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under Varied N-Supply

Elmien Heyneke *, Mutsumi Watanabe ?*, Alexander Erban *, Guangyou Duan %2,
Peter Buchner 3, Dirk Walther *, Joachim Kopka *, Malcolm J. Hawkesford * and
Rainer Hoefgen *

 Department Willmitzer, Max Planck Institute of Molecular &it Physiology, Potsdam, Germany? European Molecular
Biology Laboratory, European Bioinformatics Institute, Heelberg, Germany,® Plant Sciences, Rothamsted Research,
Harpenden, United Kingdom

Progress in improving crop growth is an absolute goal despi the in uence multifactorial
components have on crop yield and quality. An Avalon Cadenza doubled-haploid
wheat mapping population was used to study the leaf metabolme of eld grown wheat
at weekly intervals during the time in which the canopy conitoutes to grain lling, i.e.,
from anthesis to 5 weeks post-anthesis. Wheat was grown undefour different nitrogen
supplies reaching from residual soil N to a luxury over-falization (0, 100, 200, and
350kg N ha 1). Four lines from a segregating doubled haploid populatioderived of a
cross of the wheat elite cvs. Avalon and Cadenza were chosensathey showed pairwise
differences in either N utilization ef ciency (NUtE) or s@scence timing. 108 annotated
metabolites of primary metabolism and ions were determinedThe analysis did not
provide genotype speci c markers because of a remarkable sibility of the metabolome
between lines. We speculate that the reason for failing to @&htify genotypic markers
might be due to insuf cient genetic diversity of the wheat paents and/or the known
tendency of plants to keep metabolome homeostasis even undeadverse conditions
through multiple adaptations and rescue mechanism. The dat however, provided a
consistent catalogue of metabolites and their respectiveasponses to environmental and
developmental factors and may bode well for future systemsiblogy approaches, and
support plant breeding and crop improvement.

Keywords: wheat leaf metabolism, nitrogen supply, post-anth esis, development, yield

INTRODUCTION

Among the abiotic parameters necessary for plant growth ancld@ment a balanced nutrient
supply is essentiaMarschner, 1995; Grusak and Dellapenna, 1999; White and i8ra04(Q and
insu cient nutrient supply has multiple e ects on plant physiologgcluding negatively e ecting
crop performance and yield{arschner, 1996 For crop systems, including wheat, nitrogen supply
is paramount for optimal yieldsKarraclough et al., 2010; Hawkesford, 20The use of systems
biology for enhancing crop abiotic stress tolerance showdhklpful to either improve plant
performance at given nutrient supplies by fertilizers or to lote® engineer plants to improve
crop ability to deal with insu cient nutrient availability Our knowledge on detailed molecular
processes involved in such abiotic nutrient physiology ismplete and all additional system wide
information will aid in eventual improvement.
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The main driver for crop improvement over the last was queried to determine whether it would provide metabolites
century has been yield. The development of molecular toolmdicative for NUtE which then would bear a potential to be
supporting plant breedingHernie and Schauer, 200tmproved used as markers for breeding as discussed previoG=ynie
agronomical practices, and the use of chemical fertilisees aand Schauer, 2009The second goal, however, was not achieved
the main drivers for yield increasesliifel et al., 2007, 20)1 due to insigni cant di erences between the lines other than
and mineral nutrient availability is a key factor for obtaig those being developmentally or environmentally driven. In
optimal yield {(Whitcomb et al., 201§ Cereals have a long summary, in this study homoeostasis is a ected by development
history of domestication and wheat, in particular, shows aand nutrient availability, but not by genotype, which will be
reduction in genetic diversityHeif et al., 2005 Elite wheat discussed.
varieties have classically been bred on high levels of iiger
resulting in a reduced diversity and variation in N use e ciey

and N remobilisation e ciency across related populations'VlATERlAl—S AND METHODS

(Shewry, 2009 However, additional yield enhancements by e"erExperimentaI Conditions and Plant
further increased nitrogen supply above 200 kg hare limited Material

(Hawkesford, 201y Increased production demands together ” o
with environmental and cost considerations place plant beegd AMONg in total 25 wheat varieties four selected Avalon
under pressure to develop high yielding crop varieties WithCadenza doubled-haploid Ilne_s were grown in a e_Id trial at
improved N use e ciency. An improved understanding of the Rof[hamsted Research (grown |n.the Defra WGIN project (WWW
underlying metabolic processes that relate to nitrogenlalgity wgin.org.uk), Ha.rpe.n(.jen, U.K.) in 2010/11. The population of
is required to deliver new crop varieties that can make bettedouPled-haploid individuals was developed by Clare Ellerkroo

use of available nitrogen. This applies to N uptake as well ég’z Sayers and the late TO“V_ Worland (John Innes Centre_), as
N-mobilization processes during crop development. part of a Department for Environment, Food and Rural A airs

Remobilisation of N becomes the dominating pathway duringC€T@)-funded project led by ADAS (Provider of agricultural
grain lling (Foyer et al., 20)1and contributes to the overall and environmental consultancy, rural development serviges

e cient use of nitrogen, though, the accompanying seneseencIOOIiCy advice, www.adas.uk). The four I_ines, 109’ 116, 1P, a
limits further carbon xation which in contrary would be 181 were selected and chosen for this experiment based on

increased through prolonged photosynthesis due to delayefJ€ir Pairwise contrasting responses to nitrogen (line 100-low
senescence. In wheat, only a minor portion of grain N igNUtE, line 116-high NUtE) and post-anthesis senescence (line

derived from post-anthesis N uptake, while between 50 an 81 a_nd 122—ear_ly vs. late Senescence, respectively) inysevio
90% of N found in wheat grains is mobilized from the leaf- eld trials (unp_L!bhshed). For this experiment, wheat was grow
N or root stored N and the onset of senescence is identi et four N fertilizer levels of 0, 100, 200, and 350kg N ‘ha
as the main stimulus Kichey et al., 2007; Gregersen et al.’supplled as ammonium nitrate in two applications and in three
2008. 2013° Masclaux-Daubresse et al. 2008: Distelfeitl et randomized replicate block/split-plot design at the Black Hors
2019. N utilization e ciency (NUtE) for wheat can be de ned and Bylands elds (latitude 52, longitude 1 W) at Rothamsted

as grain yield per unit N taken up. In consequence, NUtEResearch. The plot size was 153 m non-destructive for yield

improvement is therefore dependent on a coordinated controlf€asurementand 1.5 3 m destructive for sampling. Under UK

of the duration of photosynthesis and e cient mobilisation bF condit?ons, NO (plus 30kg N/_ha Of_ N-mi_n meaSI_Jred in the soil
upon senescence. pro le in February and any soil N mineralised during the season)

Crop performance with respect to yield and NUtE is primarinWOUId be considered de cient, and N200 su cient for average

determined by breeders through gross agronomical parar:;nete}’ieldS (8__10 Uha). Plant growth was monitored for the onset
such as grain yield, and N in grain and straw. Here theof anthesis. For metabolome and chlorophyll analyses, 10 2nd

four lines of a mapping population derived from a cross of €af (from top) samples per replicate were sampled immediately
elite wheat cultivars which showed variation with respect td" !lquid nitrogen at anthesis and consecutively on a weekly
senescence and NUtE, were compared. This Avalddadenza basis thereafter u_nt|I_5 weeks pogt-anthems Wlth nearly_ cetapl

doubled-haploid mapping population was assessed in elgenescence. Grain yield, straw yield and %N in the grain aeo! th
grown trials at four N levels from zero additional to luxury Straw were recorded at nal harvest at the end of the growing

N supply. Samples were taken in weakly intervals during graifi€3S°":

lling from anthesis until nal harvest. Agronomical paranters

were monitored and compared to the leaf metabolome abDetermination of Leaf Greenness

sampling time points. The intention of the study was toThe concentration of chlorophyll (Chl) content per unit area
investigate whether the gross agronomical di erences neshif was estimated in attached leaves by taking SPAD-502 (Konica
in the metabolome over development and/or in response tiMinolta, Ramsey, NJ) meter readings weekly on the second fully
N supply. Firstly, this study provides a consistent, and in itexpanded leaf, midway along the leaf blade and half way betwee
density, an unprecedented compilation of wheat leaf metahelo the central vein and the leaf edge. Measurements were made
data during grain lling under diverse N-supply. The work on leaves which were subsequently harvested for the metaboli
demonstrates that N-supply and development are characterisethalyses. Leaf greenness is an accepted proxy for leaf nitrogen
by distinct metabolome patterns. Secondly, the metaboloate d contents [Lawlor, 2002; Foyer et al., 2003
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Determination of Chl Contents min: 100% A, 5 min: 93% A, 7% B; 14 min: 60% A, 40% B; 18 min:
In order to verify the SPAD measurements which measure spob% A, 45% B; 28—-31 min 100% B, 31.3—-34 min: 100% A).
within the leaf blade, the average Chl content per leaf sample ) ) ]

as Chl content of total harvested leaves by Chl extractias w Pro ling of Primary Metabolism

determined. Whole leaf samples were ground to a ne powdePro ling of the relative changes of primary metabolite pools
under liquid nitrogen and freeze dried. Chl was extracteitéw by gas chromatography-time of ight-mass spectrometry (GC-
with 80% and once with 50% ethanol (in water). Extracts werd OF-MS) was performed as described previouslig€c et al.,
combined. The Chl contents of the combined extracts wer@006; Watanabe et al., 2Q1Multiparallel chromatography data
measured with a Gemini XPS Fluorescence Micro plate Readgfocessing and compound identi cation were performed by
(Molecular Devices, UK). The contents of chlorophyll a (Chl a)TagFinder softwarelL(iedemann et al., 20pdsing reference
and chlorophyll b (Chl b) were calculated with the following spectra from the Golm Metabolome Database for compound
formulas: Chl aD 5.21A65 — 2.07445 Chl b D 9.29445 —  identi cation (Kopka et al., 2005

2.74665 Where Aas and Aggs were absorbances at 645 nm and

665 nm, respectively\non, 1949. Statistical Analysis
The R statistical language (http://www.r-project.org/) wesd
Metabolite Extraction for most of the statistical analyses in this study. In the abefite

The extraction of metabolites was performed bycorrelation analysis, each metabolite was normalized byliigi
methanol/chloroform extraction as described previouglynan  its average from all conditions (the combinations of gemety

et al., 200). Metabolites were extracted from 30 mg freeze-driedreatment and time point). The R “stats” package was used to
plant material with 360m 80% methanol containing 3en  implement the Pearson correlation analysis. For the principal
nonadecanoic acid methylester (2 mg/ml stock in chlorofprm component analysis (PCA), the biological replicates of each
for quantitative internal standardisation of the lipid phased —metabolite were rstly averaged as its metabolite expressivel |
30m of a pre_mixture of sorbitol (02 mg/m] methan0|) and and then each metabolite was normalized by d|V|d|ng itsager
D-(-)-isoascorbic acid (0.5 mg/ml in $0) used for quantitative from all conditions. PCA was implemented using R package
internal standardisation of the polar phase. The extract wagcaMethods” Gtacklies et al., 207Additionally, the structure
heated for 15 min at 7@ before 200 chloroform was added to  ©f the metabolic network was assessed by examining cauelat
the polar phase. 408l H,O was added to the mixture after shake Matrices of metabolites and yield parameters for each gpedty
incubation at 37C for 5 more minutesy vortexed Vigorous|y determine which metabolites contribute tOimpl’OVGd yleld’/ﬁN
before centrifugation to separate the polar and non-polar psasein the grain or straw. The in uence of di erent factors (geryqte,
Aliquots of 100m each were dried in a speed-vac. Primarytreatment, and sampling time point) in the experiment upon

metabolites, amino acid and ion contents were measured frorftdividual metabolites was checked using ANOVA with FDR
dried extracts. correction Supplemental Table S1Benjamini and Hochberg,

1995.
Determination of lon Contents
lon extraction from leaf samples was performed as previousRESULTS
described \(Vatanabe et al., 20).3Dried extracts were dissolved . . .
in UPLC/MS grade water and analysed by high-performancNitrogen Supply Affected Yield Attributes
anion exchange chromatography with conductivity detectiorand Chlorophyll Contents in Wheat Leaves
using a Dionex ICS-3000 systeitv§tanabe et al., 20).Elution  All plant lines delivered low grain yield={gure 1A) when grown
of the ions was performed using a KOH step gradient ( ow ratein plots where zero nitrogen (NO) was administered. An N supply
0.25 ml/min); 0 min, 6 MM KOH; 10 min, 45 mM KOH; 12min, of 100kg N ha® (N100) and higher, signi cantly increased grain

55 mM KOH; 17 min, 6 mM KOH). yield in all four lines. N application levels higher than 100kg
) _ ) ] N ha 1 (N200 and N350) did not further improve grain yield
Determination of Amino Acid Contents signi cantly for lines 100 and 181, while lines 116 (higher Yt

Dried extracts were dissolved in T® 5 mM sodium phosphate and 112 (delayed senescence) achieved slight but sigtliycan
bu er (NaoHPO; and NakbPOy) pH 6.2. The samples were higher grain yields at N200 and N350. It is noteworthy that
centrifuged at 20,000g for 30min at @ Amino acids no yield increase could be achieved with applications beyond
were measured by precolumn derivatisation with ortho-200kg N hal as an application of 350kg N hé did not
phthaldialdehyde in combination with uorescence deteatio further a ect performance under eld conditions. Although no
(excitation wavelength 330 nm; emission wavelength 450 nnificrease of grain yield in kg hd, the high N supply increased
(Lindroth and Mopper, 1979; Rajendra, 1987; Watanabe et ahjtrogen contents in the grainHigure 10 and in the straw
2013. Elution was achieved on a Hyperclone C18 ODS columifFigure 1D) indicating that additional N is taken up even beyond
(Phenomenex) connected to a HPLC system (Dionex), applying00 kg N ha' and contributes to the yield components but not

a solvent gradient with increasing hydrophobicity (bu er A206  to higher yields in total probably due to sink limitations for
[v/v] tetrahydrofolate, 8.5 mM sodium phosphate bu er, pH 6.8; carbohydrates.

buer B: 32.5% [v/v] methanol, 20.5% [v/v] acetonitrile, and The various yield parameters have been determined post-
18.5 mM sodium phosphate bu er, pH 6.8; ow: 1.0 mL/min; 0-3 harvest. The working hypothesis of this study was to invastig

Frontiers in Plant Science | www.frontiersin.org 3 November 2017 | Volume 8 | Article 2048


http://www.r-project.org/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Heyneke et al. Wheat Metabolism during Grain Filling

A B
10000 7000
_ 2 6000
= 8000 L &
= e = 5000 i
& 6000 I < Il
< | = 4000
= 3 i
= - ‘ ‘
2 a0 | | 2 3000 ‘ ‘ I
.E I : £ E ‘ -
= < 2000 ‘ ‘
fan I ! 2] ‘ ‘
S 2000 | I
1000 Ii x
0 - Ee. ;- 0 . I,_
Line Line Line Line Line Line Line Line
100 116 181 112 100 116 181 112
Anova F-probabilities grain yield: Anova F-probabilities straw yield:
N-application p<0.001 N-application p<0.001
c DH line p=0.795 B DH line p<0.001
N appl./DH line p=0.433 N appl/DH line p=0.335
3.5 0.7
3 0.6
s 25 z 0.5
‘s «
- =
&0 2 > 04
4 % l Z.
J [l q - ° @l
® 15 g | . 5 £ 03 _ — [
1 0.2 il
0.5 0.1
0 — — 0 — —
Line Line Line Line Line Line Line Line
100 116 181 112 100 116 181 112
Anova F-probabilities %N grain: Anova F-probabilities %N straw:
N-application p<0.001 N-application p<0.001
DH line p=0.002 DH line p=0.004
N appl./DH line p=0.042 N appl/DH line p=0.037
0 kg N ha’! “100kg N ha!  ®200kg N ha!  ®350kgN ha!
FIGURE 1 | Grain yield(A) and straw yield (B) determined with the nal harvest at the end of the season. Nitigen concentration (%); LSDD 0.263 measured in the
grain (C) and straw (D). Doubled haploid lines: line 100 (high NUtE) and line 116 oNUtE), line 181 (early senescence) and line 112 (late seresce). The values are
means ( SE) of three biological replicates. Means followed by diffent letters among treatments were signi cantly different ecording to ANOVA P > 0.05) in
Supplemental Table S1 .

and identify the leaf metabolite composition of four conting  potential predictive markers related to NUtE. Further, this
wheat doubled haploid lines during seed lling under four analyses would in parallel yield a catalogue of metabolites
di erent nitrogen application regimes to possibly identify responsive to (i) di erent levels of N-supply, (ii) developmental
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series during grain lling, and (iii) reveal genotype specic N-Supply and Plant Development Interact

dierences i.e., markers. in Re-programing Primary Metabolism

The nitrogen status of the wheat canopy under agriculturairg optain further insights into metabolite pools that a ect ide
conditions may be assessed by greenness of the leaf, whighder low-N, the metabolite composition were scrutinised for
serves as proxy for N contentgwlor, 2002; Foyer et al., indicative di erences among metabolites of all four lines end
2003. Leaf greenness is determined by chlorophyll contenthe four N conditions and over developmental time. A metatsolit
Therefore, leaf chlorophyll content of the sampled leavegnalysis was employed yielding in total 108 annotated metaisoli
was determined by SPAD measurements vivo on site o dissect wheat leaf metabolic states under the four N appicati
(Figures 2A,B and by chlorophyll extraction of the sampled rates over the post-anthesis developmental period of 5 weblks. T
leaf material Figures 2C,0). SPAD and total leaf chlorophyll metabolite data were subdued to a principal component analysis
measurements yielded matching results despite the fact thgbCA).
SPAD measures a focal area on the leaf while chlorophyll The PCA score plot of the comparison of line 100 and
extraction averages chlorophyll content of the whole leai16 (high and low NUE, respectively) showed that principal
sample. The N application rates had a strong e ect on thecomponent 1 (PC1; 40.1% of variance) separates data mainly
total chlorophyll contents in the leaves showing a positive Nwith respect to N levels while PC2 (25.4% of variance) separates
dose-response relationship in all lines and the concemnati data to due time point of harvest and thus developmental stages
were quite comparable between all lines at anthesis beirgssentially plant agd=igure 3A). It is notable that while at NO,
directly correlated to the amount of N supplieffigures 2C,0).  N100 and N200 data pairs of the two lines are quite related as
For all lines the reduction of chlorophyll content during being positioned close to one another indicating low vadas
seed lling is obvious reducing leaf chlorophyll to very low within the dataset and hence, between the lines (genotyges) a
levels 5 weeks post-anthesis no matter how high the levelse level of metabolites. At N350 with a luxurious N supply
were previously in response to N supply at anthesis. Thef 350kg N hal the components tend to be spread quite far
ANOVA analysis indicated signi cant dierences all over from one another without any clear tendency for any of the
between the two lines (100, 116) seen at high N suppligsvo lines which indicates a high variation within the data.se
(N200, N350) with high NUE line 116 displaying higher The calculation of the Euclidian distance of the data set in
leaf chlorophyll levels suggesting higher N contents thag threlation to N supply and time point Kigure 3A insert) also
contrasting line 100 Kigures 2A,Q as conrmed as higher displays that at N350 the highest variance can be observediwhic
NUtE from previous eld experiments (unpublished). No or low is graded down via N200—N100. The highest variance can be
signi cance in chlorophyll content was seen for the intefant  observed between 2 and 3 weeks post-anthesis. At this time also
of both lines with N-application and time Higure 2). This the chlorophyll data show the biggest di erences betweersline
was di erent between the late senescing line 112 showing gFigures 2A,Q.
N100, N200, and N350 slightly higher chlorophyll levels than The PCA score plot of the comparison of line 181 and 112
line 181 as well as a notably shift of chlorophyll contentgearly and late senescence, respectively) shows that principal
to later time points. The statistical signicant interactio component (PC1; 32.4%) separates data due to N levels while
between the lines and N-application including time-point of PC2 (30.3%) separates data mainly with respect to time and
harvest corroborate the eld observations on line 112 ashus developmental stage&igure 4A). Also for these lines
being a late senescing line compared to 181. This wouldata pairs at NO, N100, and N200 are being closely positioned
provide an extended time for photosynthesis respectivelyo one another indicating low variations within the dataset
higher photosynthetic rates at a given time point for lineand hence, between the lines at the level of metabolites.
112 vs. line 181Kjgures 2B,D. This, however, leads only to At N350 with a luxurious N supply of 350kg N hé& the
slightly higher grain yieldKigure 1A). Thus, despite detectable components tend to be spread quite far from one another.
di erences in chlorophyll content or senescence timing, theHere, the slow senescing line 112 is clearly much stronger
eects on grain yield are minor between the four lines.separated by PC2 (N-supply) from its corresponding data
Low N (NO) aects grain yield massively in all lines, while point of line 181. This indeed indicates a correlation betwee
already N100 allows to almost reach the maximum yieldlelayed senescence and e ect of N application on line 112.
level for grain and strawHigures 1A,B. For the low NUtE The calculation of the Euclidian distances of the data set
line 116 the reduced yields at N100 could not be veriedin relation to N supply and time point Kigure 4A insert)
as statistically signi cant. With respect to grain yield,ete displays that at N350 the highest variance can be observed
were signi cant dierences in straw yield between the lineswhile all other N supplies show little variance between thesline
but the response ao all lines towards N-application wergor NO, N100, and N200. Interestingly, the highest Euclidia
comparableFigures 1A,B. Despite overall high yield (grain and distance is calculated for time point zero, the onset of arghes
straw Figures 1A,B percentage of N in grainKigure 10 or  and for 3—-4 weeks after anthesis, visible, though low, also
straw (Figure 1D) is as low in N100 as NO and is generallyfor N100 and N200. This later peak of variation between
directly dependent and responsive to applied N levels with somige lines 116 and 181 and also in comparison to 100 and
signi cant di erences between the lines in relation to the to 116 can again be related to the later senescing phenotype
N-application. which leads to an about 1 week shift in metabolic signature
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FIGURE 2 | Leaf Chlorophyll content expressed as relative SPAD valueseasured in the NUE inbred line¢A) and the senescence inbred linegB). Changes in total
chlorophyll (ng/mg DW) content in the second leaf following anthesis. Dataepresent mean values of three biological replicates for e&ctime point measured in the
NULE inbred lines(C) and the senescence inbred linegD). Doubled haploid lines: line 100 (high NUtE) and line 116 (IoMUtE), line 181 (early senescence) and line
112 (late senescence). The values are means SE) of three biological replicates. Means followed by diffent letters among treatments were signi cantly different
according to ANOVA P > 0.05) in Supplemental Table S1 .
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FIGURE 3 | Principal component analysis (PCA) of metabolite datdA) PCA score plot of primary metabolite pro les differentiatig the high and low NUtE lines.
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di erences as displayed already by the chlorophyll measurésnene ect (Figure 5 and as a consequence, only marginal genotypic
(Figures 2B,D. di erences between the four lines were revealed at the
The PCs are determined by the contribution of all metabslite metabolome levelRigures § 6). Therefore, the data are not
The impact of a distinct metabolite on the principal componentjusti ably suited to derive markers for breeding purposes, at
is captured in its loading value. The plots of the PCA loadingseast among the 108 annotated metabolites of this study which
(Figures 3B 4B) display the contribution of single metabolites comprise metabolites of primary wheat metabolism and nutrient
to the global separation seen between sampiegi(es 3A 4A). ions. The marginal disparity is probably based on the fact

It becomes obvious from these plots that the dierences ar¢hat both parent lines were elite line&¢if et al., 2005; Lopes
mainly driven by a small amount of metabolites. Interesiing et al., 201x Conceding that the genetic component of the
the shared metabolites with the highest loading plot scores aresponse to varied nutrient supply was small relative to the
almost identical between the four lines being the amino acidenvironmental component, we decided to pool the complete
Trp, His, Arg, Lys, Asn, Tyr, Ser, the sugar alcohols erythritodata set and rather treat the joint data set as a joint wheat
and galactinol, the sugars lyxose, ribulose, fucose and@# response panel towards nitrogen supply in relation to seedgllin
intermediate cis-aconitate are also in uencing PC1 in alif time. The pooled data display expectedly a similar pattern of
lines. Nitrate is as well a clear determinant, as the envitental the agronomical parameters (Supplemental Figure S1) and of
component is driven by N availability; however, the proxy forthe leaf sample chlorophyll contents (Supplemental Figure S2)
nitrate, chlorophyll, is just below the selected threshotd. as the individual displaysF{gures 1 2) The respective PCA
such, chlorophyll might be interpreted rather as how e cieptl analysis Figure 6) provides a comprehensive dataset allowing
N is used for building the photosynthetic apparatus, i.e., ato describe metabolic changes for wheat N supply response
a proxy for N use, but not necessarily as a proxy for leaénd the seed lling period. PC1 (35.6%) describes variance
nitrate accumulation because other factors like plant glowtin response to nitrate supply and PC2 (27.6%) is driven by
stage, cultivars, soil water and de ciency of nutrientsastthan  developmentFigure 6A). The components are clearly separated
N can a ect chlorophyll content. Glu, GIn, Asp, and Sorbitol indicating distinct metabolic di erences between the di eten
vary between both contrasting pairs, and being just immedyat states (nitrogen and time). NO and N100 fall close together
below or above threshold (4 eigenvalues). PC2, representimgnforming that these conditions can be regarded as N-amti
the developmental separation of the data is characterised by ile., a supply below optimal supply which would allow reaching
kestose, dehydroascorbate, galactinol, and shikimato tle the growth and yielding optimum. Again, at N350 which
amino acid Trp shows a strong developmental component. Agairepresents over-fertilisation the PCA of the data set intida
the metabolite loadings overlap between all four lines. high diversity within the data set. With the fused data more
Based on a three-way ANOVA analysis including as factormetabolites contribute signi cantly to the principal compants
(i) genotype, (i) time (time pont of harvest, development),as shown in the PCA loadings plotFigure 6B. As PC1
and (iii) treatment (N-supply environment), the factors time describes N response it is notable that 15 amino acids, mitrat
and treatment were identi ed as in uencing metabolite léve and chlorophyll fall into this group. Additionally, cis-acoaie,
most signi cantly. By comparison, genotype had a negligiblehe sugar alcohols galactinol, sorbitol, erythritol, thegars
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FIGURE 5 | Boxplot of the FDR-correctedp-values obtained from a three-way ANOVA analysis performefr every metabolite available for analysis. For every
metabolite, levels were scaled by dividing by its average W#e across all conditions with subsequent log-transformaon to render data normally distributed.
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to 108 annotated primary metabolites detected in leaf mateal. PC, Principal component; weeks post-anthesis are numéred: 0, 1, 2, 3, 4, and 5.

xylose, ribulose fucose and lyxose, quinic acid, and phosphaC0-behaviour Analysis between N-Supply

display an N-responsive phenotype. While PC2 (developmengnd Development

is most strongly characterised by the stress related com®unTo assess metabolic signatures of distinct metabolites a
1-kestose, dehydroascorbate, shikimate, threonatéatidne, hierarchical cluster analysis was employed at all 4N levels
erythritol and galactinol, and additionally sucrose. Theimo  and within respective N-levels the six samplings are depicted
acid Trp shows a strong developmental response compone(figure 7). At least 7 distinct response clusters (denoted A-
which previously has been observed for senescence procesGesn Figure 7) are separated by the hierarchical clustering
during grain lling. (Nishizawa et al., 2003 algorithm.
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FIGURE 7 | Differentially abundant metabolites in wheat leaves. Higrchical cluster analysis separated metabolites into défent classes subject to their response
pattern. Absolute values as recorded were averaged and noralized to the average of each metabolite. Log-fold values are presented by the false color code.

Min  Max
-0.45 0.46
-0.34 0.29
-3.84 220
-414 257
-2.44 130
-3.67 216
-3.81 253
281 218
-224 205
173  1.42
-1.75  1.50
-2.07 1.62
-269 1.66
-469 262
-1.73  1.00
-0.78 0.44
-055 0.74
-0.48 0.55
-0.18 0.26
-029 035
-0.23  0.18
-0.15  0.18
-0.56 0.62
-1.17  0.95
-0.62 0.91
-0.76  1.24
-1.35 1.28
-1.55 1.64
-1.35 1.45
-1.76  1.78
239 222
-1.67 1.76
-0.35 0.34
-0.30 0.37
-0.47 0.48
-0.62 0.58
-1.18  0.90
-1.09  1.22
-3.83 1.84
-0.77 0.76
-1.10 143
-1.32  0.90
-1.04 0.68
-1.37 092
-2.05 1.42
-1.51 118
-1.23  0.90
-423  0.72
571 220
-3.84 1.42
-3.10  1.51
-4.08 1.50
-265 097
-1.10 0.64
-0.75 0.60
-0.79 0.70
-226 1.38
173 1.27
-1.59  1.30
-0.64 091
-0.55 0.47
-1.08 0.76
-0.44 0.53
-1.49 0.84
-1.32 0.78
-1.61  1.25
-6.36 215
-3.92 153
-3.69 1.94
-3.23 1.44
209 117
-3.80 1.35
-4.03 1.29

(Continued)

Frontiers in Plant Science | www.frontiersin.org 11

November 2017 | Volume 8 | Article 2048


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Heyneke et al. Wheat Metabolism during Grain Filling

FIGURE 7 | Hierarchical clustering analysis separated metabolitesto seven distinct clusters: metabolites displaying a stiog N dependency, but showing a biphasic
response over the developmental periodA); metabolites decreasing with increasing N level, but thenf®wing increased levels over the developmental perio(B);
those increasing over both increasing N level and developnmeal period (C); metabolites showing a biphasic pattern over both increasig N level and developmental
period (D); those decreasing with increasing N level and developmentaeriod (E), metabolites decreasing over increasing N level, and hawgra biphasic response
over developmental period(F); and those increasing over increasing N level, while decreing over developmental period G).

For this, the absolute values were averaged and normalissthte and only showed a slight accumulation at N350. Chéorid
to the average of each metabolite. pdgld transformed and Magnesium did hardly respond to N supply and accumulated
values for each metabolite were clustered by computing th® the end of senescence though but slightly. Ammonium stltbwe
Euclidean distance on average linkage distance which de neo obvious correlation with N supply or to the time of sampling.
an unweighted pair-group method using arrhythmic averages,

i.e., the average distance between any two membérnaéseleer, Metabolites Positively Correlating to
2009. The hierarchical dendrogram revealed co-modulateqpcreased Yield

metabolites. The metabolite responses that were largelgnlri \yhile hierarchical clusteringRigure 7) signi ed the relative
by N level and developmental program could be divided intgg|ations of distinct metabolites the correlation analysis
seven distinct clusters termed A to Gigure 7). Interestingly  .gjculated the degree of relatedness (correlation) using
clustering is displayed as well as close neighbourhood in thgyrelation indices over the complete datasegig(ire 8).
PCA loadings plot kigure 6B). “Cluster A" comprises a group The correlation to the core parameters of this study, namely
of amino acids (His, GIn, Asn, Arg, Lys, Tyr, Val, Phe, lle,chjorophyll content, nitrate, and the agronomical paramster
Leu, Trp together with erythronate and malate) related is it grain yield, straw yield, %N in grain, and %N in straw, ident e
response behaviour over time and nitrogen supply to nitratgp ee response clusterBigure 8.
and “Cluster G" being related to chlorophyll consisting oBth  cjyster | is negatively correlated to the core parameters,
amino acids Ala, Asp, Ser, Thr, Gly, and Glu together with cCisgjyster 111 is positively correlated, while cluster Il is mainl
aconitate and citrate. Also the previously identi ed stresiated  positively correlated but metabolites partially show a neutra
compounds (1-kestose, dehydroascorbate, shikimate,tgalBc o inconsistent correlation. In clusters | and Iil the prevaie
threonic acid 1,4-lactone with addition of isocitrate anteose)  qrrelation was towards nitrate and the agronomical pararet
cluster together in “Cluster E.” _ grain vyield, straw yield, %N in grain, and %N in straw.
Some general response patterns can be derived. Clusterschyrelation to chlorophyll content was partially deviatingii
and G comprising mainly amino acids, nitrate and chlorophyllipig pattern, again indicating that chlorophyll is a rather agy
i.e., N-rich subs.tances accumqlatg a.t N200 and N350 angy sy cient N-supply for biochemical synthesis but not for
decrease over time, probably indicating transport to seedfaaf nitrogen levelper se The negatively correlated cluster |
Stress related compounds (Cluster E) decrease at all N 'eV§l§mained, among other metabolites, the stress and senescen
over time and show higher abundances the less N is supplieghjated metabolites of clusters B, E, andfy(re 7), while the

i.e., stress comp?und accu’r,nulatic.)n.occurs under reduced Ny and development dependent metabolites of clusters A and G
supply. Actually, “Cluster F” consisting of putrescine, d#a 46 found in the positively correlated cluster 1.
and phosphate could be added to this group. Cluster F is

strongly induced under NO only, thus, being markers for
nitrogge)rll starvation in wheat Ieav)és. Clusters E?and C (nyainIDISCUSSIOI\|
sugar alcohols) display metabolites which are senescelatede
(Bowne et al., 20)and accumulate at late sampling time points.
In cluster B metabolite accumulation is enhanced additltyna
through reduced N supply while cluster C metabolites are onl
senescence related.

Nutrient availability eventually determines yield, tolget with
other abiotic factors such as water, €&nd light. Any imbalance

ill cause molecular adaptation processes and will eventually
esult in decreased crop yield or crop qualityViiitcomb
et al.,, 20131 Crop taken from the eld at harvest removes
. . nutrients additional to other losses as leaching or inasibéity
N Application Rates Effects on lon due to binding of e.g., phosphate to soil mineraBhérpley
Homeostasis et al., 201 Therefore, various agricultural practices have been
The levels of several ions, among them nutrient ions, wege al developed to take account of such depletion with mineral
a ected by N application rates and by developmental programmutrient fertilizer application being the main approach in made
(Figures 6 7). Leaf nitrate contents were low at the NO, N100,agriculture to obtain optimal cropKretty, 200R% In parallel,
and N200 application rates and accumulated to high levels onlglant breeding thrives to improve plant performance under
at N350 indicating that up to N200 applied nitrogen was usedhe respective agricultural environmentshfo and Zankowski,
for biosynthesis while only when supply exceeded needs aitraR003. Yield increases, as the primary goal of breeding and
was stored in the vacuolévigrtinoia et al., 198)L Phosphate also necessary in view of the approaching population increase,
displayed an inverse relation to nitrate and accumulatedighh nevertheless are achieved at incremental steps only. Yedd i
levels in leaves of plants grown at NO. Sulphate and potassiumultifactorial trait depending on the genetic makeup of the
contents did hardly respond to nitrate supply or developmentabnd of the environmental conditions, including nutrientrio
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FIGURE 8 | Clustered heatmap depicting correlations between each oftte
measured metabolites and the core physiological parametsr Total Chl,
(Continued)

FIGURE 8 | Nitrate, grain, and straw yield and %N. in the grain and the saw.
The metabolites are placed in remote clusters using PearsoBorrelation. The
assigned color indicates the strength of a particular corfation between two
parameters, blue for negative correlations, and red for pagve correlations as
depicted in the colour key ( 1 < 0 < 1). The values were generated in R
(http://rstudio.com/) and the heat map was constructed usiry the
MultiExperimentalViewer software (http://www.tm4.org/)Hierarchical cluster
analysis separated metabolites into different classes syéct to their correlation
to the core parameters: Cluster | depicts negative correlans to the core
parameters, cluster Il show a neutral or inconsistent corrations, and cluster IlI
depicts positive correlations to the core parameters.

availability. Next to the highly e cient breeding and setem
processes a better molecular understanding of physiologichl a
biochemical processes in crop plants bears a potential to add a
knowledge based component to plant breeding. Furthermoi, it
necessary to investigate such processes under eld condijtio
identify traits or processes relevant under natural muttiéaial
conditions.

The presented experiment aimed at determining the
metabolome of eld grown bread wheat using four lines
from a segregating elite line cross (parent cvs.: Avalon and
Cadenza) and a doubled haploid population derived of this
cross previously scored for agronomical parameters. The,lines
pairwise varying in NUtE (100, 116) and senescence timing
(112, 181), were exposed to four di erent N fertilization newgis
providing no (NO) additional N allowing the plant to only
grow on residual remaining soil nitrogen which essentially
corresponds to nutrient depletion and successively incitase
(kg N ha 1) of N100, N200, and N350. N200 is the common
amount applied in the UK, while N350 is an oversupply. The
second leaf from top was sampled and a metabolome analysis,
mainly targeting primary metabolites and ions, was performed
which vyielded 108 annotated compounds. Non-annotatable
peaks were not taken into consideration. The second leaf was
chosen as a representative of wheat canopy supply to the grain
not ignoring the fact that also other tissues contribute taigr
lling ( Sanchez-Bragado et al., 2D16

This accounts for a comprehensive catalogue of compounds
with their respective contents at the six harvesting time poin
at weekly intervals between anthesis and full leaf senescen
at harvest. The primary goal was to assign speci ¢ metabolites
indicative for the investigated traits, higher NULE [lineGL@ow)
vs. 100 (high)] and delayed senescence [line 181 (earlyflgs. 1
(late)] which have been determined phenotypically in previous
investigations of the separating population from the Avalon
Cadenza cross. Though metabolic signatures could be assigned
for either varied N supply (environment) or sampling time point
(development) metabolites which were valid enough to de ne
them as metabolic markers describing the trait (genotype) an
potentially serving as marker for future plant breeding, could
not be identi ed. There were di erences of metabolite content
detectable between lines; however, these were mainly gradu
nature and not decisive enough to provide a basis for a high
throughput measuring system necessary for plant breeding.

Metabolite determination has previously been shown to have
the potential to provide such markers-€rnie and Schauer,
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2009; Lisec et al., 2011Therefore, it can be assumed that This map together with the individual responses of the four
the failure to do so in this experiment was probably duelines Figures 14) provides a consistent catalogue of the highly
to very low genetic diversity between the parent wheat linesomplex metabolite responses in wheat during grain lling and
as these were both commercially used elite cultivars. Wheé&r varied N application levels.
genetic diversity underwent a substantial constrictionridg Most of the metabolites associated with sugar metabolism,
breeding history £amir, 2001; Fu, 20)5Additionally, plants such as the monosaccharides fructose, glucose, and galactose
tend to retain nitrogen homeostasis as long as possible througlisplayed a response pattern strongly dependent on the N-
various adaptation mechanisms such as increased uptake tofatment increasing strongly up to 2 weeks post-anthesiswpa
N, altered mobilization patterns, reduced growth and toThe decreases in glucose and fructose levels occurred from 2
keep metabolite concentrations constant despite abiotiesst wpa onwards and were more apparent in N fertilised plants.
conditions as has been shown for example for ArabidopsiEurthermore, glucose and fructose peaked earlier in plantsigro
under N-depletion {schoep et al., 2009 In consequence, atthe high N (N200 and N350) than in those grown at low N (NO
this results, as we observed also in this study, in a fairlgnd N100) levels. This response of glucose was absent in the NO
stable metabolome irrespective of other changes e.g., at thkants suggesting that these plants have impaired photosysthesi
level of transcriptome, enzyme activity, or ux. Disequiliom  rates, as also chlorophyll levels are low, incapable of Imgjldi
eventually arises only when adaptation and rescue mechanismp glucose and fructose reserves. However, even under these
cannot compensate for the nutrient depletion caused reductioconditions (NO) sucrose accumulated, though total biomass
of the respective nutrient dependent metabolites. The naotrie was impaired and grain yield reduced. Such biomass reduction
regime (environment) driven metabolome is here overlaid bydue to insu cient nutrient availability is a common response
a developmental component (cFigure 6) as nutrients are (Sieh et al., 2013; Whitcomb et al., 2D17he disaccharide
mobilized in the leaf, converted to transportable metaleslit sucrose continuously decreased over the developmentaldyerio
and transported from the leaf canopy, here second leaf frormdependent of the N application rate. By contrast, pentose sugar
top, to the developing grain. This is in this study especiallyt wesuch as ribulose, lyxose, xylose and arabinose as well as tieehex
observed for all amino acidgrigure 7 cluster A,G). Though sugars fucose, and to a lesser extent psicose increasechever t
this has been described previously it supports correctness amnévelopmental period. These sugars negatively correlatedto
applicability of the data achieved in this experimegtiripson nitrate and yield phenotypic traits.
and Dalling, 1981; Masclaux-Daubresse et al., 2008; Zhalo,et A tight interconnection exists between carbon and nitrogen
2019. Thus, the biggest di erences in the metabolites of clustermetabolism Gtitt et al., 2002; Foyer et al., 2)0Brevious reports
A, G, and F Figure 7) occur depending on the N supply with in Arabidopsis could associate the timing of leaf senescence
A and G being low and F being high, especially under the No glucose and fructose concentrations in the leaviest{oep
depleted NO condition, but also, although more moderate,amd et al., 2009; Watanabe et al., 201 N is not available in
N100 which both constitute an insu cient N supply as also su cient amounts, metabolites accumulate to a much lower
manifested in reduced yields and %N accumulation in tissuesxtent, especially the amino acids for obvious reasons. The
at NO and N100 Figure 1; Supplemental Figure S1). At NO and carbohydrates sucrose and fructose were not aected at all
N100 free amino acid contents are low in the leaf tissues due br only at suboptimal (NO, N100) N-supply levels in case of
the insu cient N supply and assumingly synthesized amino acid glucose while the fructane precursor 1-kestose accumulates t
being exhaustively incorporated into protein. Further, nuoes  higher levels at NO and N100. This is in agreement with the
genes involved in amino acid biosynthesis are strongly sg@@ accumulation of carbohydrates reported for N-starved maize
in N starved wheat leavesipwarth et al., 2008 At N200 and leaves $chluter et al., 20)2The induction of sugar levels is
N350 free amino acids accumulateidures 7 8) before being particularly important under low-N. If N is not available, N is
reduced in tissues with progressing leaf senescence. At laremobilized from the photosynthetic active tissue reducingit
sampling time points the free amino acid contents are decrgasephotosynthetic capacity and accelerating nutrient remoailan
assumingly being transported to the grains or metabolized foand leaf senescencB4di et al., 199§ resulting in a shortened
other purposes@regersen, 20).1 grain lling period contributing to grain yield lossedHpowarth

In consequence the three-factorial analysis of lines (Gktal., 2008; Sanchez-Bragado et al., 2014)2016
nitrogen supply (E), and development (D) could be reduced While the early TCA cycle intermediates citrate, cis-acdaita
to the two factors environment (E) and development (D) byand isocitrate are gradually reduced over time, succinate,
fusing the dataset of all determined lines. Even though thifumarate and malate accumulate which could be a result of
dataset could not provide genotypic markers indicative of theatabolism of amino acids and other compounds, since their
traits under study; it provided a quite exhaustive catalogfie break down products may be fed into the TCA cycle through
primary metabolites and ions which will be helpful in future their conversion to the key C-skeleton, 2-oxoglutaratea(ijo
for understanding wheat physiology in general and under eldet al., 201). The gradual increase of these TCA intermediates is
(natural) conditions in response to nutrient availability. concomitant with the decrease in most other compounds, thus

Individual metabolite signatures over time and in responsespeculatively indicating both, degradation and export. Sagmit
to N supply were plotted next to a pathway map depictingincreases of citrate and fumarate levels could be detected in
the core primary metabolismFgure 9. The colour code of wheat phloem exudates extracted immediately below the head
the clusters shown inFigure 6 was employed here as well. on the peduncle using aphid stylectomia(mer et al., 20)4
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FIGURE 9 | Pathway map of the primary metabolism in wheat. The insertedraphs depict absolute values for amino acids (HPLC) and ian(IC) expressed as). | mol
gbDW 1 All other primary metabolites were determined by GC-MS argsis and are expressed as relative peak height gDW. The coloured frames correspond to
clusters depicted inFigure 4.
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showing that these TCA cycle intermediates are transportettanscriptional changes recorded under N deprivatiGtieible
to the developing seed to provide carbon skeleton for in seeelt al., 2004; Morcuende et al., 2007; Bielecka et al.,)2014
biosynthetic processes. As a result, their availability meeed The increased phosphate contents in leaves of plants grown
biochemistry and consequently yield. on low N can be explained as a result of the major impact
Nitrate contents in the leaves decreased at 2 wpa and parall@trogen de ciency exerts on the plant's energy metabolisen, i.
to this the rst decreases in chlorophyll contents annountleel the photosynthetic apparatus. A faster growth rate can only be
start of senescence and transport of solutes to the developirmghieved by increasing the plant N concentration. In thisecas
grain. This highlights the tight regulation of C/N ratio vt the plant will rst build the photosynthetic machinery before
the onset of senescenceofer et al., 2003; Raven et al., 2004investing in the production of structural material to increa
Nunes-Nesi et al., 2010; Mcallister et al., 2012; Bloom5)201root growth. For P, (which largely remains in its oxidisedrfgr
as sucrose, glucose, fructose, and 1-kestose levelsstearita a smaller portion is incorporated into the machinery of the
onset of senescence assumingly serving as precursors afstorplant's energy metabolism, so that, if the leaf lacks N, gl
carbohydrates or substrates for other anabolic pathways. to retarded growth, because carbohydrate backbones cannot
Throughout the post-anthesis time-course, the amino acidbe used for the biosynthesis of amino acids, proteins, and
response patterns can be assigned to three groups. Glu was #mergy-rich compounds containing P such as ATP, leading to
major amino acid pool in leaves of all plants at anthesis whic? accumulation. This means, residual N in soil (NO) depicts
is in accordance with other studiesdpes et al., 2006; Howarth already an N-starvation condition, while at N100 and higher
et al., 2008 The rst group of amino acids (Glu, GIn, Asp, Asn, su cient N is available to allow growth as seen also by the
Gly, Ser, Thr, and Ala) are high at anthesis and are graduallggronomical parameterd-igure 1, Supplemental Figure S1). P
decreasing over time with the amplitude being directly retat and N starvation share a substantial overlap of transcripio
to N-supply. These decreases match those of sucrose, glucassponses WWatanabe et al.,, 20)3asking for a correlated
fructose and hence citrate, cis-aconitate, and isocitvatéch ~ regulation. Although not investigated here, N and S metamoli
can be interpreted additional to transport as consumption ashare a great deal of overldgdsse et al., 20Dand S starvation
precursors for amino acid biosynthesis or other biosyniheti also results in phosphate accumulatioWgtanabe et al., 20)0
pathways. Secondly, high levels of shikimate decreaseaybtro while N supply conditions here had no or little e ect on sulphate
with development (as group 1) at the onset of anthesis, whiléssue levels.
the downstream aromatic acids (Trp, Tyr, Phe) increased aeda It has also been documented that the transport of sucrose
apart from Tyr not even fully depleted from the senescent leafrom the shoot to the root stimulates phosphate transporters to
tissue. Aromatic amino acid levels are very low atthe bagoaf  further enhance phosphate uptake\( et al., 2005; Karthikeyan
anthesis. This inverse correlation of shikimate to aromatnino et al., 2007; Dasgupta et al., 2pIPhus, far, our understanding
acids Guillet et al., 200Ppand that aromatic amino acids only of phosphate over-accumulation and toxicity is limited to
deplete upon long term N limitationgchltter et al., 20)%has  studies performed irHakea prostratg Kuppusamy et al., 2014;
been described previously. Trp, Tyr, and Phe displayed a strorigyodhan et al., 20)6 but the necessity for unravelling the
N-dependent increase and a strong accumulation in leavess ovanderlying processes of nutrient cross-talk becomes mork an
the developmental period up to 4 wpa. The third group of aminomore important in the face of future nutrient supply issues.
acids (Leu, Val, lle, Lys, His, and Arg) resemble the aromnati This investigation demonstrated that nitrogen starvation
amino acid group as the contents peak around 3 wpa anbdas wide-ranging e ects on primary metabolism that are
then decrease with senescence. Again all of them are pdgitivéurther in uenced by processes occurring during post-antkesi
correlated to N supply. The concomitant decrease of nitrate aievelopment and de nes grain yield. This study provides a
2-3 wpa, even under N350 conditions, can be interpreted awetabolic map of those primary metabolites and nutrient ions
consumption for amino acid biosynthesis. that could be annotated in this study in response to N levelrmyir
Phosphate was one of the metabolites displaying the strongegtain lling which will be useful for breeding for generating
increases in NO treated plant§igures7 9), and correlated genetic diversity for improving nutrient use e ciency in gers,
negatively with straw and grain yiel@igure 8). Other nutrient  and more speci cally NUtE.
ions do hardly respond to nitrogen supply levels or development. The major ndings in this study can be summarised as follows:
Nitrate itself only accumulates strongly under N350 fegétion, This analysis could identify metabolites which are either
while at all other conditions N is used for biosynthetic purpes responsive to nitrate availability, development or both. Vald
and not stored in the vacuole. Ammonium contents arenot identify genotypic markers for the agronomically ideat
inconsistent in this study showing no obvious pattern. Thetraits high and low NUtE and early and late senescence probably
high phosphate concentration in the leaves of NO treated plantdue to the narrow genetic composition of the breeding lines or
could be a result of continued phosphate uptake in plants whicldue to general processes of wheat metabolism thriving at keeping
had a reduced growth. These results are in agreement witinetabolome homeostasis.
studies done in maizeSchluter et al., 2012; Schluter et al., The nitrogen fertiliser level was a strong determinant o th
2019, Medicago Gieh et al., 20)3and Arabidopsis\(Vatanabe %N in the grain and straw. Plants grown on nitrogen poor
et al., 2013; Bielecka et al., 21Moreover, former studies soil delivered very poor yields, while N levels of 100 kg/ha
could show that the N starvation-induced increase in phosphatdoubled the yield increase in comparison to the unfertilised
levels and a readjustment of Pi homeostasis dominated thglants but with low pervcentage of N content in both, straw
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and grain. Grain yields of plants that received more than 20@heat (BB/P016855/1) projects and by the Department for
kg/ha nitrogen did not increase any further. It was possible t&environment, Food, and Rural A airs Defra funded Wheat
identify metabolites positively correlating to yield inese or Genetic Improvement Network (IF0146). MH and RH are
%N in the grain or straw. Amino acids were expectedly a ectednembers of the Wheat Initiative and the Nutrient Use E cieyc
strongest by perturbations in N level and displayed a strongxpert Group of the Whet Initiative.

positive correlation to yield attributes.
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