2007/8
whilst at CF it was clay in 2006/7 and clay loam in 2007/8. The
cultivars within an experiment were sown at the same seed rate,
and across experiments different seed rates were used to estab-
lish a target of 200 plants m~2 in the spring and ranged from 250
to 350 seeds m~2. All other crop inputs including pest, weed and
disease control, and potassium, phosphate and sulphur fertilizers
were applied at levels to prevent non-N nutrients or pests, weeds
and diseases from limiting yield.

2.2. Crop measurements

Crop growth was assessed in all sub-plots at anthesis and at
ripeness maturity from a defined area of 0.64 m? (SB) and 0.51 m?
(CF) by cutting the stems at soil level. All cultivars were sampled on
the date of reaching the stage at anthesis but on the same calendar
date at ripeness maturity. Following sampling, a random 10% sub-
sample (by fresh weight) of plant material was taken on which the
following measurements were carried out. The plant was separated
into lamina, stem-and-leaf-sheath and ear (grain and chaff at har-
vest) and the dry weight was recorded after drying at 80 °C for 48 h.
The concentration of the N in the crop components was measured
using the Dumas method (Dumas, 1831). Nitrogen Nutrition Index
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(NNI) was estimated according to the ratio of the actual above-
ground crop N¥% at anthesis and the critical N%, where the latter
was estimated according to the ‘critical dilution curve’ described
for wheat by Justes et al. (1994). At harvest, the sub-plots were
machine-harvested to determine the grain yield from an individual
sub-plot area of at least 5 m2. Thousand grain weight was measured
on a representative seed sample of 20 g. The seed was counted on
a Numigral seed counter (Villeneuve La Garenne, France) at CF and
a Contador seed counter (Pfeuffer, Germany) at SB and the weight
corrected to 0% moisture. The number of grains per square metre
was calculated from the grain weight and combine grain yield. The
data were used to determine the above-ground N uptake at anthe-
sis (AGN, ) and at harvest (AGNy ) and the N uptake in the respective
crop components at these stages.

N partitioning index (NPI) at anthesis is the proportion of
above-ground N at anthesis in the crop component at anthesis.
Post-anthesis N remobilization (NR; kg N ha~1)is the amount of Nin
the crop component at anthesis which is not recovered in the crop
component at harvest. Post-anthesis N remobilization efficiency
(NRE) is the proportion of N in the crop component at anthesis
which is not present in the crop component at harvest (Eq. (1)).

_ Na—Ny

NRE N»

(1)

where NRE is the N remobilization efficiency of the crop compo-
nent, N is the amount of N in the crop component at anthesis
(kgNha~') and Ny is the amount of N in the crop component at
harvest (kgNha=1).

2.3. Soil mineral N sampling

Soil mineral N (0-90 cm) was assessed immediately before sow-
ing and in early February to quantify soil N supply. Samples taken in
early February were from Rialto plots only in three replicates of HN
conditions. Six cores were used per plot at each soil depth of 0-30,
30-60 and 60-90 cm and all were bulked to give three samples per
plot for each soil horizon. Samples were analyzed for soil mineral
N (NO3~ and NH4*) as described by Gaju et al. (2011).

Before sowing, soil mineral N at SB was 95.4kgNha~! in
2006 and 38.6kgNha~! in 2007, and at CF it was 82.0 and
83.0kgNha~1, respectively. In early February, soil mineral N at SB
was 96.2 kgNha~! in 2006 and 35.1kgNha~! in 2007 and at CF it
was 73.4 and 62.1 kgNha~1, respectively.

2.4. Senescence parameters

Senescence patterns of the flag leaf (for five tagged main shoots
at CF in 2006/7 and 2007/8 or of flag leaves in the whole canopy
at SB in 2007/8) were assessed visually by recording the percent-
age green area senesced using a standard diagnostic key based on
a scale of 0-10 (100% senesced), as described by Gaju et al. (2011).
The same diagnostic key was used at all sites and at each site
one operator assessed senescence scores throughout a given sea-
son. Assessment was carried out twice weekly after anthesis until
full flag-leaf senescence. The data were then fitted against ther-
mal time from anthesis (GS61; base temperature of 0°C) using a
modified version of an equation with five parameters consisting
of a monomolecular and a logistic function (Génard et al., 1999).
The onset of post-anthesis senescence (SENgnser; °Cd) was defined
as the onset of the rapid phase of senescence; the rate of post-
anthesis senescence was defined as the rate of the rapid phase of
senescence (SENgatg; °Cd=1); and the end of post-anthesis senes-
cence (SENgnp; °Cd) was defined as the end of the rapid phase of
senescence.

2.5. Statistical analysis

Analysis of variance (ANOVA) procedures for a split-plot design
were used to analyze N treatments and cultivar effects and test
their interaction in individual site-seasons using Genstat version
15.1 (www.genstat.com; VSN International Ltd, Hemel Hempsted,
UK), where replicates were regarded as random effects and cultivar
as fixed effects. A cross-site-season ANOVA was applied to analyze
N treatments and cultivar effects across experiments and the inter-
action with site-season, assuming N treatments and cultivars were
fixed effects and replicates and site-seasons were random effects.
Pearson’s correlation coefficient and linear regressions using Model
Il (standard major axis regression; Warton et al., 2006) were calcu-
lated to quantify associations between traits using Genstat version
15.1.

3. Results
3.1. N accumulation in crop components at anthesis

At anthesis, in response to N fertilizer, leaf lamina N overall
increased from 3.21gNm~2 under LN to 6.89gNm~2 under HN
conditions (P<0.01; Table 1). The increase in lamina N in response
to N fertilizer ranged amongst the cultivars from 2.74gNm—2
(+49%; Récital) to 4.79 gN m~2 (+63%; Rialto; P<0.001). Stem (true
stem plus leaf sheath) N increased in response to N fertilizer
from 3.05gNm~2 under LN to 6.36 gNm~2 under HN (P<0.001),
with increases ranging amongst cultivars from 2.37 (+44%; Récital)
to 4.07 (+58%; Robigus) gNm~2 (P<0.01). The site x N x cultivar
interaction for leaf N was not significant,. However, for stem N the
site x N x cultivar interaction was significant (P<0.05) indicating
responses of cultivars to N supply depended on site. N in the ear
at anthesis increased from 2.02gNm~2 under LN to 2.97 gNm2
under HN; the N x cultivar interaction was not statistically signifi-
cant.

3.2. N partitioning at anthesis

In these experiments we used the N Nutrition Index (NNI) at
anthesis as an indicator of the crop N stress incurred by the cultivars
in the N treatments at the two sites (Justes et al., 1994). Averag-
ing across cultivars, with increasing N supply the NNI increased
from 0.45 (LN) to 0.81 (HN) at CF and from 0.54 (LN) to 0.99
(HN) at SB, respectively. There was no evidence for a relationship
between NNI and N partitioning index at anthesis across site x N
treatment combinations for the lamina or the stem, but the ear
N index showed a negative linear relationship with NNI at anthe-
sis (r2=0.68, P<0.001) (Fig. 1). For the ear N partitioning index,
for the relationship amongst cultivars within each site x N treat-
ment combination, the linear regression on NNI was, however,
only close to statistical significance at CF in the LN treatment
(P=0.09).

The leaf-lamina N partitioning index decreased overall with N
deficiency from 0.42 (HN) to 0.38 (LN) (P<0.01; Fig. 1; Supple-
mentary Table S1); the decrease in lamina NPI at LN was relativey
greater at CF than SB and the site x N treatment interaction was
significant. Averaging across sites and N treatments, lamina NPI
ranged amongst cultivars from 0.37 (Récital) to 0.42 (Renan);
and the N x cultivar interaction was significant. Stem NPI overall
decreased with N deficiency from 0.39 (HN) to 0.37 (LN) (P<0.001).
This overall effect related to a decrease in stem NPI at SB under
LN but no difference in stem NPI between LN and HN at CF; and
there was a site x N interaction (P<0.01). Averaging across sites
and N treatments, stem NPI ranged amongst cultivars from 0.36
(Alchemy, Robigus, Rialto, Beaver and CF9107) to 0.41 (CF99102
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Table 1

Leaf lamina (Lam N,), stem (Stem Nj, true stem plus leaf sheath) and ear N (Ear Nu) at anthesis for 16 bread wheat cultivars grown at Clermont-Ferrand (CF), France, and
Sutton Bonington (SB), UK, under low N (LN) and high N (HN) conditions. Values represent means across the 2006/7 and 2007/8 growing seasons. SED, standard error of the

difference of the means; df, degree of freedom; ns, not significant; and Cv, cultivar.

Cultivars Lam N (gNm~2) Stem Na (gNm~2) Ear Na (gNm~2)

CF SB Mean CF SB Mean CF SB Mean

LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN
Alchemy 1.76 486 494 9.21 335 7.04 1.77 405 411 8.06 294 6.06 152 253 249 372 201 3.13
Arche 2.04 4.61 4.45 956 325 7.09 227 3.94 445 892 336 643 1.6 258 26 393 210 3.26
Beaver 1.77 5.08 491 10.01 334 755 1.88 458 4.2 855 3.04 6.57 1.64 3.01 3.11 3.85 238 343
CF9107 2.24 442 4.21 819 323 631 2.19 3.63 336 7.78 2778 5.71 1.74 258 232 314 203 286
CF99102 1.96 405 4.62 946 329 6.76 229 393 441 10.07 335 7.00 1.46 239 232 345 1.89 292
Consort 1.66 483 456 9.55 3.11 719 1.65 459 397 8.07 2.81 6.33 1.42 245 255 317 199 281
Paragon 1.75 398 46 9.2 3.18 6.59 218 3.98 464 9.15 341 6.57 1.30 1.89 249 3.15 190 2.52
Perfector 191 486 533 992 362 739 198 418 4.26 9.14 312 6.66 143 252 25 3.37 197 295
Quebon 1.86 444 466 956 326 7.00 191 3.55 449 943 320 649 142 262 2383 381 213 3.22
Récital 2.00 3.77 337 6.87 269 532 292 345 324 745 3.08 545 1.90 254 202 289 196 272
Renan 2.40 397 45 864 345 631 2.04 3.01 3.97 8.6 3.01 5.81 1.56 2.21 219 32 1.88 2.71
Rialto 1.43 394 42 1126 282 760 144 332 393 9.9 269 6.61 1.23 22 2.68 4.05 196 3.13
Robigus 1.75 486 496 11.19 336 8.03 1.72 396 429 1019 3.01 7.08 1.69 282 266 4.01 218 342
Savannah 1.96 472 435 983 3.16 7.28 263 5.21 3.88 929 326 7.25 1.74 289 252 346 213 3.18
Soissons 2.27 3.66 4.39 848 333 6.07 232 336 4.01 855 3.17 596 139 1.87 225 322 1.82 255
Toisondor 1.84 4.7 4.1 886 297 6.78 1.75 421 3.34 839 255 630 1.58 247 236 304 197 276
Mean 191 442 4.51 936 3.21 6.89 2.06 3.93 4.03 885 3.05 639 154 247 249 347 202 297
SED
N, df 8 0.1990 0.166 0.071"
N x Site, df 8 0352 0.194 0.089"s
Cv, df 236 0.247" 0.228 0115
N x Cv, df 236 0393 0.354" 0.173ns
Site x N x Cv,df 236  0.540™ 0.483 0.245"

" Significant at the 0.05 probability level.
" Significant at the 0.01 probability level.
™" Significant at the 0.001 probability level.

and Paragon; P<0.001), and there was a N x cultivar interaction
(P=0.08).

Ear N partitioning index overall increased with N deficiency
from 0.20 (HN) to 0.26 (LN), with a smaller increase evident at CF
from 0.23 to 0.28 than at SB from 0.16 to 0.23 (P<0.01). Averag-
ing over sites and N treatments, ear NPI ranged amongst cultivars
from 0.20 (Soissons) to 0.25 (Beaver; P<0.001). The response of ear
NPI to N deficiency ranged from +0.03 (CF99102) to +0.09 (Toison-
dor; P<0.001). There was a trend for a relatively greater increase
in ear NPI with N deficiency for the later flowering cultivars (lin-
ear relationship between N response and anthesis date amongst
the 16 cultivars; r2=0.25; P=0.054, Supplementary Fig. S1). The
site x N x cultivar interaction was statistically significant (Supple-
mentary Table S1).

3.3. Post-anthesis leaf-lamina and stem N remobilization and
post-anthesis N uptake

Overall lamina NRE was higher at SB (0.83) than CF (0.72) and
higher under LN (0.80) than HN (0.75) conditions (Supplementary
Table S2; Fig. 2). Averaging across sites and N treatments, culti-
vars ranged in lamina NRE from 0.74 (Toisondor) to 0.81 (Rialto;
P<0.001; Supplementary Table S2). Cultivars responded differently
to N deficiency, with changes in lamina NRE ranging from -0.01
(Rialto, Robigus, and Savannah) to +0.16 (Soissons). The responses
were associated with anthesis date (12 =0.25, P<0.01), with earlier
cultivars increasing lamina NRE relatively more than later cultivars
in response to N deficiency. This may have reflected that there was
an inverse relationship between post-antheis N uptake (PANU) and
lamina NRE and that early flowering cultivars decreased PANU rel-
atively more than late flowering cultivars under N deficiency (Gaju
etal,2011,Table 2). There was a significant site x N x cultivar inter-
action (P<0.001), indicating that the responses of cultivars to N
deficiency depended on site (Supplementary Table S2).

Overall stem NRE was higher at SB (0.61) than CF (0.50); stem
NRE increased with N deficiency at CF (from 0.44 (HN) to 0.55 (LN)),
but not at SB (Supplementary Table S2; Fig. 2). Averaging across
sites and N treatments, stem NRE ranged amongst cultivars from
0.48 (Renan) to 0.61 (CF99102; P<0.001). The N x cultivar interac-
tion was not significant.

More N was remobilised in the post-anthesis period from the
lamina than the stem under both HN (5.42 vs 3.56gNm~2) and
LN (2.65 vs 1.82 g N m~2) conditions (Figs. 2 and 3; Supplementary
Table S3). For both the lamina and the stem, the absolute amount
of N remobilised (NR) decreased with N deficiency (P<0.001). Lam-
ina NR ranged overall from 3.16 (Récital) to 4.61 (Robigus) g N m~2
(P<0.001) and stem NR from 2.17 (Renan) to 3.15 (Savannah)
gNm~2 (P<0.001). For lamina NR, the N x cultivar interaction was
significant with the reduction under N deficiency ranging from 38%
(Soissons) to 64% (Rialto) (Supplementary Table S3). For stem NR,
there was a N x cultivar interaction (P<0.05), with the reduction in
stem NR under LN ranging from 38% (Paragon) to 60% (Toisondor).

The amount of N remobilized from each crop component
together with post-anthesis N uptake is shown in Fig. 2 for the
site/N treatment combinations. Post-anthesis N uptake decreased
with N deficiency from 1.85 to 1.30gN m~2 at SB and from 8.81 to
3.67gNm~2 at CF (P<0.01). Post-anthesis N uptake ranged over-
all amongst cultivars from 2.87 gNm~2 (Consort) to 491 gNm2
(Renan) (P<0.05; Fig. 4). The N x cultivar interaction and the
site x N x cultivar interactions were not significant.

3.4. Relationships between N uptake, grains per m? and N
remobilization

N uptake at anthesis was positively correlated amongst culti-
vars with each of lamina NR and stem NR in most experiments.
At SB, AGNj,was positively correlated amongst cultivars with
each of lamina NR and stem NR under both LN (r=0.89, P<0.001
and r=0.88, P<0.001, respectively) and HN (r=0.97, P<0.001 and
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Fig. 1. N partitioning index at anthesis for leaf lamina (a), stem-and-leaf-sheath (b),
and ear (c) versus N nutrition index at anthesis for 16 wheat cultivars grown at
Clermont-Ferrand (CF), France, under high N (¢; HN) and low N (¢; LN) conditions
and at Sutton Bonington (SB), UK, under high N (a) and low N (A) conditions. Values
represent means + 1 s.e.m. across the 2006/7 and 2007/8 growing seasons.

r=0.87, P<0.001, respectively) conditions. At CF, similar positive
associations were found under LN conditions (r=0.70, P<0.01 and
r=0.69,P<0.01, respectively). Under HN conditions, AGN4 was only
significantly associated with lamina NR (r=0.77, P<0.001). At both
sites in each N treatment, there was always a positive correlation
between N accumulation in the lamina or stem at anthesis and

the subsequent NR from the respective crop component (P<0.05;
Table 2).

Post-anthesis N uptake was negatively correlated amongst cul-
tivars with lamina NR (r=-0.75, P<0.001) and stem NR (r=-0.63,
P<0.01)under LN at SB. Similarly negative correlations were found
between PANU and lamina NR (r=-0.79, P<0.001) and stem NR
(r=-0.80, P<0.001; Table 2 and Fig. 2) under HN. At CF, neg-
ative correlations were again found between PANU and lamina
NR (r=-0.61, P<0.01) and stem NR (r=-0.57, P<0.05) under
HN. Under LN conditions, there was a weak negative correlation
between PANU and lamina NR (r=—0.41, P=0.09) but no correlation
between PANU and stem NR.

No relationships amongst cultivars were observed between
grain N sink strength, as indicated by grains m~2, and lamina NR or
stem NR under LN conditions at either CF or SB. Under HN con-
ditions, grains m—2 was positively associated amongst cultivars
with lamina NR at SB and CF (r=0.64, P<0.01 and r=0.57, P<0.05,
respectively), but there was no association at either site with stem
NR.

3.5. Relationships between N remobilization and senescence
parameters

Senescence parameters (onset, end and rate of the rapid phase of
post-anthesis senescence) were estimated in both years at CF and
in 2008 at SB. In each case, there was a linear negative relation-
ship amongst cultivars between lamina NR and SENgyp under HN
conditions (P<0.05 at SBO8 and CFO7 and P=0.08 at CF08; Table 3
and Fig. 3; Supplementary Table S4). Under LN conditions, no sta-
tistically significant relationship was found. Under HN, stem NR
was similarly negatively associated with SENgnp at SBOS (12 =0.39,
P<0.01) and at CFO7 (2 =0.26, P<0.05). In addition, stem NR was
linearly positively associated with SENgnp (2 =0.41, P<0.01) at
CF08 under LN conditions. No consistent associations were found
between the other N variables (N accumulation and N partitioning)
and the senescence parameters (correlations not shown).

3.6. Relationships between N uptake, N partitioning and N
remobilization parameters and grain yield and grain N%

Grain yield at SB was positively associated amongst cultivars
with AGNp (r=0.57, P<0.05) and lamina NR (0.49, P<0.05) and
negatively associated with PANU (r=—0.60, P<0.05) under LN con-
ditions (Table 2; Fig. 4). Under HN conditions, grain yield was again
positively associated with AGN4 (r=0.69. P<0.01) and lamina NR
(r=0.76, P<0.001). At CF, grain yield was not associated amongst
cultivars with any of the N variables under LN conditions. Under
HN conditions, grain yield was positively associated with AGN4
(r=0.64,P<0.01) and lamina NR (r=0.74, P<0.001) and negatively
associated with PANU (r=-0.50, P<0.05).

Turning to consider grain N%, at SB grain N% was negatively
associated amongst cultivars with AGN, (r=-0.50, P<0.05) and
lamina NR (r=—0.43, P=0.08) and positively associated with PANU
(r=0.68,P<0.001)under LN conditions. Under HN conditions, there
was a trend for a negative association between grain N% and lamina
NR (r=-0.44, P=0.08). At CF, grain N% was positively associated
amongst cultivars with AGN, (r=0.48, P=0.06) and lamina NR
(r=0.58, P<0.05) under LN conditions. Under HN conditions, grain
N% was negatively associated with AGNp (r=-0.62, P<0.01) and
lamina NR (r=-0.67, P<0.01) and positively associated with PANU
(r=0.62,P<0.01).

4. Discussion

The present results allow us to discuss firstly the physiological
basis of genetic variation in N accumulation, N partitioning and N
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Fig. 2. Negative values on the left hand side of the y-axis are the amount of N remobilised post-anthesis to the grain from each crop component (leaf lamina (Lamina),
stem-and-leaf sheath (Stem) and chaff) and the post-anthesis N uptake (PANU); positive values on the right hand side of the y-axis are the remaining amount of N in each
crop component at harvest at Sutton Bonington (SB), UK (a and b) and Clermont Ferrand, France (CF) (c and d) under low N (LN) and high N (HN) conditions. Values represent

means across 2006/7 and 2007/8. Errors bars represent s.e.m. across the 2006/7 and 2007/8 growing seasons.

Table 2

Pearson’s correlation coefficients amongst 16 wheat cultivars between above-ground N at anthesis (AGN4, g N m~2), post-anthesis N uptake (PANU, g N m~2), grains per m?
(GNM2), lamina (Lam Na, gNm~2) and stem-and-leaf-sheath (Stem N, gNm~2) N at anthesis, lamina (Lam NR, gNm~2) and stem-and-leaf-sheath (Stem NR, gNm~2) N
remobilization and lamina (Lam NRE, dimensionless) and stem-and-leaf-sheath (Stem NRE, dimensionless) N remobilization efficiency at Clermont-Ferrand (CF), France, and

Sutton Bonington (SB), UK, in low N (unshaded) and high N (shaded) conditions, based on means over 2007 and 2008.

AGNp PANU GY GN% GNM2 Lam Njp Stem Na Lam NR Stem NR Lam NRE Stem NRE
SB
AGNp —0.80 0.69" -0.31 0.56° 097 0.89 097 0.87 0.47 071"
PANU -0.72 -0.47! 0.27 —0.52° -0.75 " -0.81" -0.79 " -0.80 -0.59' -0.64"
GY 0.57 —-0.60 -0.85 0.86 0.76 0.41 0.76 0.56 0.46' 0.54'
GN% -0.50" 0.68" —0.95" ) -0.75 " 0.41 —-0.05 —-0.43! —0.29 -043 -0.29
GNM2 0.40 -0.53" 0.84" -0.87" 0.64" 0.33 0.64" 0.42 0.48' 0.48'
Lam Np 091" -0.70" 0.51 —-0.46 0.32 ) 0.78 099 0.79 0.42 071"
Stem Na 0.87 " -0.50 0.30 -0.19 0.23 0.71 . 082 0.88 0.53" 0.62°
Lam NR 0.89" -0.75"" 049 —0.44 0.3 0.98" 0.69" ’ 0.83 0.54' 0.72"
Stem NR 0.88" -0.63" 0.44" -0.36 0.32 0.66" 091" 0.66" ’ 0.58 0.87
Lam NRE 0.31 —-0.48! 0.23 -0.16 0.10 0.32 0.18 0.51 0.25 : 0.48'
Stem NRE 0.65" -0.71" 0.27 -0.38 0.38 0.47! 0.60 0.50 0.73" 0.30 V
CF
AGNp —0.44/ 0.64 " —0.62" 0.59 0.86 0.83 0.77 0.34 0.50' -0.07
PANU —0.06 ) —0.50' 0.62" —0.55 -0.48! -0.38 —0.61" —0.57 -0.47 —0.40
GY -0.28 0.21 ' —0.66 0.64 " 0.56 0.61 " 074" 0.35 072" 0.02
GN% 0.48 0.15 -0.60" ) -0.88" -0.69" -0.66 -0.67" -0.32 -0.49’ -0.32
GNM2 -0.20 0.09 0.62" -0.61" 0.57 0.57 0.57 0.21 0.40 —0.08
Lam Njp 078" 0.02 -0.31 0.64 -0.41 ) 072" 0.87 0.46' 0.58 0.19
Stem Np 0.89 " -0.05 -0.21 0.34 —-0.09 0.57 ’ 0.64" 0.57 0.44' 0.10
Lam NR 0.70" -0.41' -0.33 0.58" -0.39 0.88" 0.53 i 0.60' 0.88 0.38
Stem NR 0.69 -0.29 —0.06 0.24 —-0.07 0.40 0.88 0.52" ‘ 0.58 0.85
Lam NRE 0.19 -0.72" -0.15 0.22 -0.31 0.19 0.22 0.58' 0.54' ) 0.49'
Stem NRE 0.15 -0.18 0.32 0.24 0.20 0.04 0.35 0.23 0.66 0.53 )

t Significant at the 0.1 probability level.

" Significant at the 0.05 probability level.
™ Significant at the 0.01 probability level.
™" Significant at the 0.001 probability level.
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Table 3

219

Pearson'’s correlation coefficient amongst 16 wheat cultivars between start of senescence (SENonser, °Cd), end of senescence (SENgnp, °Cd), rate of senescence (SENgatg, score
°Cd-1), post-anthesis N uptake (PANU, gNm~2), lamina (Lam NR, gNm~2) and stem-and-leaf-sheath (stem NR, g N m~2) post-anthesis N remobilization and lamina (Lam
NRE, dimensionless) and stem-and-leaf-sheath (Stem NRE, dimensionless) post-anthesis N remobilization efficiency at Clermont-Ferrand, France in 2006/7 and 2007/8 and
Sutton Bonington, UK in 2007/8 under low N (unshaded) and high N (shaded) conditions.

SENONSET SENEND SENRATE PANU Lam NR Stem NR Lam NRE Stem NRE
SBO8
SENoNsET 0.24 074" 0.24 0.05 —0.09 -0.15 -0.15
SENEnD 0.66" -0.36 0.36 -0.55 -0.62" -0.39 -0.66
SENRaTE 0.53 —0.08 ’ 0.04 0.27 0.38 0.12 0.31
PANU -0.39 0.06 -0.35 ‘ -0.78" -0.69° -0.79" -0.55'
Lam NR 0.43 0.11 0.31 -0.64" ’ 072" 0.75 " 0.60
Stem NR —0.08 -0.14 —-0.02 -0.50 0.55 ’ 0.70" 093
Lam NRE 0.38 0.05 0.40 -0.79" 0.59 0.36 0.60°
Stem NRE -0.09 —0.08 -0.20 -0.62" 0.32 074" 0.37 )
CF07
SENonser 0.54° 0.03 0.43 -0.21 -0.49 -0.26 -0.51
SENEnD 0.69" -0.75 " 0.42 -0.58 -0.51 —0.69" -0.51
SENRaTE 0.24 -0.52° ’ -0.18 0.41 0.24 0.62' 0.26
PANU 0.19 0.19 —0.04 -0.69 -0.83" —0.46' -0.67
Lam NR 0.28 0.19 0.04 -0.33 ’ 0.79 0.86 0.80
Stem NR 0.02 0.12 0.12 -0.18 0.69 ’ 0.64 0.88
Lam NRE 0.06 0.03 0.01 -0.52" 0.83" 0.73" ’ 0.76
Stem NRE -0.33 -0.12 -0.12 -0.21 0.47 0.86" 0.68" )
CF08
SENonser 0.69" -0.17 0.11 -0.61 —0.04 -0.35 0.13
SENEnD 0.67" -0.78" —-0.01 -0.44 -0.25 —0.42 -0.14
SENRaTE 0.11 -0.61° ’ —0.02 0.23 0.31 0.40 0.29
PANU —-0.05 —0.12 0.16 ‘ -0.47' —-0.50' —0.76" -0.64
Lam NR 0.09 0.30 -0.39 -0.67" ‘ 0.32 0.73" 0.09
Stem NR 0.64" 0.64 -0.20 -0.51 0.51" ) 051 092"
Lam NRE —0.06 0.04 -0.20 -0.81" 0.75" 0.47! ’ 0.52'
Stem NRE 0.40 0.44 —-0.16 -0.41 0.30 0.77" 0.56

 Significant at the 0.1 probability level.

" Significant at the 0.05 probability level.
™ Significant at the 0.01 probability level.
™" Significant at the 0.001 probability level.

remobilization and their responses to N supply in two contrasting
environments. Secondly, we will consider the associations with
senescence parameters, grain yield and grain N% and the impli-
cations of the present results for breeding more N-efficient crops.

4.1. Genetic variation in N accumulation and N partitioning and
response to N availability

Above-ground N uptake at anthesis was linearly associated with
anthesis date, with later anthesis date favouring N uptake under
both HN and LN. Above-ground biomass at anthesis was also lin-
early positively associated with anthesis date under HN (R2 =0.54,
P<0.01) and LN (R2=0.42, P<0.01; data not shown). It is feasi-
ble that the larger above-ground biomass with later flowering was
associated with larger root biomass favouring N uptake. Alterna-
tively, alonger duration for N accumulation may also have favoured
N uptake not associated with any difference in root biomass.

Crop N partitioning at anthesis changed with N deficiency, with
proportionally more N in the ear and less in the leaf lamina and
stem. Results indicated the ear to be a priority sink for N as N supply
became limiting, and suggested that allocation of N to the lamina
and stem was decreased before allocation of N to the ear with N defi-
ciency.Pasketal.(2012) alsoreported ear N partitioning to increase
with increasing N deficiency in field experiments for winter wheat
grown in the UK. The apparent increase in ear N partitioning with
N deficiency as indicated by NNI was linear.

Overall only small cultivar ranges in N partitioning were
observed for the leaf lamina (0.37-0.42 HN and 0.34-0.40LN) and
stem (0.39-0.43HN and 0.35-0.41LN) in the present study. The
reported genetic ranges are slightly greater than those observed
by Pask (2009) for four winter wheat cultivars grown in the UK
for leaf lamina (0.35-0.36 at high N and 0.32-0.32 at low N) and

similar to those observed for stem N partitioning (0.43-0.47 at
high N and 0.35-0.41 at low N). Sylvester-Bradley et al. (2010) for
74 cultivars under non-N-limiting conditions reported a slightly
extended range for stem N partitioning of 0.36-0.47 to that
observed under HN in the present study. Effects of cultivar on N
partitioning were not correlated with plant height in the present
study or presence/absence of the Rht-B1 and Rht-D1 semi-dwarfing
genes (data not shown). However, there were some correlations
with anthesis date. Under LN conditions, at CF cultivars with later
anthesis date (range 17 days) tended to partition more N to the ear.
This may have been because under LN later anthesis date favoured
deeper rooting and an enhanced N uptake capacity during ear
growth from booting to anthesis or alternatively a longer time for
soil N mineralization with later anthesis enhanced N supply from
booting to anthesis. Additionally, under HN, at SB cultivars with
later anthesis date (range 15 days) partitioned more N to lamina,
presumably associated with more calendar days to anthesis for
uptake of N in the lamina.

The genetic ranges in ear N partitioning in the present study
were generally slightly wider than the ranges reported by Pask
et al. (2012) of 0.18-0.22 under high N and 0.23-0.28 at low N.
Under LN conditions, the increased ear N partitioning suggested
that the ear may be a prioritized sink for N as mentioned above.
The increase in ear N partitioning was associated with an increase
in ear N concentration under LN rather than an increase in ear dry
mass partitioning. The prioritization of the ear for N partitioning
under LN raises the question of whether N concentration in the
ear at anthesis is important for floral development (Sinclair and
Jamieson, 2006). Present results indicated no association between
N concentration in the ear at anthesis and grains per gram of ear
dry mass at anthesis amongst cultivars (data not shown) suggest-
ing that assimilate supply to the ear rather than N concentration
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Fig. 3. Relationship between end of post-anthesis senescence of the flag-leaf and amount of N remobilized from the leaf lamina (a,c and e) and the stem and leaf sheath (b,
d, and f) for 16 bread wheat cultivars grown at Clermont-Ferrand (CF), France in 2006/7 (c, d) and in 2007/8 (e, f) and at Sutton Bonington (SB), UK, in 2007/8 (a, b) under

low (¢) and high (¢) N conditions.

in the ear was the critical determinant of floret survival prior to
anthesis in these experiments. Fischer (2008) concluded that there
was no evidence for effects of N on grain number apart from those
operating via dry matter accumulation; and Gonzalez et al. (2011)
demonstrated in wheat that onset of floret death was associated
with the beginning of spike growth at the maximum rate consistent
with assimilate availability regulating grain number formation.

4.2. Physiological basis of genetic variation in N remobilization
efficiency

Present results indicated lamina NRE and stem NRE increased
with N deficiency at CF, but not at SB. Kichey et al. (2007) also
reported no significant effect of N supply on crop NRE. In the UK,
Pask (2009) reported that crop NRE for winter wheat cv. Istabraq
was not affected by N treatment in two seasons, whereas in New
Zealand as N supply decreased below the ‘optimum’ N amount
leaf-lamina NRE decreased, leaf-sheath NRE was unchanged and
true-stem NRE increased. The reason for the absence of an increase
in stem or lamina NRE with N limitation at SB in the present study
cannot be certain. Under LN conditions, the NNI at SB was slightly
higher but not greatly different to that at CF. It is possible that lam-
ina NRE and stem NRE were already high under HN at SB due to
a large grain N source supply at anthesis, and that consequently
there was limited scope for further increases in NRE under N defi-
ciency. Greater N uptake at anthesis under HN at SB than at CF

may also have been associated with relatively more of the above-
ground N being allocated as ‘reserve’ N rather than ‘photosynthetic’
N or ‘structural’ N, with ‘reserve’ N being remobilized post-anthesis
with a higher efficiency than the ‘structural’ or ‘photosynthetic N’
pools (Pask et al., 2012). Overall cultivars showed greater varia-
tion in stem NRE (0.48-0.61) than in lamina NRE (0.74-0.81). Pask
(2009) reported a broadly similar range for lamina NRE (0.72-0.78)
to the present results, although that author did not find genotypic
differences in stem NRE.

4.3. Relationships between N accumulation, N partitioning and N
remobilization variables and senescence duration amongst
cultivars

Our results indicated that under HN conditions lamina NR was
negatively associated with the stay-green trait (end of rapid phase
of post-anthesis senescence) amongst cultivars in each experi-
ment. This is in agreement with the ‘self-destruction’ hypothesis
of canopy senescence as N is extracted from the vegetative tis-
sues post-anthesis and remobilized to the grain (Sinclair and De
Wit, 1975) and with recent studies in sorghum (Van Oosterom
et al., 2010) and the cloning of the NAM-B1 gene from durum
wheat (Uauy et al., 2006) linking genetic variation in the pattern
of canopy senescence with canopy N remobilization. Although in
these experiments senescence duration was not positively associ-
ated with grain yield under HN, if grain growth of modern wheat
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Fig. 4. Linear regressions of post-anthesis leaf-lamina N remobilization on post-anthesis N uptake at (a) Clermont Ferrand and (b) Sutton Bonington; of grain N% on post-
anthesis leaf-lamina N remobilization at (c) Clermont Ferrand and (d) Sutton Bonington; and of grain yield (85% DM) on post-anthesis leaf-lamina N remobilization at (e)
Clermont Ferrand and (f) Sutton Bonington under low N (¢) and high N (#) conditions. Values represent means of 2006-7 and 2007-8.

varieties may increasingly become closer to source limitation, or co-
limitation by source and sink, under favourable conditions (Acreche
and Slafer, 2009), then selection for lower lamina NR may be a ben-
eficial strategy in future breeding programmes, at least in end-use
markets for which a high grain starch to protein ratio is desirable,
e.g. the feed, distilling or biofuel markets. In the present study,
under HN conditions stem NR was also negatively associated with
the duration of the flag-leaf green area in two of the three experi-
ments in which senescence was quantified.

In general, in wheat senescence occurs earliest in crops with the
least N reserve (Pask, 2009) and in the present study the total dura-
tion of senescence was reduced under LN compared to HN in each
experiment. Under LN, however, there was no association between
lamina NR and senescence duration amongst cultivars. The lack of
an association under LN could indicate that the timing of N reloca-
tion during the grain filling period rather than the absolute amount
of N remobilized over grain filling is the major determinant of lam-
ina senescence duration under LN. Stem NR was associated with
the end of senescence in only one out of the three experiments (at
CF in 2007/8), and in contrast to HN the association was positive,
with higher stem NR associated with the stay-green trait. Foulkes
et al. (2009) hypothesized that under N deficiency increased stem
NR may delay senescence by buffering lamina N remobilization
to the grain during grain filling. Present results were, however,
unable to confirm this. Indeed, some caution is required since the

positive relationship between stem NR and end of senescence at
CF in 2007/8 relied strongly on the performance of one cultivar,
Recital, with a long duration of senescence relative to stem NR. Fur-
ther studies are required characterizing a wider genetic variability
in stem NR and the relationship with flag-leaf duration under LN
conditions. For example, it is possible there could be a potential
trade-off between enhanced stem N partitioning and stem NR and
biomass and grain per m? at anthesis.

Post-anthesis N uptake by the roots can contribute between 5
to 50% of grain N in wheat (de Ruiter and Brooking, 1994; Kichey
et al., 2007) depending on the environmental conditions and soil
N availability. In these experiments, the contribution of PANU to
grain N was 10.7% (HN) and 14.4% (LN) at SB but much higher at
CF (52.2% and 50.3%, respectively). This may have partly reflected
the advanced flowering dates at CF compared to SB reducing the
capacity for pre-anthesis N uptake relative to grain N sink demand.
In all these experiments, the cultivar differences in PANU were not
associated with senescence parameters which were more strongly
correlated with N remobilization parameters.

Previous evidence in wheat indicates grain N accumulation is
likely principally driven by the availability of N from the sources
(Triboi and Triboi-Blondel, 2002; Martre et al., 2003), defined as
the total non-structural crop N at anthesis. This was demonstrated
in experiments by Martre et al. (2003) on four wheat cultivars in
which the N source-sink balance was manipulated by removing
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the top half of the ear at anthesis. This manipulation resulted in a
significant increase in the N concentration of the grain, indicating
that the grain N accumulation is regulated by the source and not by
the activity of the grain (sink regulated). Borghi et al. (1986) also
showed that grain N could be increased by source-sink manipula-
tion, through the removal of 50% of the spikelets at heading which
resulted in a 65% reduction in grain yield but a 12-17% increase
in grain protein concentration. Present results indicated that lam-
ina NR and stem NR were strongly positively correlated with the N
accumulation in these organs at anthesis amongst cultivars under
both HN and LN conditions. The corresponding correlations of lam-
ina and stem NR with grains m=2 (as an indicator of grain sink
size) were statistically significant in only a few cases. Therefore
present results support N source size as the principal driver of cul-
tivar differences in N remobilization rather than N grain sink size
in wheat.

4.4. Relationships between N accumulation, partitioning and
remobilization parameters and grain yield and grain N%¥ amongst
cultivars

The relationships amongst cultivars between N uptake, N parti-
tioning and N remobilization parameters and grain yield and grain
N% were generally inconsistent across the site/N treatment combi-
nations. This was possibly in part because there was a consistent
negative relationship between PANU and lamina NR, which may
have confounded relationships between lamina NR and grain yield
and grain N%. Some trends, however, were apparent in the results.
In three of the four site/N treatment combinations (CF HN, SB HN
and SB LN), there was a positive relationship between AGN, and
each of grains m—2 and grain yield. In each case, lamina NR was
also positively associated with grain yield and negatively associated
with grain N% (through dilution effects). The positive association
amongst cultivars between lamina NR and grain yield was likely an
indirect effect of the positive association between lamina N uptake
at anthesis and lamina NR, with the driver for grain yield being the
lamina N uptake at anthesis (increasing assimilate supply hence
grains m~2) rather than lamina NR per se. In the site/N treatment
combination with the highest N stress (as indicated by NNI) at CF
under LN conditions, there was no correlation between AGN, and
either grains m~2 or grain yield; and, in this case, lamina NR was
positively correlated with grain N% amongst the cultivars. Post-
anthesis N uptake was as expected generally negatively associated
with pre-anthesis N uptake amongst the cultivars (e.g. at CF HN,
SB HN and SB LN). This likely explained why PANU was negatively
associated with grain yield in each of these site/N treatment com-
binations, i.e. that pre-anthesis N uptake was the main driver for
grain yield variation amongst the cultivars. In general, these results
indicated it was difficult to separate genetic variation in lamina
N remobilization from that in lamina N accumulation at anthesis.
Genetic variation in grain yield and grain N% (through N dilution
effects) appeared to be mainly determined by pre-anthesis N accu-
mulation rather than post-anthesis N remobilization under high N
conditions and under milder N stress (SB LN). Where N stress was
increased (CFLN), there was some evidence that lamina N remo-
bilization was a causal determinant of genetic variation in grain
N% although not of grain yield. Since grain yield and grain N% can
only be precisely measured in later generations in core breeding
programmes, measurements of physiological traits in intermedi-
ate generations, offers the possibility of selecting physiologically
adapted material before yield and grain quality testing begins. It
is suggested that screens for lamina N accumulation at anthesis
and lamina NR including molecular markers may have value in
breeding programmes aimed at optimizing senescence duration
and improving grain yield, NUE and grain N% of wheat.
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