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5 Chinese genotypes labeled by °N planted in pots in Faculty Biology, UB (left), and
Rubisco fractionation samples (right). Photo taken by B. Zhou at Barcelona and Navarra,
respectively, 2013, Spain.
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Abstract:

Despite increasing evidence in wheat that ears are an important source of carbon
photoassimilates during grain filling, their role as a source of N has barely been
studied. Five wheat genotypes were labeled with >N enriched (0.5 %) nutrient
solution during the pre/post-anthesis periods. Ear and flag leaf relative carbon
photoassimilate contributions were analyzed via gas exchange. N remobilization and
absorption were estimated via the nitrogen isotope composition (5'°N) of total organic
matter and Rubisco. Gas exchange analyses showed that although C lost through
respiration was high in ears, CO; fixed by ears represented a relevant source of C to
sustain grain filling. °N labeling revealed that while Rubisco-derived N
remobilization was lower in flag leaves than in glumes in low grain-yielding
genotypes, in high yielding genotypes the opposite trend was observed. Therefore, the
ears of high vyielding genotypes had the highest N remobilization capacity,
highlighting the active role of ears in grain filling. Such findings underscore the
significance of characterizing spike physiology and the importance it may have for

research supporting wheat breeding programs.

Keywords: carbon accumulation, ear, grain yield, nitrogen accumulation, Rubisco.
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1. Introduction

The world’s nitrogen fertilizer demand is expected to increase from a total of 105.3
million tonnes in 2011 to 112.9 million tonnes in 2015 with an annual growth of 1.7
percent (Food and Agriculture Organization, FAO 2011). Moreover, it is expected that
by 2050, fertilizer application will increase to 240 million tonnes
(Masclaux-Daubresse et al. 2008). In the case of China, modern winter wheat
(Triticum aestivum L) cultivars are being currently fertilized with a large amount of N;
for example, in central and north China more than 300 kg ha® of N is normally
applied on-farm, and the trend for increased fertilizer input will be maintained in the
future (Cui et al. 2008; Cui et al. 2010). However, despite its importance, N use
efficiency (NUE) in developed economies is estimated to be only around 33% (Raun
and Johnson 1999). Besides its economic impact on farmers’ economies, low NUE
has a dramatic consequence on the environment and population health (Duan et al.
2014). Therefore, within this context, optimization of NUE is one of the main
challenges that breeders are working on. Selection of genotypes that absorb and/or
metabolize available N resources more efficiently represents a major goal in plant

breeding programs (Kichey et al. 2007).

Improving wheat performance and NUE requires improved knowledge of yield
determining factors (Masclaux-Daubresse et al. 2008, 2010). Grain filling, and by
extension grain yield, are mainly sustained by assimilation and management of C and
N compounds. The selection of genotypes with optimized C/N assimilation and
further remobilization to sustain grain filling has been linked to enhanced crop yield
(Richards 2000). Leaf carbohydrate accumulation is determined by the C source
(photosynthesis) and sink balance (i.e. growth, respiration, and partitioning to other
organs) (Aranjuelo et al. 2011). Carbon required to sustain grain filling is mostly
provided by flag leaf photosynthesis (Evans 1983), remobilization of C assimilated
before anthesis (mainly stored in the internodes; Gebbing and Schnyder, 1999) and
ear photosynthesis (Tambussi et al. 2007). Differences in the ear contribution to grain
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filling have been explained as being caused by environmental and genetic factors
(Araus et al. 2003; Tambussi et al. 2005; Sanchez-Bragado et al. 2014a,b). Classic
approaches for analyzing the contribution of different wheat organs towards grain
filling are based on preventing photosynthesis in different organs (ear, flag leaf, shoot)
via a number of methods (Aggarwal et al. 1990; Ahmadi et al. 2009). These methods
have been subjected to criticism because such manipulation might also alter the rate
of photosynthesis in the “unaltered” organs (Eyles et al. 2013). Moreover, as observed
by Plaut et al. (2004), remobilization of pre-anthesis photoassimilates is also affected
by these artificial methods. Consequently, information derived from such studies

should be regarded with caution.

Photosynthetic improvement has been described as one of the main avenues for
enhancing yield potential (Parry et al. 2011; Reynolds et al. 2011). Although
traditionally the flag leaf has been assigned as the main photosynthetic organ
supporting grain filling, it is also true that several studies conducted in the past
(Richards 2000; Xiao et al. 2012) have not detected any correlation between flag leaf
photosynthetic rates and grain yield. Moreover, recent findings suggest that ear
photosynthetic activity also represents a key source of photoassimilates that sustain
grain filling (Tambussi et al. 2005; 2007; Zhou et al. 2014; S&nchez-Bragado et al.
20144, b).

The quantity of nitrogen present in grains is determined using several steps including
uptake, assimilation, translocation, recycling and remobilization
(Masclaux-Daubresse et al. 2010). Kernel N content is largely conditioned by the
amount of N remobilized from pre-anthesis (Nem) reserves (accumulated in the shoot),
which is supplemented by the amount of N taken up during post-anthesis (Naps)
(Kichey et al. 2007). Leaves are classically considered as the main N contributor to
kernels due to their large protein content. The fact that Rubisco might represent up to
50 % of the total soluble protein (TSP) and 25 % of the nitrogen (N) content in leaves
(Parry et al. 2003, Aranjuelo et al. 2013a) implies that it can be considered as a major
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N storage form (Millard 1988). Although Rubisco is mostly known as a key enzyme
involved in CO; assimilation during the Calvin cycle, comparatively little is known

about its role as a pool of nitrogen storage in leaves (Masclaux-Daubresse et al. 2008).

Remobilization of N from pre-anthesis reserves and assimilation of N during the
post-anthesis period are generally estimated by the ‘apparent remobilization” method;
a method that is subject to large experimental errors (Masclaux-Daubresse et al. 2008).
This method is based on the determination of differences in N content during the
pre/post-anthesis period in different plant organs. Although useful in the past,
subsequent studies have concluded that this method does not enable the identification
of N sources such as N uptake from soil and remobilization from senescent organs
(Masclaux-Daubresse et al. 2008). Moreover, N volatilization through stomata and
root exudation are not considered. Labeling with the stable N isotope has been
proposed as a method to analyze N remobilization (Cliquet et al. 1990). Previous
studies (Rossato et al. 2002; Malagoli et al. 2005) conducted with **N as a tracer in
oilseed rape and legumes have revealed that N uptake and N, fixation decline during
seed filling as plants mature. Moreover, the same authors observed that because newly
acquired N is insufficient to sustain seed requirements, previously assimilated N must
be remobilized. In a different study, Kichey et al. (2007) described that both Naps and
Nrem Can be estimated with great accuracy and reproducibility. Although a large
majority of these studies have determined *°N at the total organic matter (TOM) level,
it should be noted that development of new protocols during recent decades has
enabled the purification and subsequent isotopic analysis of individual metabolites
like amino acids (Gauthier et al. 2013, Molero et al. 2011, 2014), soluble proteins
(Aranjuelo et al. 2011, Makino et al. 2011, Gauthier et al. 2013), DNA (Gauthier et al.
2013) and organic acids (Gauthier et al. 2010). However, despite its importance, no
direct analyses of the contribution of Rubisco-derived N remobilization towards
sustaining grain filling have been undertaken via *°N labeling. Moreover, the role of

glumes as an additional source of N for kernel filling has not been considered.

-141 -



CHAPTER 4

The aim of this study was to determine the role of the ear and the flag leaf during
beginning of the pre-anthesis and two weeks post-anthesis stages as major
contributors to C and N accumulation in kernels. The C sources that feed grain filling
were elucidated through in vivo photosynthetic measurements of ears and flag leaves.
N accumulation was assessed through '°N labeling from sowing to anthesis
(pre-anthesis) and anthesis to maturity (post-anthesis), respectively, and N
remobilization was characterized by analyzing TOM and Rubisco §°N in the flag leaf,

glumes and kernels in whole pre/post-anthesis *°N labeled plants.

2. Material and Methods

2.1 Growth conditions

Five commercial Chinese high yielding bread wheat (Triticum aestivum L.) cultivars
(Yumai 2, Lankao 198, Yumai 20, Zhoumai 22, Zhoumai 18), which are cultivated in
Henan Province (China), were selected for our study. Plants were assayed outdoors in
the Experimental Field Facilities of the Faculty of Biology, University of Barcelona
(Barcelona, Spain), from December 4" 2012 to June 8" 2013. Seeds were
germinated in Petri dishes for approximately two weeks at 4 €€ in a cold chamber.
After germination, the plants were transferred to specially designed 30 L polyvinyl
chloride pots. These pots were filled with a mixed gravel (1:5), sand (2:5) and peat
(2:5) (v/v) artificial substrate. Twenty seeds of each genotype were sown (at a density
of 400 seeds m™). The experiment was conducted in a randomized complete block
design with 3 blocks in ambient conditions. Each genotype was assayed with 6 pots
per block to end up with 90 pots in total (3 blocks x 5 genotypes x 6 pots = 90 pots).
The seedlings were drip irrigated with a whole-strength Hoagland solution (Hoagland
and Arnon 1950). Approximately 50 L of solution was applied to each pot during the
whole planting season. During the weeks of booting, heading, anthesis, and the milk

stage, the mean ambient temperatures were 13.2 €, 15.5 €, 14.2 €, and 17.0 €, and
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the integrated solar irradiation levels were 16.6 MJ m?, 22.2 MJ m?, 22.0 MJ m?, and

21.0 MJ m?, respectively.

2.2 Pre/post-anthesis °N labeling procedure and sampling

In order to determine the source of N (N absorbed during pre-anthesis/post-anthesis)
that sustained grain filling, >N labeling was conducted at two different periods: i)
from sowing until anthesis and ii) from anthesis until kernel maturity. In both cases,
>N labeling was conducted by replacing N in the Hoagland solution with °N
enriched K™NO; (10%) and ®NH4Cl (99%). In plants labeled from sowing to
anthesis, once the labeling period finished, the substrate was washed with abundant
water in order to remove all the *N remaining in the substrate. Further, these plants

were then watered with Hoagland solution until maturity.

Flag leaf and ear samples of plants labeled from plating until the anthesis period were
harvested (1) the last day of labeling (pre-anthesis), (2) 14 days after the end of
labeling (post-anthesis) and further kernels were harvested at maturity. In the case of
plants labeled from anthesis until maturity, harvests were conducted 14 days after

anthesis (post-anthesis) and further kernels were collected at maturity.

2.3 Grain yield and yield components

Grain yield determinations correspond to plants harvested at maturity. Before harvest,
plant height was measured (length from ground surface to the ear top, excluding
awns). Harvested plants were dried in an oven for 48 h at 60 <C to determine total
aerial biomass. Yield components were determined in 5 plants where harvest index
(HI), thousand kernel weight (TKW), ears and kernels per pot, kernels per ear and ear

length were determined.

2.4 Gas exchange parameters
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Gas exchange determinations were conducted, at the pre-anthesis/post-anthesis stages,
in the central segment of flag leaf blades and the entire ears by using a LI-COR 6400
portable photosynthesis system (LICOR Biosciences, Lincoln, Nebraska, USA).
Analyses were carried out in fully expanded flag leaves on sunny days, from
10:00-15:00. The lag leaf net assimilation rate (Pn) determinations were conducted
with a LICOR 6400-40 leaf chamber connected to a portable infrared gas analyzer.
Determinations were conducted in the following conditions: 400 pmol mol™ CO,, 25
€, 50 % relative humidity (RH) and 1200 pmol m s™ photosynthetic photon flux
density (PPFD). The whole ear Pn was measured in a conifer chamber at 1200 pmol
m? s PPFD, 25 € and 50% RH. The ear dark respiration rate (Rdark) was measured
in the same samples where total ear Pn was determined. For this purpose, before
Rdark determinations, plants were dark adapted for 45 min. by covering all the plants
with a black sheet until the gas exchange data was stable. Once gas exchange analyses
were conducted, the flag leaves were cut and immediately scanned to calculate the
leaf area with Digimizer 3.7 (MedCalc Software, Belgium, 2009) image analysis
software. Ear area was expressed as the area of the four faces of each ear (excluding
awns) calculated by multiplying the length by width of each of the four faces of each
ear measured with a ruler. The gross assimilation rate (GAR) was calculated as the Pn
plus Rdark. GAR rates were expressed per unit area (pmol CO, m? s?), and per

whole organ (nmol CO, s™* ear’*/flag™).

2.5 Rubisco isolation, fractionation and quantification

Four plants were randomly selected from labeled plants during pre-anthesis and also
from two weeks after anthesis, and stored at -80 <€. Aliquots of 1.5 g of frozen leaves
and 2.5g of frozen glumes for each sample were ground in a cold mortar in liquid
nitrogen. The frozen sample powder was slowly added to 10 mL of 0.1 M sodium
phosphate buffer (pH 7.5) with continuous stirring over a period of 15 to 20 min,
during which time the temperature was kept below 0<C. All sub-sequent steps were

carried out at 4<C. The extract was filtered through 4 layers of muslin into a small
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cold beaker and the filtrates were precipitated with 30% ammonium sulfate prior to
centrifugation at 12000 rpm for 10 min. The supernatant was separated and further
precipitated with 50% ammonium sulfate under centrifugation at 12000 rpm for
another 10 min. The precipitate was dissolved by 0.1 M sodium phosphate buffer and
fractionated on an Ultrogel AcA-34 (Pharmacia LKB, France) gel filtration column
(10ml, 32 cm length), which was previously equilibrated with the same buffer at 4<C.
The flow rate of the elution was fixed at 6 ml h™ using 0.1 M sodium phosphate buffer.
For each sample, 500 L fractions were collected by using 16 Eppendorf tubes. The
protein content in each fraction was screened by SDS-PAGE (12.5 % polyacrylamide)
to confirm the Rubisco fraction. 1504 of solution was transferred from the Eppendorf
containing fraction 8 aliquot into tin capsules and oven-dried at 60°C until the
capsules’ weights were constant. Capsules were stored until nitrogen isotope signature

analysis was carried out.

Following the methods of Makino et al. (1986), Rubisco protein content was
determined in the first extract by the Bradford assay (Bio-Rad) and SDS-PAGE (12.5 %
polyacrylamide) Gel images were scanned and analyzed using the Typhoon™ Trio

Imager (GE Healthcare) densitometer.

2.6 Nitrogen isotope composition (6"°N) and concentration in TOM

The nitrogen (™°N) isotope compositions and total N content were analyzed on flag
leaf and ear samples harvested at pre/post-anthesis as well as in mature kernels. One
mg (for kernels and ears) and 0.7 mg (for leaves) of dried ground sample were used
for each determination. The total N concentration together with the *>N/*N ratios (R)
of plant material were determined using an elemental analyzer (EA1108, Series 1,
Carlo Erba Instrumentazione, Milan, Italy) coupled to an isotope ratio mass
spectrometer (Delta C, Finnigan, Mat., Bremen Germany) operating in continuous
flow mode at the Scientific Service Facilities of the University of Barcelona (Spain).
The amount of >N atoms in labeling samples was expressed by atom% abundances in
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A notation (Robinson, 2001): A = 100 * >N /(**N 4+ *N), where °N and N are
the numbers of *N and **N atoms present in a sample, respectively; A was used to
calculate the N accumulation and remobilization equations. This equation is used in
the calculation when A exceeds ~0.5 atom%, which applies to practically all studies in
which N is used as a tracer. The 5™°N values were calculated by using the §°N(%,) =
[(Rsample/Rstandard)-1] x 1000 (Farquhar et al. 1989), and R is the **N/*N ratio of
samples from both labeled and unlabeled (i.e. natural abundance) results; the standard
referred to N in air. Atropine was used as a system check in the elemental analyses of
nitrogen. Isotope secondary standards of known >N/*N ratios (IAEA N; and IAEA
N, ammonium sulfate and IAEA NO;3 potassium nitrate) were used for calibration of

8N to a precision of 0.2%o.
2.7 Assessment of N remobilization and uptake

In this work, ATOM% *°N excess was calculated as the difference between A (**N
atoms ATOM% abundance) of labeled plant samples and the corresponding A of non
>N-labeled plants. The Nabs and Nyem Of ears and flag leaves were estimated by the

following equations (1) and (2) modified from Kichey et al. (2007):

_ [Nfinal * (Efinal - Eflo)] - [Nflo * (Eflo - Erem)]
Nabs - _ (1)
Erem Eabs

_ [Nflo * (Eabs - Eflo)] - [Nfinal * (Eabs - Efinal)]
Nrem - — (2)
Erem Eabs

where Nas (g m?) represented the organ total N absorbed from anthesis until two
weeks after anthesis, and N.n was the total N remobilized from anthesis until two
weeks after anthesis, with both Naps and Nrem being calculated from the pre-anthesis
labeled plants.; Nfina and Esina (%) represented, respectively, the total N and N
excess two weeks after anthesis; N, and Eg, represented the total N and N excess at
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the flowering stage; Eaps is the °N excess of N absorbed after flowering, which was
considered to correspond to the ATOM% *°N of the substrate water solution; and Eqem
is the °N excess of N assimilated during anthesis, which was considered to be equal
to °N excess at flowering of the ears and flag leaves combined together during

calculation.

For the mature kernel accumulated N originating from Naps during the period from
anthesis to maturity and the Ngm derived from pre-anthesis, N assimilation was

calculated as follows:

_ Nierner * Ekernel

Nabs - E b (3)
abs
Niernet * Ekernet
Nyem = (4)
rem a* Eremear + (1 —a) * Epemy flag
Nap
Nrem = Nierner * (1 - NL) )
kernel

where Ngemel (0 m'2) was considered as the total N content per kernel; Ng,s was the N
derived from absorption during the reproductive stages, and N,em was the N derived
from remobilization during the vegetative stages; Eyemer Was considered as the N
excess in labeled plant kernels; ‘a’ was the ear contribution to Nrem; Erem ear aNd Erem
flag Were considered to be equal to the mean values of 1N excess in the ears and the
flag leaves for all the growth stages (including pre/post anthesis), and Eaps referred to
the corresponding substrate water soluble 15N excess; and the Ngps of kernels was
calculated with the post-anthesis *°N labeling of plants from equation (3). Here we
assumed that each genotype had the same N,em Capacity in the same plot, therefore, the
Nrem Of kernels was calculated with the pre-anthesis °N labeling of plants from

equations (4) and (5).

Flag leaf and ear N, were assessed through equations (4) and (5). In equation (4),
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the contribution ratio of the ear and flag leaf in sustaining grain filling (Erem) was
considered because they are the main N remobilizing organs. On the other hand, the
Nrem Was also examined by equation (5), which was set up based on the assumption
that the Nyem Of the total grain storage was equal to the remainder of the Ng,s amount
in the total grains. For equation (4), the best fit was achieved when the N, of the ear
was assigned a relative contribution of 90% to the kernel, which exhibited a higher
linear correlation with grain yield than equation (5). Therefore, in the current work we
adopted N from equation (4), which indicated that the ear contributes 90% of the
total N in the grains. Moreover, the nitrogen use efficiency (NUE) was assessed by the
total N accumulated in the grains divided by the total N applied during the whole crop

cycle.

2.8 Statistical analyses

In order to analyze the effects of the different genotypes on the agronomical and
physiological parameters related to C and N assimilation, a hypothesis of zero
difference between means was carried out with analysis of variance (ANOVA)
performed by using the general linear model (GLM) procedure. Mean separation of
genotypes for the measured traits was done by a Tukey’s-b multiple comparison test
(P < 0.05). Matrices of simple Pearson coefficient correlations were performed based
on yield, agronomical and physiological traits of the different genotypes. All the data

were analyzed using the SPSS v.16 statistical package (SPSS Inc., Chicago, IL, USA).

3. Results

3.1 Grain yield and yield components

The grain yield of different genotypes varied significantly (ranging from 8.3 g plant™
to 11.8 g plant™) with the genotypes “Zhoumai 18” and “Zhoumai 22” showing the

highest values, and Yumai 2 the lowest (Table 1). The aerial plant biomass and the
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plant height also showed significant differences across genotypes with a pattern
similar to the grain yield. The ears and kernels per plant also exhibited a pattern
across genotypes similar to that of grain yield, but without reaching significant
genotypic difference. Grain yield was highly and positively correlated to biomass, HI
and ears per plant and to a lesser extent to the kernels per plant and plant height
(Supplementary table 1). The greatest biomass was correlated to taller plants with the
largest number of ears and kernels per plant. Other traits such as kernels per ear, TKW
and ear length also exhibited significant genotypic differences but these traits did not

correlate with grain yield.

Grain Ears Kernel Ear Plant
yield Biomass HI Kernels  TKW (plant No. length height
(gplant”) (g plant™) (ear?) (9) B (plant™)  (cm) (cm)
Yumai 2 8.3b 206 b 0.4l1a 488b 59.0ab 1l6a 79a 89b 70b
Lankao 198 9.6 ab 24.7 a 0.39a 44.2b 67.8a 18a 82 a 99ab 72b
Yumai 20 9.9ab 25.3a 0.38a 57.3a 554b 17a 99a 106a 83a
Zhoumai 22 10.8a 27.2 a 04l1a 46.7b 62.2ab 21la 96 a 99ab 84a
Zhoumai 18 11.8a 26.7 a 0.44a 56.7a 59.1ab 19a 106 a 9.2b 80 a
Mean 10.1 24.9 0.41 50.7 60.7 1.8 92.6 9.7 77.7
Genotypes  20.7* 84.5*** (.01 427.9***  256.1* 0.96 5232 6.0* 530.7***
Replicates 0.9 5.7 0.00 88.9 33.1 0.37 1639 2.2 324

Table 1. Mean values and sum of squares type 111 combined with analysis of variance
(ANOVA) for grain yield and agronomic yield components of 5 winter wheat
genotypes assayed under natural ambient conditions. The parameters recorded are:
grain yield, above-ground biomass (biomass), harvest index (HI), kernels per ear
(kernels), thousand kernel weight (TKW), ears per plant (ears), kernel number per
plant (kernel No.), ear length and plant height. Values are the means of 3 replicates of
each genotype. Means followed by the same letter are not significantly different at P =
0.05 by the Tukey’s-b test. (*, P < 0.05; **, P <0.01 and ***, P < 0.001).

3.2 Flag leaf and ear photosynthesis and respiration

The flag leaf net assimilation rates (Pn, on a per area basis), which differed between
genotypes at two weeks after anthesis, showed higher values during the pre-anthesis
stage (Table 2). Similarly, the ear gross assimilation rate (GAR, on area basis)

displayed a lower value at two weeks post-anthesis than at pre-anthesis, with a
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negative linear relationship to grain yield (r = -0.56, P < 0.05) (Table 2 and Figure
1A). While the GAR of the whole ear varied significantly among genotypes in both
phenological stages, the whole ear Pn at two weeks post-anthesis positively correlated
with grain yield (r = 0.50, P < 0.05) (Figure 1B). The dark respiration rate (Rdark) on
a total ear basis showed a highly significant difference between genotypes during the

two weeks post-anthesis (Table 2).

FlagPnm?  Pnflag™” Ear GAR  Pnear? Rdirk GAR ear”
(umol m™ (nmol m?(umol  (nmol s* ear 4, (nmols®
st flag?s™) m?s?) ear™) (nrrlo s ear™)
ear™)
Yumai 2 28.9a 137.8a 8.7 ab 18.3b 13.3a 316b
Lankao 198 25.2a 102.1a 9.2a 248a 144 a 39.2a
Yumai 20 269a 131.8a 8.8ab 21.2 ab 156a 36.8 ab
Pre Zhoumai 22 27.2a 1143 a 8.5ab 22.0 ab 151a 32.1ab
Zhoumai 18 26.9a 113.7a 77b 18.7b 141a 36.2 ab
Mean 27.0 119.9 8.6 20.1 14.5 35.2
Genotypes 20.0 2536.6 3.58* 85.5* 10.2 127.8*
Yumai 2 25.8 ab 1225a 3.7a 11.3a 11.8b 234D
Lankao 198 24.3b 98.9a 53a 144 a 136b 28.0 ab
Yumai 20 23.2b 113.3a 48a 146 a 143 ab 28.9ab
Post  Zhoumai22 28.6a 120.3 a 51a 15.1a 114D 26.6 ab
Zhoumai 18 235b 101.2a 6.6a 155a 17.8a 33.3a
Mean 25.1 111.2 5.1 14.2 13.8 28.0
Genotypes 58.0* 1401.4 12.6 34.0 77.6%* 165.9*

Table 2. Mean values combined with analysis of variance for physiological traits
during pre-anthesis (Pre) and two weeks post-anthesis (Post) for 5 winter wheat
genotypes assayed under natural ambient conditions. The parameters recorded are:
flag leaf net CO, assimilation rate per unit area (flag Pn m), Pn per total flag leaf (Pn
flag™), ear gross CO, assimilation rate per unit area (ear GAR m™), Pn and dark
respiration rate per total ear (Pn ear”, Rdark ear?). Values are the means of three
replicates (6 pots) of each genotype. Means followed by the same letter are not
significantly different at P = 0.05 by the Tukey’s-b test. (*, P < 0.05; **, P < 0.01 and
*** P <0.001).
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Figure 1. Linear correlations between grain yield and the pre-anthesis ear gross net
assimilation rate per unit area (GAR m™) (A), and the two weeks post-anthesis net
assimilation rate per whole ear (Pn ear)(B) for Chinese wheat grown in a natural
ambient environment. The three replicates and 5 genotypes are plotted together.

Determination coefficient (r) and probabilities are given. *, P<0.05.
3.3 Nitrogen isotope composition change in TOM and Rubisco

8"°N analyses conducted in whole pre-anthesis labeled plants showed that the §*°N of
the total organic matter (TOM) of the ear exhibited significant differences across
genotypes through all growth stages (Table 3). The §"°N of glume Rubisco did not
show genotypic differences, regardless of the growth stage. However, the two
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genotypes with high grain yield had the lowest ear TOM 8™N (in pre-anthesis labeled
plants). In contrast, both flag leaf TOM and Rubisco °N were not significantly
different between genotypes. Moreover, correlation analyses revealed that in plants
labeled during heading, the grain yield was not associated with the glume Rubisco
8"N during the pre-anthesis stage (Figure 2A). On the other hand, in contrast, the
glume Rubisco 8*°N significantly and negatively correlated with the grain yield
during post-anthesis (in pre-anthesis labeleld plants ) (r =-0.61, P < 0.05) (Figure 2A).
Interestingly, grain yield versus Rubisco content (in glumes) showed a similar trend
(Figure 2B). N use efficiency (NUE) differed significantly between genotypes and
showed a similar pattern to grain yield (Table 4). Flag Rubisco °N was not
correlated with NUE during pre-anthesis, but a high and significant linear relationship
was found two weeks post-anthesis (r = 0.60, P < 0.05) (Figure 2C). Although the
relationship between the post-anthesis glume Rubisco 8"°N and NUE was negative,
the coefficient did not reach statistical significance, which indicated that high NUE
genotypes could maintain more 8*°N in the flag leaf Rubisco than in the ear in the
post-anthesis stage (Table S2). On the other hand, although the Rubisco content in
glumes did not significantly correlate with NUE during the post-anthesis period, a
positive correlation was detected between NUE and glume Rubisco content during
pre-anthesis (Figure 2D). In contrast, no correlation was detected between grain yield
and flag leaf Rubisco 5'°N (Table S2). Our study also showed that the *°N of glume
Rubisco exhibited a positive linear correlation with the 8"°N of flag leaf Rubisco
during pre-anthesis (r = 0.53, P < 0.05), but this relationship disappeared in the
post-anthesis period (Table S2). Labeling conducted during the post-anthesis period
showed significant differences between genotypes for 5™°N of TOM and &'°N of flag
Rubisco (Table 3). The highest 8"°N values were detected in the kernel TOM,

followed by the flag and ear TOM, and glume and flag leaf Rubisco.
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Pre glume Pre flag Post glume Post flag
Pre  ear . Pre flag . Post ear . Post flag . Kernel
515N (%) Rll;blsco 5N (%) Rll;blsco 55N (%) Rlublsco 5N (%) Rubisco 55N (%)
8N (%o) 8N (%o) 8N (%o) 8N (%o)
Yumai 2 1189.6 b 10746a  1205.7a 11994 a 1099.0ab 1111.8a 11229a 1131.0a 829.3a
Lankao 198 1226.0ab 1240.1a 1230.2a 12916 a 1130.5a 1133.0a 11319a 11674 a 761.2a
Pre-anthesis  Yumai 20 1246.6 a 1179.8 a 12483 a 12255a 1105.3ab 1181.3a 1128.1a 1185.7 a 703.1a
labeled Zhoumai 22 1186.2 b 1248.9 a 11849 a 1199.7 a 1079.5b  1059.8a 1104.8 a 11733 a 7176 a
plants Zhoumai 18 11728 b 1183.7 a 1183.3a  1221.2a  1089.8ab 1083.0a 11272 a 1179.2a 864.9a
Mean 1204.3 1185.4 1210.5 12275 1100.8 1113.8 1123.0 1167.3 775.2
Genotypes 8586.7**  57974.9 9705.4 17128.0 4641.3* 264142 1896.2 5509.3 59045.1
Yumai 2 68.7b 50.6 a 75.3b 52.2ab 4432 b
Lankao 198 57.8b 66.0 a 63.9b 439D 4545 b
Post-anthesis Yumai 20 64.3b 66.4 a 76.5b 49.4 ab 524.3 ab
labeled Zhoumai 22 96.0 a 102.2 a 105.3 a 66.5 a 5725a
plants Zhoumai 18 60.4 Db 58.0 a 63.2b 39.4b 502.4 ab
Mean 69.4 63.8 76.8 51.6 499.4
Genotypes 2847.3** 47315 3495.0%**  1279.3**  33391.5*

Table 3. Mean values combined with analysis of variance for nitrogen isotope composition (5°N) of total organic matter (TOM) and Rubisco
for five genotypes of winter wheat labeled with N from sowing to anthesis (pre-anthesis labeled plants) and *°N labeling from anthesis to
maturity (post-anthesis labeled plants). The specific parameters are: >N of ear TOM, flag leaf TOM, ear Rubisco and flag leaf Rubisco (Pre,
sampled in pre-anthesis); 5°N of ear TOM, flag leaf TOM, ear Rubisco and flag leaf Rubisco (Post, sampled in two weeks post-anthesis); §*°N
of kernel (sampled in maturity). Values are the means of 3 replicates (6 pots) for each genotype. (*, P <0.05; **, P < 0.01 and ***, P < 0.001).
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Figure 2. Linear correlations between grain yield and glume Rubisco 5N (A), grain
yield and glume Rubisco content (B), nitrogen use efficiency (NUE) and flag leaf
Rubisco content 8*°N (C) and NUE and glume Rubisco content (D) in the pre-anthesis
>N labeling stage and the two weeks post-anthesis °N labeling stage for Chinese
wheat grown in a natural ambient environment. The three replicates and the 5
genotypes are plotted together. Determination coefficient (r) and probabilities are

given. ns, not significant. *, P < 0.05.

3.4 Nitrogen concentration among organs
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N content data revealed genotypic differences in the N concentration of ears (at both
harvest stages), and flag leaves during post-anthesis (Table 4). Interestingly, we also
observed that as plant phenology advanced, the N content in ears diminished more
than in flag leaves. Moreover, correlation analyses highlighted the fact that the flag
leaf N at pre-anthesis was negatively associated with the flag leaf TOM "N in the
same period, and flag leaf Rubisco '°N and ear N concentration during post-anthesis
(r=-0.74, P < 0.05; r =-0.52, P < 0.05; r =-0.52, P < 0.05, respectively), while the
flag leaf N concentration two weeks post-anthesis exhibited negative correlations with
the 8"°N of the flag leaf and ear in the same period (r = -0.75, P < 0.01; r =-0.53, P <
0.05, respectively) (Table S2).

3.5 Rubisco content of the flag leaves and glumes

The Rubisco content of glumes and flag leaves was analyzed in both the pre-anthesis
and two weeks post-anthesis stages. Regardless of the phenological stage, significant
genotypic differences were found in glumes but not in the flag leaf (Table 4). The
Rubisco content of both glumes and flag leaves tended to decline in the period from
pre-anthesis to post-anthesis. The Rubisco content also revealed that at pre-anthesis
the two high grain-yielding genotypes had more Rubisco in the glumes than the low
yielding ones. However, the data also showed that in the high yielding genotypes the
decrease in the amount of glume Rubisco from heading to two weeks post-anthesis
was greater than in the low yielding genotypes. Moreover, at post-anthesis the flag
leaf Rubisco content was positively correlated with flag leaf Pn per unit area (r = 0.71,
P < 0.01), whereas during the pre-anthesis stage there was no correlation (Figure 3A).
By contrast, the glume Rubisco content at two weeks post-anthesis negatively
correlated with ear GAR per unit area (r = -0.70, P < 0.01), while no correlation was
detected during the pre-anthesis stage (Figure 3B). Pre-anthesis glume Rubisco
content were positively correlated to kernel N content, while it did not find in

post-anthesis Rubisco content (r = 0.65, P < 0.01) (Figure 4).
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Flag Glume
. . Ear Flag Flag Kernel Kernel
Rubisco  Rubisco  Flag Ear N Kernel NUE N Ear Niem No Noo. Nee @ Nem (g
content  content N (%) (%) N (%) » (gm? 5 5 N 5
1 1 (gm™) (gm?)  (@m?) m?) m
(mgg”) (mggr)
Yumai 2 34.7a 22.8Db 58a 22a
Lankao 198 36.4a 24.8Db 55a 22a
Yumai 20 40.4 a 259b 53a 21a
Pre Zhoumai 22 395a 304a 58a 21la
Zhoumai 18 34.2a 274 ab 56a 2.0b
Mean 37.0 26.2 5.6 2.1
Genotypes 94.2 99.0** 0.4 0.1**
Yumai 2 34.8a 21.7 a 55b 18a 2.2b 0.15¢ 3.7b 4.0a 40b 09a 7.2¢c 17.0b
Lankao 198 36.6a 21.0a 53¢ 20a 25ab 0.20b 3.2b 3.8a 3.2b 1.0a 10.1 be 20.4b
Yumai 20 255a 212 a 51c¢c 18b 2.7a 0.22 ab 6.3a 6.9a 6.5a 31la 12.0ab 19.1b
Post Zhoumai 22 35.2a 21.7 a 6.0a 19ab 27a 0.24 a 39b 4.2a 53b 40a 145a 22.6 ab
Zhoumai 18 26.3a 18.1b 52c 18b 25a 0.24a 3.4b 6.0a 2.4b 2.3a 134 a 26.4a
Mean 31.7 20.8 5.4 1.8 25 0.21 4.1 5.0 4.3 2.3 11.4 21.1
Genotypes 339.2 27.3*  1.4%** 0.1**  0.5** 0.02*** 19.0* 22.0* 30.7* 21.3 99.0***  183.6**

Table 4. Mean values combined with analysis of variance for: Rubisco content of flag leaves and glumes, and nitrogen content per unit total
organic matter (N,%) of flag leaves, ears and mature kernels (Pre, sampled at pre-anthesis; Post, sampled at two weeks post-anthesis); nitrogen
use efficiency (NUE), nitrogen absorption (Nays) from nitrogen uptake in Post, and nitrogen remobilization (Nem) from nitrogen accumulated in
Pre for ears and flag leaves from pre-anthesis to two weeks post-anthesis; and total kernel nitrogen N, derived from the whole pre-anthesis
accumulation and Ngys for the whole post-anthesis for five winter wheats under natural ambient conditions. Values are the means of 3 replicates
(6 pots) for each genotype. (*, P < 0.05; **, P <0.01 and ***, P < 0.001).
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Figure 3. Linear correlations between the flag leaf net photosynthesis rate per unit area (Pn)
and the flag leaf Rubisco content (A), and the ear gross assimilation rate (GAR) and glume
Rubisco content (B) in pre-anthesis and two weeks post-anthesis for Chinese wheat grown in
a natural ambient environment. The three replicates and the 5 genotypes are plotted together.
Determination coefficient (r) and probabilities are given. **, P < 0.01.
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3.6 N absorption (Naps) during post-anthesis and remobilization (Nyem) from N accumulated

during pre-anthesis

Significant genotypic differences were found for the whole pre-anthesis Ngaps Of the ears, the
flag leaves and the mature kernels (Table 4). The Nm Of kernels also showed genotypic
differences. The total N absorbed from anthesis to maturity accounted for 30% — 40% of
kernel total N accumulation. Meanwhile, 60% — 70% of N present in the kernel came from
remobilization of N assimilated during pre-anthesis. The proportion of remobilized N was
larger in the high yielding than in the low yielding genotypes. It is also noteworthy that while
the ear had a similar amount of Ng,s and Nrem, in the flag leaves at the post-anthesis stage Naps
was nearly double the Nrm; therefore, the Ny Of flag leaves represented the smallest
proportion of all the N derivation sources. Grain yield was revealed as more correlated with
total kernel Ny from pre-anthesis than the Naps from post-anthesis (r = 0.86, P < 0.001; r =
0.74, P <0.01, respectively) (Table S3).

® Pre-anthesis
3.5 A O  Post-anthesis

3.0 1 o L]

2.5 1

Kernel N content (%)

2.0 [ ] [¢]

16 18 20 22 24 26 28 30 32 34

Glume Rubisco content (mg g’l)

Figure 4. Linear regression between the kernel nitrogen content proportion and the glume
Rubisco content in the pre-anthesis and two weeks post-anthesis stages for Chinese wheat
grown in a natural ambient environment. The three replicates and the 5 genotypes are plotted
together. Determination coefficient (r) and probabilities are given. ns, not significant. **, P <
0.01.
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4. Discussion

4.1 Biomass and grain yield

Our study showed that genotypic differences in grain yield were mainly associated with plant
biomass, HI and plant height (Xiao et al. 2012; Zhou et al. 2014). Data also revealed that high
grain-yielding genotypes exhibited more ears and kernels (Fischer 2008). However, in these
genotypes yield was not conditioned by TKW, kernels per ear, and ear length. Moreover, the
study also showed that the number of ears per plant had a greater impact on grain yield than
the number of kernels per ear. Such different contributions indicated that tillering capacity
was the main factor determining grain yield and biomass. In a broad sense, the resource
accumulation prior to anthesis was critical to determining kernel numbers (Fischer 2008;
Sinclair and Jamieson 2008).

4.2 C photoassimilate contribution of the ear and the flag leaf during grain filling

As mentioned before, the role of the ear as one of the main photosynthetic organs supporting
grain filling is matter of recent discussion (S&nchez-Bragado et al. 2014a, b). During the last
decade a number of studies have highlighted the fact that the contribution of ear
photosynthesis towards grain filling is higher than expected (Tambussi et al. 2005; 2007,
Zhou et al. 2014; Sanchez-Bragado et al. 2014a,b). Although genotypic differences were
detected for flag leaf Pn (at two weeks post-anthesis stage), no correlation between flag leaf
Pn (expressed either on a per area basis or per whole organ) and yield was detected in any
harvest (Lawlor 1995; Richards 2000; Xiao et al. 2012). Even if such apparent discrepancies
suggest that the flag leaf was not the main photosynthetic contributor to growing grains
(Tambussi et al. 2007), the fact that Pn represents the plant’s physiological activity at a
specific moment should be taken into account. By contrast, the ear photosynthetic rates

(determined per total organ) positively correlated with grain yield.

Changes in the content and activity of Rubisco have been described as target processes that
condition photosynthetic performance (Long et al. 2006). In this sense, the correlation
between flag leaf and ear Rubisco content and their corresponding photosynthetic activities
highlighted that genotypic differences in Rubisco availability were the main factor
conditioning photosynthetic rates. The positive correlation between grain yield and total ear
Pn, together with the absence of a relationship between grain yield and total flag leaf Pn at
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two weeks after anthesis, supported the idea that the ear photosynthetic rate contributed
substantially to grain filling, which is in agreement with previous studies (Abbad et al. 2004;
Tambussi et al. 2007; Zhou et al. 2014). The fact that the Rubisco content in glumes was
lower than in flag leaves revealed that the differences in photosynthetic activity were not
explained by protein availability. The positive correlation (during post-anthesis) between flag
leaf photosynthesis and Rubisco content showed that the flag leaf Pn (per unit area) was
limited by the lower Rubisco availability. However, during pre-anthesis, as a consequence of
the larger Rubisco content, the plants were capable of sustaining higher flag leaf
photosynthetic rates (Makino et al. 1992). Our study also indicated that ear behavior was
different from that described for flag leaves. Glume Rubisco content correlated negatively
with ear GAR (per unit area) when determined at two weeks post-anthesis. Such results show
that the flag leaves were capable of fixing more CO, with less Rubisco content (Pn/Rubisco)
than ears. This finding discards Rubisco availability as the only parameter conditioning ear
GAR. When analyzing the ear photosynthetic contribution to grain filling it must be
considered that this organ may respire up to 60 % of the recently fixed C, probably in
association with grain filling (Aranjuelo et al. 2011; 2013a). This implies that photosynthesis
was greatly underestimated in the ear because of the high rate of respiration, which
diminished the GAR. In the flag leaf, the lost C that was derived from respiration was
comparatively low (Araus et al. 1993; Zhou et al. 2014). Moreover, the fact that positive
correlations between Pn (on a whole organ basis) and grain yield were only detected in the
ear two weeks post-anthesis further supports the concept that the relative photosynthetic
contribution of the ear to the final grain yield represents a significant source of C sustaining

grain filling.

4.3 Pre/post-anthesis N contribution to grain filling: N remobilization and uptake

Grain N content is conditioned by the amount of N remobilization during pre-anthesis and the
N taken up after anthesis (Dupont and Altenbach, 2003). Genotypic NUE showed that the
high grain-yielding genotypes (Zhoumai 18 and 22) had the highest kernel N accumulation
capacity, whereas the lowest NUE values were detected in the low yielding Yumai 2. As
mentioned before, both N assimilation and remobilization become critical sources of N that
sustain kernel development. Leaves and shoots have been described as acting as the main
sources of N (Kant et al. 2011). The N labeling revealed that N absorbed during the
post-anthesis stage provided 30-40 % of the N present in the kernel, whereas the remaining
70-60 % was derived from remobilization of N that was assimilated prior to anthesis. During
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grain filling (from anthesis to physiological maturity) N remobilization was larger in high

yielding genotypes than in the low ones. In this sense, enhanced Nyem and Naps Were factors
that explained the larger N uptake efficiency of high yielding genotypes (Papakosta and
Gagianas 1991). Our study also showed that Ny was larger in ears than in flag leaves during
the post-anthesis stage, even though ears and flag leaves showed similar Ngs rates. Therefore,
the capacity of N remobilization in ears was higher than that of flag leaves. Such findings
showed that the ear contribution to sustaining kernel N demand (during the beginning of
grain filling) was more important than expected (Lopes et al. 2006). This contrasts with most
of the available literature, which assigns to the flag leaf blade a main role of supplying N to
the growing grains (Evans 1983, 1989; Drouet and Bonhomme 1999; Bertheloot et al. 2008).

4.4 Pre/post-anthesis N contribution to grain filling: TOM versus Rubisco

Although the contribution of pre-anthesis and post-anthesis N has been studied in the past
(Palta and Fillery 1995; Lopes et al. 2006; Dupont and Altenbach 2003; Bernard et al. 2008),
the real contribution to grain filling of the flag leaf Rubisco-derived N remobilization has not
been fully elucidated. Traditionally it has been assumed that the Rubisco from the flag leaf
blade is the main source of N that feeds the kernels (Drouet and Bonhomme 1999; Bertheloot
et al. 2008). Such an assumption is mostly based on the temporal coincidence between the
fast N accumulation in the grain and leaf senescence during the last part of grain filling
(Bertheloot et al. 2008). However, direct evidence of the contribution of the Rubisco N from
the flag leaf N is scarce (Farooq et al. 2014). This aspect is especially important because
Rubisco can represent up to 50% of the total soluble protein (Parry et al. 2003, Aranjuelo et al.
2013a). N remobilization efficiency has been described as being subjected to genetic
variability (Masclaux-Daubresse et al. 2008). As plant phenology advances and gets closer to
the senescence period, the N and C assimilation pathways are altered and the expression of
proteases increases (Millard 1988; Masclaux-Daubresse et al. 2008). As a result of protein
hydrolysis, the resulting amino acids from the ear and the flag leaf are exported to grains
(Lopes et al. 2006; Feller et al. 2008). Previous studies (Lopes et al. 2006; Bernard et al. 2008)
suggest that re-assimilation of ammonium derived from protein degradation is conditioned by
glutamine synthetase (GS) protein. Moreover, as observed by Bernard et al. (2008), GS
activity and Rubisco content are tightly coordinated during the grain filling period. In order to
characterize the role of TOM, and more specifically Rubisco as an N source sustaining grain
N requirements, §'°N was analyzed in flag leaves and glumes. Our study revealed that during
the beginning of the post-anthesis period, N remobilization in flag leaves and glumes
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occurred differently in low versus high grain-yielding genotypes. While TOM Nien
(understood as the diminishment of 5'°N) was similar in the 5 genotypes, Rubisco derived
Nrem Showed a different pattern. In low yielding genotypes Nrem Was derived, mostly, from the
Rubisco present in the flag leaf. Moreover, the positive correlation between flag leaf 5°N
during pre-anthesis and the post-anthesis ear 8"°N highlighted the fact that the N present in
flag leaves during pre-anthesis was transferred to the ear (during post-anthesis). Our data also
suggest that this remobilized flow of N was derived from degradation of flag leaf Rubisco
(Millard 1988; Gregersen et al. 2008). On the other hand, in the high grain-yielding
genotypes the opposite effect was observed. At the beginning of grain filling, remobilization
from glume Rubisco was much more marked than in flag leaves. Interestingly, the labeling
conducted from anthesis until maturity revealed that 80 % of the N absorbed at this stage was
directly translocated to the kernel. The remaining 20 % was localized, in similar proportions,
in the flag leaves and glumes. The large kernel N demand was more marked in high yielding

genotypes than in the low yielding ones.

In this work it was concluded that genotypic differences in grain yield were determined by
the above-ground biomass, HI, plant height and ear number. Gas exchange analyses indicated
that the relative photosynthetic contribution of ears to grain yield was highly relevant. At the
same time our results confirmed *°N labeling as a powerful tool to evaluate N remobilization
and N uptake during pre-anthesis and post-anthesis. Nyem represented the most important N
source to the kernel, while flag leaf and glume 8"°N revealed different patterns in high and
low grain-yielding genotypes. In low vyielding genotypes, flag leaf Rubisco-derived N
represented a major N source, while in the high yielding ones Rubisco-derived N, from the
ear was more relevant. In summary, our study highlighted the role of the ear as a source of C
and a contributor of N, especially in high grain-yielding genotypes.

Acknowledgements: We would like to acknowledge Henan Tianmin Seed Co., Ltd. (China)
for help with the experiments. Thanks also go to Omar Vergara for help during the
photosynthesis measurements. This work was supported by “Breeding to Optimise Chinese
Agriculture” (OPTICHINA) (Coordination and support action: FP7-KBBE-2010-4, grant
agreement number: 266045) and the projects AGL2011-30386-C02-02 and AGL2013-44147
funded by the Spanish Ministry of Economy and Competitiveness. Iker Aranjuelo was the
recipient of a Raman y Cajal research grant funded by the Spanish Ministry of Economy and

Competitiveness.

-162 -



CHAPTER 4

References:

Abbad A, Lloveras J, Michelena A (2004) Nitrogen fertilization and foliar urea effects on
durum wheat yield and quality and on residual soil nitrate in irrigated Mediterranean
conditions. Field Crops Research 87: 257-269

Aggarwal PK, Fischer RA, Liboon SP (1990) Source-sink relations and effects of
post-anthesis canopy defoliation in wheat at low latitudes. The Journal of Agricultural
Science 114: 93-99

Ahmadi A, Joudi M, Janmohammadi M (2009) Late defoliation and wheat yield: Little
evidence of post-anthesis source limitation. Field Crops Research 113: 90-93

Aranjuelo 1, Cabrera-Bosquet L, Araus JL, Nogué& S (2013a) Carbon and nitrogen
partitioning during the post-anthesis period is conditioned by N fertilisation and sink strength
in three cereals. Plant Biology 15: 135-143

Aranjuelo |, Cabrera-Bosquet L, Morcuende R, Avice JC, Nogué& S, Araus JL,
Mart mez-Carrasco R, Pé&ez P (2011) Does ear C sink strength contribute to overcoming
photosynthetic acclimation of wheat plants exposed to elevated CO,? Journal of
Experimental Botany 62: 3957-3969

Araus JL, Bort J, Steduto P, Villegas D, Royo C (2003) Breeding cereals for Mediterranean
conditions: ecophysiological clues for biotechnology application. Annals of Applied Biology
142: 129-141

Araus JL, Brown HR, Febrero A, Bort J, Serret MD (1993) Ear photosynthesis, carbon
isotope discrimination and the contribution of respiratory CO, to differences in grain mass in
durum wheat. Plant, Cell & Environment 16: 383-392

Bernard, S.M., Blom Mdler A.L., Dionisio G., Kichey T., Jahn T.P., Dubois F., Baudo M.,
Lopes M.S., TercéLaforgue T.,Foyer, C.H., Parry M., Forde B.G., Araus J.L., Hirel,B.,
Schjoerring J. K., Habash D.Z. 2008. Gene expression, cellular localisation and function of
glutamine synthetase isozymes in wheat (Triticum aestivum L.). Plant Molecular Biology 67:
87-105.

Bertheloot J, Martre P, Andrieu B (2008) Dynamics of Light and Nitrogen Distribution during
Grain Filling within Wheat Canopy. Plant Physiology 148: 1707-1720

Cliquet J-B, Deléens E, Mariotti A (1990) C and N Mobilization from Stalk and Leaves
during Kernel Filling by *C and N Tracing in Zea mays L. Plant Physiology 94:
1547-1553

Cui Z, Chen X, Zhang F (2010) Current Nitrogen Management status and measures to
improve the intensive wheat—maize system in China. AMBIO 39: 376-384

Cui Z, Zhang F, Chen X, Miao Y, Li J, Shi L, Xu J, Ye Y, Liu C, Yang Z, Zhang Q, Huang S,
Bao D (2008) On-farm evaluation of an in-season nitrogen management strategy based on
S0il Npin test. Field Crops Research 105: 48-55

Duan Y, Xu M, Gao S, Yang X, Huang S, Liu H, Wang B (2014) Nitrogen use efficiency in a

-163 -



CHAPTER 4
wheat—corn cropping system from 15 years of manure and fertilizer applications. Field
Crops Research 157: 47-56

Drouet JL, Bonhomme R (1999) Do variations in local leaf irradiance explain changes to leaf
nitrogen within row maize canopies? Annals of Botany (Lond) 84:61-69

Dupont FM, Altenbach SB (2003) Molecular and biochemical impacts of environmental
factors on wheat grain development and protein synthesis. Journal of Cereal Science 38:
133-146

Evans JR (1983) Nitrogen and Photosynthesis in the Flag Leaf of Wheat (Triticum aestivum
L.). Plant Physiology 72: 297-302

Evans J (1989) Photosynthesis and nitrogen relationships in leaves of C3 plants. Oecologia
78:9-19

Eyles A, Pinkard EA, Davies NW, Corkrey R, Churchill K, O’Grady AP, Sands P,
Mohammed C (2013) Whole-plant versus leaf-level regulation of photosynthetic responses
after partial defoliation in Eucalyptus globulus saplings. Journal of Experimental Botany
64: 1625-1636

Food and agriculture organization of the United Nations (2011) Current world fertilizer trends
and outlook to 2015. ftp://ftp.fao.org/ag/agp/docs/cwftol15.pdf . Rome. Pp. 1-41.

Farooq M, Hussain M, Siddiqgue KHM (2014) Drought stress in wheat during flowering and
grain-filling periods. Critical Reviews in Plant Sciences 33: 331-349

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope discrimination and
photosynthesis. Annual Review of Plant Physiology and Plant Molecular Biology 40:
503-537

Feller U, Anders I, Mae T (2008) Rubiscolytics: fate of Rubisco after its enzymatic function
in a cell is terminated. Journal of Experimental Botany 64: 1615-1624

Fischer RA (2008) The importance of grain or kernel number in wheat: A reply to Sinclair
and Jamieson. Field Crops Research 105: 15-21.

Gauthier PPG, Bligny R, Gout E, MahéA, Nogué& S, Hodges M, Tcherkez GGB (2010) In
folio isotopic tracing demonstrates that nitrogen assimilation into glutamate is mostly
independent from current CO, assimilation in illuminated leaves of Brassica napus. New
Physiologist 185: 988-999

Gauthier PPG, Lamothe M, MahE A, Molero G, NoguES S, Hodges M, Tcherkez G (2013)
Metabolic origin of 8*°N values in nitrogenous compounds from Brassica napus L. leaves.
Plant, Cell & Environment 36: 128-137

Gebbing T, Schnyder H (1999) Pre-anthesis reserve utilization for protein and carbohydrate
synthesis in grains of wheat. Plant Physiology 121: 871-878.

Gregersen PL, Holm PB, Krupinska K (2008) Leaf senescence and nutrient remobilisation in
barley and wheat. Plant Biology 10: 37-49

-164 -



CHAPTER 4

Hoagland DR, Arnon DI. 1950. The water-culture method for growing plants without soil.
California Agricultural Experiment Station Circular 347: 1-32.

Kant S, Bi Y-M, Rothstein SJ (2011) Understanding plant response to nitrogen limitation for
the improvement of crop nitrogen use efficiency. Journal of Experimental Botany 62:
1499-1509

Kichey T, Hirel B, Heumez E, Dubois F, Le Gouis J (2007) In winter wheat (Triticum
aestivum L.), post-anthesis nitrogen uptake and remobilisation to the grain correlates with
agronomic traits and nitrogen physiological markers. Field Crops Research 102: 22-32

Lawlor DW (1995) Photosynthesis, productivity and environment. Journal of Experimental
Botany 46: 1449-1461

Long SP, Zhu XG, Naidu SL, Ort DR (2006) Can improvement in photosynthesis increase
crop yields? Plant, Cell & Environment 29: 315-330

Lopes MS, Cortadellas N, Kichey T, Dubois F, Habash DZ, Araus JL (2006) Wheat nitrogen
metabolism during grain filling: comparative role of glumes and the flag leaf. Planta 225:
165-181

Makino A (2011) Photosynthesis, grain yield, and nitrogen utilization in rice and wheat.
Plant Physiology 155: 125-129

Makino A, Mae T, Ohira K (1986) Colormetric measurement of protein stained with
Coomassie brilliant blue R on sodium dodecyl sulfate-polyacrylamide gel electrophoresis by
eluting with formamide. Agricultural and Biological Chemistry 50: 1911-1912

Makino A, Sakashita H, Hidema J, Mae T, Ojima K, Osmond B (1992) Distinctive responses
of Ribulose-1,5-bisphosphate carboxylase and carbonic anhydrase in wheat leaves to nitrogen
nutrition and their possible relationships to CO,-transfer resistance. Plant Physiology 100:
1737-1743

Malagoli P, Laine P, Rossato L, Ourry A (2005) Dynamics of nitrogen uptake and
mobilization in field-grown winter oilseed rape (Brassica napus) from stem extension to
harvest: 1. global N flows between vegetative and reproductive tissues in relation to leaf fall
and their residual N. Annals of Botany 95: 853-861

Masclaux-Daubresse C, Daniel-Vedele F, Dechorgnat J, Chardon F, Gaufichon L, Suzuki A
(2010) Nitrogen uptake, assimilation and remobilization in plants: challenges for sustainable
and productive agriculture. Annals of Botany 105: 1141-1157

Masclaux-Daubresse C, Reisdorf-Cren M, Orsel M (2008) Leaf nitrogen remobilisation for
plant development and grain filling. Plant Biology 10: 23-36

Millard P (1988) The accumulation and storage of nitrogen by herbaceous plants. Plant,
Cell & Environment 11: 1-8

Molero G, Aranjuelo I, Teixidor P, Araus JL, Nogués S (2011) Measurement of **C and **N
isotope labeling by gas chromatography/combustion/isotope ratio mass spectrometry to study
amino acid fluxes in a plant-microbe symbiotic association. Rapid Communications in
Mass Spectrometry 25: 599-607

-165 -



CHAPTER 4

Molero G, Tcherkez G, Araus JL, Nogues S, Aranjuelo | (2014) On the relationship between
C and N fixation and amino acid synthesis in nodulated alfalfa (Medicago sativa).
Functional Plant Biology 41: 331-341

Palta J, Fillery 1 (1995) N application enhances remobilization and reduces losses of
pre-anthesis N in wheat grown on a duplex soil. Australian Journal of Agricultural
Research 46: 519-531

Papakosta DK, Gagianas AA (1991) Nitrogen and dry matter accumulation, remobilization,
and losses for Mediterranean wheat during grain filling. Agronomy Journal 83: 864-870

Parry MAJ, Andralojc PJ, Mitchell RAC, Madgwick PJ, Keys AJ (2003) Manipulation of
Rubisco: the amount, activity, function and regulation. Journal of Experimental Botany 54:
1321-1333

Parry MAJ, Reynolds M, Salvucci ME, Raines C, Andralojc PJ, Zhu XG, Price GD, Condon
AG, Furbank RT (2011) Raising yield potential of wheat. Il. Increasing photosynthetic
capacity and efficiency. Journal of Experimental Botany 62: 453-467

Plaut Z, Butow BJ, Blumenthal CS, Wrigley CW (2004) Transport of dry matter into
developing wheat kernels and its contribution to grain yield under post-anthesis water deficit
and elevated temperature. Field Crops Research 86: 185-198

Raun WR, Johnson GV (1999) Improving nitrogen use efficiency for cereal production.
Agronomy Journal 91: 357-363

Reynolds M, Bonnett D, Chapman SC, Furbank RT, Manés Y, Mather DE, Parry MAJ (2011)
Raising yield potential of wheat. I. Overview of a consortium approach and breeding
strategies. Journal of Experimental Botany 62: 439-452

Richards RA (2000) Selectable traits to increase crop photosynthesis and yield of grain crops.
Journal of Experimental Botany 51: 447-458

Robinson D (2001) 8N as an integrator of the nitrogen cycle. Trends in Ecology &
Evolution 16: 153-162

Rossato L, MacDuff JH, Laine P, Le Deunff E, Ourry A (2002) Nitrogen storage and
remobilization in Brassica napus L. during the growth cycle: effects of methyl jasmonate on
nitrate uptake, senescence, growth, and VSP accumulation. Journal of Experimental
Botany 53: 1131-1141

Sachez-Bragado R, Elazab A, Zhou B, Serret MD, Bort J, Nieto-Taladriz MT, Araus JL
(2014a) Contribution of the ear and the flag leaf to grain filling in durum wheat inferred from
the carbon isotope signature: Genotypic and growing conditions effects. Journal of
Integrative Plant Biology 56: 444-454

Sachez-Bragado R, Molero G, Reynolds M, Araus JL (2014b) Relative contribution of shoot
and ear photosynthesis to grain filling in wheat under good agronomical conditions assessed by
differential organ 5'°C. Journal of Experimental Botany (in press). doi: 10.1093/jxb/eru298
Sinclair TR, Jamieson PD (2008) Yield and grain number of wheat: A correlation or causal

-166 -



CHAPTER 4

relationship? Field Crops Research 105: 22-26

Tambussi E, Nogués S, Araus J (2005) Ear of durum wheat under water stress: water relations
and photosynthetic metabolism. Planta 221: 446-458

Tambussi EA, Bort J, Guiamet JJ, Nogué& S, Araus JL (2007) The photosynthetic role of ears
in C3 cereals: metabolism, water use efficiency and contribution to grain yield. Critical
Reviews in Plant Sciences 26: 1-16

Xiao YG, Qian ZG, Wu K, Liu JJ, Xia XC, Ji WQ, He ZH (2012) Genetic gains in grain yield
and physiological traits of winter wheat in shandong province, China, from 1969 to 2006.
Crop Science 52: 44-56

Zhou B, Sanz-S&z A, Elazab A, Shen T, Sénchez-Bragado R, Bort J, Serret MD, Araus JL
(2014) Physiological traits contributed to the recent increase in yield potential of winter
wheat from Henan Province, China. Journal of Integrative Plant Biology 56: 492-504

Grain . Kernels Ears Kernels Ear
yield Biomass  HI ear’ TKW plant®  plant® length

Biomass 0.87***

HI 0.65**  0.20

Kernels ear™ 0.12 0.06 0.08

TKW 0.21 0.21 0.2 -0.50

Ears plant™ 0.77*** 0.79**  0.36 -0.14 0.22

Kernels plant®  0.59* 0.56* 0.29 0.78*** -0.29 0.51

Ear length 0.08 0.21 -0.14 0.28 -0.01 0.24 0.36

Plant height 0.61* 0.68**  0.10 0.38 -0.36 0.50 0.61* 0.50

Supplementary table 1. Pearson correlation coefficients of grain yield, above ground biomass
(biomass), harvest index (HI), kernels per ear, thousand kernel weight (TKW), ears per plant,
kernels per plant, ear length and plant height across the set of 5 winter wheat genotypes
assayed under natural ambient conditions. (n = 15; *, P < 0.05; **, P < 0.01 and ***, P <
0.001).
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Grai Pre flag post Pre Post Pre Post Post Pre flag post Pre

rain . flag glume glume Pre flag Post Pre ear Post ear Kernel Pre ear . flag glume

yield NUE  Rubisco Rubisco  Rubisco  Rubisco Kemel N N flag N N N SN ﬂgg ﬂgg SN 5 Rll.sjbISCO Rubisco  Rubisco
content  ontent  content  content "N "N "N "N 3N 3N

NUE 0.78***

Pre flag Rubisco content -0.24 0.12

Post flag Rubisco content -0.10 -0.14  0.10

Pre glume Rubisco content 0.22 0.62* 0.14 0.03

Post glume Rubisco content -0.62* -046 0.19 0.18 0.06

Kernel N -0.19 046 047 -0.11 0.65**  0.12

Pre flag N -0.34 -0.24  0.07 0.52* 0.30 0.24 0.08

Post flag N 0.21 0.27 0.23 -0.17 0.33 0.09 0.11 0.11

Pre ear N 0.14 -0.06 -0.15 0.21 -0.45 0.11 -0.28 -0.30 0.10

Postear N 0.32 015 0.00 -0.09 -0.30 -0.15 -0.23 -0.52* -0.09 0.65**

Kernel §*°N 0.23 -0.22  -0.58* -0.21 -0.25 -0.22 -0.67** -0.16 -0.10 -0.26 -0.10

Pre flag 5°N -0.05 -0.18  0.09 -0.28 -0.64* 0.13 -0.19 -0.74**  -0.20 0.60* 0.58* -0.12

Post flag 5N 0.14 0.01 -0.33 -0.04 -0.34 -0.15 -0.16 -0.27 -0.75**  0.32 0.42 0.05 0.39

Pre ear 8"°N -0.23 -0.16 048 -0.19 -0.38 0.27 0.10 -0.47 -0.04 0.38 0.25 -0.44 0.72** 0.14

Post ear 5°N -0.07 -0.15  -0.18 0.06 -0.43 0.08 -0.13 -0.28 -0.53* 0.38 0.35 -0.16 0.47 0.62* 0.50

Pre flag Rubisco 8°N 0.00 0.06 0.04 0.07 0.00 0.06 0.12 -0.23 -0.43 0.06 0.30 -0.04 0.18 0.43 0.37 0.59*

Post flag Rubisco §'°N 051  0.60* -0.04 -0.21 0.22 -0.16 0.24 -0.52* 0.17 0.42 0.46 -0.06 0.23 0.29 0.08 -0.07 0.20

Pre glume Rubisco 8"°N 0.24 050 037 0.10 0.45 0.19 0.42 -0.16 0.19 0.02 0.26 -0.12 0.00 -0.03 0.05 -0.10 0.53* 0.59*

Post glume Rubisco §'°N -0.61* -044 011 -0.45 -0.15 0.45 0.17 -0.25 -0.24 -0.20 -0.10 -0.04 0.23 0.06 0.47 0.27 0.26 -0.10 -0.12

Table 2. Relationship of grain yield, nitrogen use efficiency (NUE), and physiological traits during pre-anthesis (Pre, heading) and post anthesis (Post,
two weeks after anthesis) with Rubisco content of glumes and flag leaves, N content (N, %) of ears, flag leaves and kernels, N isotope composition
(8"N) of ear and flag leaf total organic matter (TOM), Rubisco and mature kernel dry matter for 5 winter wheat genotypes labeled by *>N from sowing

to anthesis assayed under natural ambient conditions. (n = 15; *, P < 0.05; **, P < 0.01 and ***, P < 0.001).
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Grain Kernel Ear Flag Kernel Ear
yield Nabs Nabs Nabs Nrem Nrem

Kernel N 0.74**

Ear Ny 0.11 -0.17

Flag Ny 0.08 -0.01 0.52*

Kernel Ny 0.86***  0.66** 0.23 0.36

Ear Nrem 0.06 0.29 -0.76** -0.29 0.16

Flag Nyem 0.23 0.41 -0.61*  -0.80*** 0.03 0.51

Supplementary table 3. Pearson correlation coefficients of grain yield, nitrogen absorption
(Ngaps) from post-anthesis (Post) N uptake, remobilized (N, from pre-anthesis (Pre) N
assimilate of ear and flag leaf, and Nabs and Nrem accumulated in mature kernel for 5 winter
wheat genotypes labeled with *°N, which were assayed from sowing to anthesis under natural

ambient conditions. (n = 15; *, P < 0.05; **, P < 0.01 and ***, P < 0.001).
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