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1. Introduction 

 

1.1. Grain development in barley 

 

The term cereals summarises various members from the poaceae family of 

monocotyledonous flowering plants that are cultivated as crop plants. Their mature grains 

are the most important staple food for large parts of the world’s population and grains, as 

well as other plant parts can serve a large variety of additional purposes, such as live stock 

food or precursors for industrial products. The nutritional value of cereals results from the 

accumulation of storage compounds in the main storage tissue (endosperm), which consists 

mainly of starch (70-80 wt%) and proteins (7-12 wt%). Cereals were subjected to 

conventional breeding for several millennia and, accompanied by technological advances 

and increasing fertilisation, yield per area (kg/ha) was drastically increased. However, in 

recent years it has become obvious that there is a natural limitation to this development, as 

neither new breeding varieties, nor increasing fertiliser input has managed to further 

substantially increase yield. In the face of the predicted and drastic increase in world 

population over the next decades, it seems inevitable that agricultural output must improve in 

order to secure the nourishment of people in the future. In order to adress these challenges 

and develop new strategies for improving yield and/or nutritional quality of cereals, detailed 

knowledge of the different aspects of grain development is necessary.  

Barley (Hordeum vulgare) is widely used as a model organism for cereals and various 

approaches have elucidated the sequential events happening throughout grain development.  

The ripe fruit of barley, as in all other poaceae species, is called caryopsis, which is 

characterised by the fusion of the maternal pericarp and the filial seed coat. Furthermore, the 

developing caryopsis is enclosed by differentiated bracts, namely the glumes, the lemma and 

the palea (summarised as glumes in the following chapters). 

Detailed histological analyses of the embryo and the endosperm revealed cell differentiation 

fates from fertilisation to maturation (Engell, 1989; Olsen, 2001). Further developmental 

changes in respect to morphology, physiology, and transcriptional activity within the whole 

grain are reviewed in Wobus et al. (2005), and allow to separate development after 

fertilisation into three phases (Figures 1 and 2). In the first 8 days after fertilisation (DAF, 

cellularisation/pre-storage phase), cellular organisation within the grains is established and 

longitudial growth reaches its maximum. The maternal pericarp differentiates into two tissue 

types, the inner chloroplast containing chlorenchyma, and the outer cell layers, that harbour 

the vascular tissues. Endosperm development starts as a coenocytic tissue, before cell wall 

formation and further cell divisions result in the cellularized endsoperm and the surrounding 

aleurone layer (Wobus et al., 2005). The pericarp is separated from the endosperm cells by a 
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cuticule layer, which allows nutrient 

exchange between maternal and filial 

grain parts only by specialised 

structures (Patrick and Offler, 2001). 

Cells of the maternal tissue adjacent 

to the central vein facing the 

endosperm differentiate into the 

nucellar projection (NP), while the 

opposing cells of the endosperm 

form the endosperm transfer cells 

(ETC, Cochrane and Duffus, 1980). 

Transcript data suggests a tightly 

controlled developmental gradient 

within the NP and distinct areas 

simultaneously undergo mitosis, cell 

elongation, and disintegration, which 

finally leads to the release of 

nutrients into the endosperm cavern 

(Thiel et al., 2008; Melkus et al., 

2011). Furthermore, metabolite and 

transcript analyses revealed specific strategies in the NP of young barley grains for 

mobilisation and metabolism of transient N and S reserves and transfer into the endosperm 

(Thiel et al., 2009). Transfer cells in general are characterised by secondary wall ingrowths 

that increase the plasma membrane surface and play a central role in nutrient distribution by 

facilitating high rates of transport at bottlenecks for apo-/symplasmic solute exchange 

(reviewed in Offler et al., 2003). Likewise, barley ETCs, in combination with the NP, exhibit 

an essential role during endosperm development, as they confer the whole nutrient 

exchange between maternal and filial tissue.  

When all of these structures are established and functional (6 to 10 DAF), bulk storage 

product accumulation starts within the endosperm. Deposition of starch begins at around 6 

DAF within the outer cell layers, and progresses to the central cells during development 

(Radchuk et al., 2009). Although storage proteins, mainly globulins, can be found in the 

embryo and aluerone layer of cereals, prolamins represent the largest fractions of storage 

proteins in barley and are deposited after 10 DAF in protein bodies within the starchy 

endosperm (Xiang and Bao, 1997; Shewry and Halford, 2002). The main storage phase in 

barley lasts until ~20 DAF and is characterised by linear increases in starch content and 

fresh weight, acommpanied with decreasing hexose levels and growth in girth (Figures 1 and 

Figure 1 A general scheme of barley seed development. 

(A) Developmental and biochemical parameters led to the widely 
accepted definition of three main stages (pre-storage, storage and 
desiccation phase) of (barley) seed development. DAF, Days after 
flowering. (B) Gene expression patterns underlying distinct 
developmental phases during barley grain development. A hybridised 
array with about 12,000 cDNA fragments of unique genes expressed 
in the developing barley grain is over-layed with expression pattern 
schemes of functional groups of genes. The expression pattern 
schemes result from a combination of expression analysis results and 
data mining of more than 40,752 ESTs out of four tissue and seed 
development-specific cDNA libraries (Sreenivasulu et al., unpubl.). 
The figure is taken from (Wobus, et al., β005) with the publishers’ 
permission. 
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2). After 24 DAF the grain enters the 

desiccation phase, where water 

content is reduced to ~10 wt%, 

metabolic activity nearly ceases and 

dormancy is acquired (Leprince et 

al., 1993). 

In addition to the three well 

established developmental phases, 

transcriptome data  of developing 

barley grains elucidated a transition 

phase between 6 and 8 DAF, that 

separates cellularisation from 

accumulation processes and is 

characterised by large scale 

reprogramming of the transcriptome 

(Sreenivasulu et al., 2004). During 

their whole development cereal 

grains are heterotrophic organs, and 

therefore nutrients for growth and 

storage metabolism must be 

imported from vegetative tissues. 

Carbon is continuously provided by 

photosynthetic activity of vegetative 

tissues and ear photosynthesis highly 

contributes to carbon accumulation in 

grains (Grundbacher, 1963; Araus et 

al., 1993; Sanchez-Bragado et al., 

2014). On the other hand, nitrogen 

supply relies on remobilisation 

processes, as the nitrogen demand of developing grains is higher than post anthesis nitrogen 

uptake from the soil and most nitrogen entering developing grains derives from pools stored 

in vegetative tissues during vegetative growth (Waters et al., 1980; Simpson et al., 1983; 

Hirel et al., 2007).  

Increasing yield is often accompanied by decreases in the nutritional value of the grains. One 

reason is the well-established negative correlation between grain protein content (GPC) and 

yield and (Simmonds, 1995). Furthermore, the evaluation of several studies, which reported 

yield increases under elevated CO2 conditions, indicates that not only GPC, but also the 

Figure 2 The developing barley grain. (A) Barley grains at different 
developmental stages. Glumes and awn were removed before taking 
photographs. (B) – (D) Median transverse, longitudinal (xz), and 
sagittal (yz) sections of barley grains at different developmental 
stages. The x, y, and z position of the sections is given in (C). 
Longitudinal and sagittal sections are created from simulated artificial 
grains generated by a combination of thin transverse sections from 
plastic-embedded material. Black bars dividing the longitudinal and 
sagittal sections into pieces result from cutting of the native caryopses 
necessary for optimal fixation and embedding. Colours representing 
individual tissues are shown at the bottom panel of the figure. The 
white patches within the nucellar projection in (D) indicate 
degeneration of tissue resulting into the endosperm cavity. Bars = 500 
mm; DAF, days after flowering. The figure is taken from (Sreenivasulu 

et al., β010) with the publishers’ permission.  
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contents of other nutrients, such as zinc and iron, are negatively correlated with yield 

increases (Myers et al., 2014). Thus, when trying to increase yield, it is also important to 

consider the N nutrition of developing grains, in order to maintain constant nutritional quality.  

Recent studies have shown that a transcription factor from the NAC family in wheat 

enhances nutrient remobilisation from vegetative tissues, leading to increases in grain 

protein, zinc, and iron contents without significantly reducing thousand grain weight (Uauy et 

al., 2006; Waters et al., 2009). Comparably, the barley homologue is also positively 

correlated with GPC (Jamar et al., 2010), which indicates the potential to use these 

transcription factors as tools to increase nutritional quality without decreasing yield. 

 

 

1.2. Nitrogen uptake and utilisation in plants 

 

Nitrogen is a major constituent of most important plant molecules including nucleic acids, 

proteins, chlorophyll and phytohormones (auxin, cytokinins). Although N2 is the dominant gas 

in our atmosphere (~78 vol%) plants cannot use this source directly due to the lack of 

nitrogenase. This nitrogen fixing enzyme is present in various prokaryotes (e.g. some 

cyanobacteria strains), which are the only organisms capable of converting atmospheric 

nitrogen (N2) into bioavailable ammonia (NH3). Nonetheless, some plants, mainly from the 

legume family, evolved a symbiotic relationship with specific bacteria (Rhizobia). Within this 

symbiosis, distinct root structures, called nodules, are formed where the bacteria fix N2, and 

in return are provided with other nutrients by the plant. Other plants, including crops, have 

not evolved this relationship and are dependent on N uptake from the soil through the roots, 

where nitrogenous compounds have to cross the plasma membrane to enter the cells. This 

process is mediated by substrate specific H+ co-transport proteins that rely on a proton 

gradient. Although nitrogen can be taken up by the roots in the form of amino acids (Hirner et 

al., 2006; Lee et al., 2007), urea (Kojima et al., 2007) or peptides (Komarova et al., 2008), 

the most important soil nitrogen sources are ammonium and nitrate, which are taken up by 

transporters from the ammonium transporter (AMT) and nitrate transporter (NRT) families, 

respectively. In general nitrate levels are higher in comparison to ammonium, with average 

levels of 6.0 mM and 0.77 mM in agricultural soil samples (Crawford and Glass, 1998), 

respectively. These concentrations can heavily fluctuate due to biotic and abiotic factors 

(Crawford and Glass, 1998). In order to cope with the varying concentrations of nitrogenous 

compounds in the soil, transporters from the AMT and NRT families show different affinities 

and are also regulated by the availability of their respective substrates (see Nacry et al., 

2013, for a recent review). The NRTs can be divided into the two subgroups NRT2, which 

contains high affinity nitrate transporters and is represented by seven candidates in 
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Arabidopsis (Glass et al., 2002) and the larger Nitrate/Peptide Transporter (NPF) family 

containing 53 members in Arabidopsis (Tsay et al., 2007). Many NPF transporters have no, 

or no exclusive function, with respect to importing soil bound nitrogen into the roots, but also 

do participate in nitrogen distribution throughout the whole plant and will be presented in 

more detail in section 1.4.. 

Before being utilised for biosynthesis of different nitrogen containing molecules, nitrate has to 

be reduced to ammonium via the following reactions: 
 

I) NO3
- + 2 NADH(H+) → NO2

- + 2 NAD+ + H2O 

II) NO2
- + 6 Ferredoxin (red.) + 8 H+ → NH4

+ + 2 H2O + 6 Ferredoxin (ox.) 
 

The first reaction is catalysed by nitrate reductase in the cytosol, while the second one is 

conferred by nitrite reductase within the plastids. Ammonium is the final inorganic form of 

nitrogen and is subsequently incorporated in all other molecules (Lea et al., 1990), with 

glutamate (Glu) being the central metabolite for both the amination and the de-amination 

processes. The primary nitrogen incorporation into organic molecules is conferred by the 

GS/GOGAT cycle. First, ammonium is transferred to Glu by glutamine synthase (GS) forming 

glutamine (Gln), which can happen in the plastids or the cytosol by the activity of GS2 and 

GS1, respectively. In a second step glutamine oxoglutarate aminotransferase (GOGAT) in 

plastids catalyses the reaction of Gln and 2-oxo-glutarate to two molecules of Glu, so that 

one molecule can act as acceptor in the next round of ammonium fixation, while the second 

one can be used for the biosynthesis of other nitrogen containing molecules. Glu can also be 

generated by direct amination of 2-oxoglutarate through the activity of glutamate 

dehydrogenase (GDH), but experimental evidence rather supports a function for GDH in the 

de-amination processes and the role of GDH in primary nitrogen assimilation is still under 

discussion (Miflin and Habash, 2002). Glu can then be directly converted into alanine (Ala) 

and aspartate (Asp) through trans-amination reactions with pyruvate and oxaloacetate, 

respectively. Asp itself represents a precursor for the biosynthesis of asparagine (Asn) or 

lysine (Lys). Taken together, all nitrogenous compounds can be synthesised in planta from 

Glu through a series of biochemical reactions and conversions. 

Depending on whether nitrogen is taken up as nitrate or ammonium the subsequent usage 

can differ. In most cases, ammonium is directly incorporated into Glu in the roots and either 

used to supply the nitrogen demand within the roots or transported to other sink tissues, 

while most nitrate is directly transported to above ground tissues, where it is reduced to 

ammonia. 
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1.3. Senescence – processes and regulation 

 

During the lifecycle of annual plants all parental tissues undergo sequential developmental 

stages from initiation and growth, until full functionality. After a certain period of time 

ageing/senescence processes, accompanied by a reduction of functionality and changes on 

the transcriptional and metabolic level, become obvious and finally lead to the death of 

organs or the whole plant. The only surviving parts are the seeds, which represent the next 

generation of plants. Senescence processes in plants are particularly visible in leaves, where 

a gradual change in colour from green to yellow can be observed without any further devices. 

Looking at annual plants during their development, it is also obvious, that these processes do 

not happen in all tissues at the same time, but show a gradient from the level of the whole 

plant down to the organ level. For example, in barley the oldest leaves undergo senescence, 

before the plant reaches maturity and changes in colour first become obvious at the leaf tips, 

before gradually spreading to the petiole.  

Despite leading to tissue deterioration and death, senescence is a highly regulated 

developmental programme that requires active transcription as well as translation of new, 

specific mRNAs and proteins, respectively (Smart, 1994). Leaf senescence involves a series 

of highly regulated events involving cessation of photosynthesis, chloroplast disintegration 

and degradation of proteins, chlorophyll, and nucleic acids (Buchanan-Wollaston, 1997). 

These catabolic processes lead to the release of high amounts of nutrients (e.g. N, C or 

minerals), which are subsequently transported to other parts of the plant  (Buchanan-

Wollaston, 1997).  

Although senescence is an inherent step in the development of leaves, they cannot undergo 

senescence at every developmental stage, but need to acquire the competence (Hensel et 

al., 1993; Weaver et al., 1998). This competence might be conferred by age-related-

changes, that are irreversible and strictly dependent on age and thus development (Jibran et 

al., 2013). Even when this competence is acquired, execution and timing of the senescence 

programme is still dependent on various internal and external factors (Smart, 1994). Abiotic 

stresses including drought, pathogen attack or nutrient deprivation can induce or accelerate 

senescence processes (Navarre and Wolpert, 1999; Munné-Bosch and Alegre, 2004; 

Schildhauer et al., 2008). Internal factors modulating senescence include levels of different 

hormones, as cytokinins or gibberelic acid retard, while ethylene and abscisic acid promote 

senescence (Schippers et al., 2007). The onset of reproduction in annual plants is another 

important internal factor influencing senescence, as it leads to senescence of the whole plant 

(Noodén, 1988a, 1988b). All these senescence-associated changes/phenotypes are 

orchestrated through changes in the transcriptome and several hundred transcripts that are 

differentially expressed have been identified from different species (Smart, 1994; Buchanan-
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Wollaston, 1997; Ay et al., 2008; Breeze et al., 2011). Based on their expression patterns the 

senescence-associated genes (SAG) can be grouped into different classes (Smart, 1994; 

Buchanan-Wollaston, 1997) that are involved in different aspects of initiation and progression 

of senescence. In accordance with reduced photosynthetic activity and yellowing of green 

tissues, photosynthesis-associated genes, such as chlorophyll-binding proteins, Ribulose-

1,5-bisphosphate carboxylase/oxygenase (RuBisCO) or structural proteins of the 

photosystem, mainly show down-regulation during senescence. On the other hand 

transcripts involved in catabolism, transport processes and regulation of transcription are up-

regulated.  

This large scale reprogramming of the transcriptome requires the differential expression of 

different transcription factors (TFs) that can work synergistically or antagonistically in 

regulating developmental processes. Among the up-regulated TFs during senescence, the 

two plant-specific WRKY and NAC TFs represent the largest groups (Guo et al., 2004). 

WRKY-TFs are zinc-finger-like TFs containing one or two conserved WRKY domains at their 

N-terminus, that confer DNA binding (Eulgem et al., 2000). This family comprises 79 

members in Arabidopsis (Rushton et al., 2010) and most WRKY-TFs from Arabidopsis have 

been characterised as regulators of stress responses and senescence (Eulgem and 

Somssich, 2007). Especially AtWRKY53 has been subject to extensive studies since its 

discovery as early up-regulated during senescence (Hinderhofer and Zentgraf, 2001). The 

analysis of over-expressing and knock-out lines showed accelerated and delayed 

senescence phenotypes, respectively, revealing an important role for AtWRKY53 in 

regulating onset/progression of senescence (Miao et al., 2004). It has also been shown that 

expression, as well as activity and degradation of AtWRKY53 are regulated on several 

levels, and this complex regulation of one TF might give a glimpse into the sophisticated 

regulatory network, that is involved in the execution of senescence (Zentgraf et al., 2010).  

NAC-TFs are named after the first characterised members of this group namely NAM (no 

apical meristem), ATAF1,2 (Arabidopsis thaliana activating factor) and CUC2 (cup‐shaped 

cotyledon) and are involved in various developmental processes (reviewed in (Olsen et al., 

2005)).They contain a highly conserved N‐terminal NAC domain, that can bind both DNA and 

other proteins, accompanied by diverse C‐terminal domains (Ernst et al., 2004). AtORE1 was 

first identified as a positive regulator of leaf senescence (Aeong Oh et al., 1997), and in 

recent years parts of a regulatory network involving AtORE1 was elucidated (Kim et al., 

2009; Balazadeh et al., 2010; Matallana-Ramirez et al., 2013). In barley several NAC TFs 

show differential co-regulation with senescence-associated genes during senescence of flag 

leaves, and putative NAC binding sites are over-represented in the promoters of SAGs 

(Christiansen and Gregersen, 2014). Further candidates seem to be directly involved in 

senescence-associated N (and mineral) remobilisation, like NAM-B1 from wheat that 
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accelerates senescence and increases nutrient remobilisation from leaves to developing 

grains (Uauy et al., 2006; Waters et al., 2009). 

Protein degradation is a crucial process to release N for export from leaves, as up to 75% of 

nitrogen in leaf mesophyll cells is located in the chloroplasts, with stromal enzymes (mainly 

RuBisCo) accounting for the largest fraction (Peoples and Dalling, 1988). Protein 

degradation is dependent on the activity of proteases, that can be classified according to 

their mode of action and the structure of their catalytic centre (Rawlings et al., 2014). 

Accordingly, a large number of proteases are up-regulated during leaf senescence in 

Arabidopsis (Buchanan-Wollaston et al., 2003). Despite the importance of plastidial protein 

breakdown for nitrogen remobilisation, the underlying mechanisms are still not completely 

resolved and there are indications of degradation processes inside, as well as outside the 

plastids (Martínez et al., 2008). In vitro studies showed initial degradation of RuBisCo in 

isolated wheat chloroplasts, rendering 44 kDa and 51 kDa fragments of the large subunit, but 

no further degradation (Kokubun et al., 2002; Zhang et al., 2007). Further steps in the 

degradation of RuBisCo could be linked to small-senescence-associated vehicles, which 

emerge during leaf senescence and contain SAG12, a cysteine peptidase, specifically up-

regulated during developmental senescence (Noh and Amasino, 1999; Otegui et al., 2005). 

After degradation of proteins the resulting products, amino acids and peptides, must be 

exported to other tissues. While the information about peptide remobilisation is still scarce, 

nitrogen remobilisation during leaf senescence has been analysed in more detail. In wheat 

free amino acids are transported via the phloem to developing seeds either directly or 

indirectly via glumes and/or roots (Simpson et al., 1983).  The major amino acids transported 

in the phloem of barley and wheat are Glu, Gln, Asp, threonine (Thr) and serine (Ser) (Winter 

et al., 1992; Caputo et al., 2001). While many genes involved in amino acid biosynthesis are 

down-regulated during senescence, other specific enzymes show increasing transcript 

abundances. Enzymes involved in primary nitrogen assimilation NR, GOGAT and, consistent 

with the dismantling of the chloroplasts, plastidial GS2 are down-regulated, while 

transcription of cytosolic GS1 and GDH is increasing (Masclaux et al., 2000). During the 

course of senescence, Glu can be generated from the catabolism of other amino acids, and 

further de-aminated through GDH, producing 2-oxoglutarate and ammonia. 2-oxoglutarate 

can fuel energy generation through the TCA, while the released ammonia can be re-

assimilated into Gln by GS1 and subsequently transported to sink tissues (Miyashita and 

Good, 2008a).  

Most efforts characterising senescence so far have been focussing on processes happening 

in leaves. Considering the important role of glumes in providing C and N during grain filling in 

cereals (see 1.1.), a better understanding of glumes´ senescence could provide new insights 

in specific remobilisation processes and thus yield potentials for crop improvement.  
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1.4. Transporters for (remobilised) nitrogen 

 

The efficient reallocation of nitrogenous compounds, such as amino acids and small 

peptides, from the place of primary acquisition or remobilisation to sink tissues is based on 

the activity of specialised transporters. These transporters allow their respective substrates 

to cross membranes in order to be transferred from cell to cell, or enter and leave the 

vasculature for long-distance transport. Candidates for uptake and distribution of amino acids 

and peptides can be found in the large groups of amino acid transporters (AAT), the 

nitrate/peptide transporters (NPF) and the oligopeptide transporters (OPT), that can be 

further subdivided based on their substrates and/or their similarity at the amino acid level 

(Table 1). 

Table 1 Transporters for remobilised nitrogen 

 
Amino acid transporters 

Nitrate/Peptide 
transporters (NPF) 

Oligopeptide 
transporters 

Subfamilies 

Amino acid transporter 
family (ATF): 

Amino acid permeases 
(AAP), Proline 

transporters (ProT), 
Lysine histidine 

transporters (LHT), 
GABA transporters 

(GAT), Aromatic/neutral 
amino acid transporters 
(ANT), Auxin permease 

1-like (AUX) 

Amino acid-polyamine-
choline-facilitators 

(APC): 
Cationic amino acid 
transporters (CAT), 
L-type amino acid 
transporters (LAT), 

GABA permeases (GAP) 

8 clades Oligopeptide 
transporters (OPT), 
Yellow-stripe-like 

transporters (YSL) 

Structure 9 - 11 TMD 12 - 14 TMD 12 TMD 12 - 14 TMD 

Energy source Proton gradient  Proton gradient  Proton gradient Proton gradient 

Substrate amino acids, auxin 
nitrate, di- and 

tripeptides, ABA, 
glucosinolates 

phytosiderophores, 
tetra- and 

pentapeptides  

 

The AAT family contains 61 members in Arabidopsis and can be classified into 2 larger gene 

families and 9 subfamilies that can be distinguished by their substrate specificities and 

affinities (Rentsch et al., 2007; Tegeder and Rentsch, 2010). Import of organic nitrogen, in 

the form of amino acids, into cells takes place throughout the entire development of plants in 

all tissues and is mediated by different candidates from different subfamilies: e.g. AtLHT1 

and AtProT2 import amino acids in roots or leaf mesophyll cells (Hirner et al., 2006; 

Lehmann et al., 2011), while AtAAP2 confers long distance transport (Zhang et al., 2010) or 

AtAAP1 and AtAAP8 which supply developing seeds (Schmidt et al., 2007; Sanders et al., 



13 
 

2009). Although AATs have overlapping substrates their expression shows tissue- and 

development-specific patterns, indicating distinct roles in planta for each candidate. On the 

other hand the overlapping substrates make it difficult to assign specific functions to certain 

transporters in planta through knock outs, as it is typical that more than one AAT is 

expressed in a certain tissue at a certain time point, and thus could compensate for the loss 

of function of another candidate.  

Most transporters characterised so far are involved in amino acid uptake into cells. However, 

AtBAT1 has been recently described as bi-directional transporter, that mediates the import of 

Arg and Ala, and the export of Lys and Glu in yeast (Dündar and Bush, 2009), and the 

expression of AtBAT1 in the vasculature of sink tissues suggests a function in phloem 

unloading (Dündar, 2009). Another protein that can export amino acids from cells was found 

within the Arabidopsis Medicago truncatula NODULIN21 (MtN21) gene family belonging to 

the plant drug/metabolite exporter family. Based on its phenotype, accumulation of 

anthocyanins in the youngest siliques under constant light conditions, this protein was named 

Siliques Are Red1 (AtSIAR1), and confirmed to import as well as export amino acids from 

yeast cells and xenopus oocytes. Expression patterns suggest a function in the export of 

amino acids into the apoplast prior to long distance transport or an uptake by reproductive 

structures (Ladwig et al., 2012). 

The second large group harbouring transporters putatively involved in nitrogen cycling within 

plants is the NPF. Originally this group was named NRT1/PTR family after the identified 

substrates of different candidates, such as the dual affinity nitrate transporter 

AtCHL1/NRT1.1 (Tsay et al., 1993), the low affinity nitrate transporter AtNRT1.2 (Huang et 

al., 1999) or the peptide transporters HvPTR (West et al., 1998) and AtPTR1 (Dietrich et al., 

2004). Further research within this family and across different species showed that possible 

substrates are not limited to nitrate or peptides, but could also include other substrates, e.g. 

amino acids (Zhou et al., 1998) or abscisic acid (Kanno et al., 2012). Nonetheless, this group 

was recently renamed to NPF, for NRT1/PTR Family and a phylogenetic analysis including 

all NPF members from 31 sequenced plant species identified eight unambiguous clades 

within this family (Léran et al., 2014). This new grouping could hint to substrate specificities 

of certain candidates for future analyses. While nitrate transporters can be found in all 

clades, the ABA transporters (as functionally characterised at this time) are restricted to 

clade 4, the glucosinolate transporters to clade 2 and three out of four Arabidopsis peptide 

transporters can be found in clade 8 (Léran et al., 2014).  

After the genome sequence of Arabidopsis became available, nine putative OPTs were 

identified based on their sequence similarity to the respective yeast genes. Functionality of 

several transporters was verified in vitro, and tissue-specific expression patterns indicated 

distinct functions for each candidate (Koh et al., 2002). Phylogenetic relationship analysis of 
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the Yellow-stripe-1 transporter from maize (ZmYS1), which imports Fe(III)-phytosiderophores 

in roots (Curie et al., 2001), showed that ZmYS1 and its eight homologues from Arabidopsis 

clustered to the OPT family and the Yellow-stripe-like (YSL) subgroup was defined (Yen et 

al., 2001). Although originally described as peptide transporters, the rice OPT OsGT1 was 

shown to transport glutathione (Zhang et al., 2004) and AtOPT3 is important for whole-plant 

iron homeostasis and iron nutrition of developing seeds in Arabidopsis (Stacey et al., 2008). 

These findings suggest alternative/additional roles, at least for certain members of the OPT 

family, and several putative functions during plant development are currently under 

discussion (Lubkowitz, 2011). 

Despite their apparent importance for N remobilisation, and thus grain nutrition, the role of N 

transporters with respect to cereal grain development is still not well characterised. Recently 

Peng et al. (2014) showed that increased expression of OsAAP6 leads to higher grain 

protein content in rice without impairing yield, which hints at the potential of utilising N 

transporters as a mean to improve the nutritional quality of grains.  
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2. Aim of the project 

 

Several studies have addressed specific aspects of nitrogen translocation from vegetative 

tissues to developing crop seeds, and changes in metabolite and transcript profiles during 

development of specific organs. Those studies have demonstrated important functions for 

flag leaves and glumes in nurturing developing grains, and showed transcriptional and/or 

metabolic changes occurring during the development of isolated organs. These results 

clearly show alterations in the metabolism of vegetative tissues that are timely correlated with 

the developmental status of the grains. However, a comprehensive approach, combining 

metabolic and transcriptional analyses using material from different organs of the same 

plants during development is still missing. 

The general aim of this project is to close this gap, and analyse the influences of the 

developmental status of the grains on the adjacent vegetative tissues, the glumes and flag 

leaves. In order to elucidate the dynamic interactions between sink and source tissues, 

following questions will be addressed: 

 

 What are the temporal and spatial patterns of N translocation? 

 What adaptations in metabolism are induced by the increasing nutrient demand of 

developing grains? 

 How is this demand signalled? 

 Which transporters are transcriptionally up-regulated in sink and source tissues? 

 What regulatory components are involved? 

 Can alteration of sink-strength improve grain quality and/or affect yield? 

 

Answering these questions will extend the current knowledge of N remobilisation processes 

that are essential for proper grain development. Furthermore, the identification of regulatory 

components of N remobilisation and involved N transporters will provide new starting-points 

for future works addressing crop improvement. 
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3. Experimental approaches  

 

At the beginning of this project, the full genomic sequence for barley was not available, and 

although a large collection of barley cDNAs was summarised in the HarvEST35 assembly 

(H35), some considerations led to the decision to perform transcriptome sequencing 

(RNAseq) from flag leaves, glumes and grains. Despite the total number of 444,648 ESTs 

included in H35, only 264 sequences derived from glumes. In contrast, more sequence data 

originating from flag leaves or grains is included, but often representing only specific stages 

and no developmental series. The preparation method of the cDNA libraries via subcloning in 

E. coli harbours another problem, as it is not clear if the cloning of plant transcripts and 

especially of membrane proteins in E. coli works for every transcript with the same efficiency. 

Therefore specific transcripts might be under-represented or simply not present in the 

available libraries. RNA libraries were prepared separately for each tissue comprising 

material from -4 to 24 days after flowering (DAF) and pyrosequencing was done by GATC 

Biotech (Konstanz, Germany) using the Roche/454 GS-FLX Titanium technology.  

The generated reads were assembled separately for each library, and analysed with respect 

to functional annotation and tissue-specificity. Based on sequence similarities to annotated N 

transporters, putative candidates from the RNAseq approach were extracted, complemented 

with H35 information and subjected to a phylogenetic analysis. This approach was also used 

to identify and characterise cysteine peptidases. This analysis was done by J. Hollmann and 

not the focus of our work, therefore this part was left out in the summary of the publication. 

Subsequently, the temporal expression patterns of 25 amino acid transporters were analysed 

via qRT-PCR. For this approach material was sampled in two day steps starting from -4 (flag 

leaves and glumes) and 4 (endosperm) until 24 DAF.  

In order to identify interactions between glumes and grains during development, material was 

harvested from glumes and endosperm until 24 DAF, starting at 0 and 4 DAF, respectively. 

This material was sampled simultaneously and then subjected to physiological, transcript and 

metabolite analyses.  

Accumulation of weight, total N and starch were measured and compared between glumes 

and the endosperm. The dynamics of free amino acid concentrations in glumes and 

endosperm during development were detected by UPLC. These profiles were analysed and 

then correlated with the respective profiles from the grain vasculature, which were derived 

from GC-MS measurements of micro-dissected material. Large scale metabolite profiling of 

complete organs was performed via GC-MS measurements and the results were analysed 

with respect to the corresponding transcriptional activities. For analysing the transcriptomes 

a new microarray was designed, because the commercially available ones were outdated. 

This was due to the increasing sequence information for barley transcripts in recent years, 
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provided by next generation sequencing approaches and new cDNA collections. In order to 

create this new microarray, transcript data from H35, two RNAseq experiments (Kohl et al., 

2012; Thiel et al., 2012) and a full-length cDNA collection (Matsumoto et al., 2011) were 

used. These sequences were assembled into 46,114 unique barley contigs, which were 

annotated against different databases and used for creating a customised 8x60k Agilent 

microarray. This array was then hybridised with time-course material from glumes and the 

endosperm.  

For analysing the influence of increased grain sink-strength on grain development and 

nutrient composition of mature grains, a transgenic approach was chosen. The barley 

sucrose transporter 1 (HvSUT1, SUT) was over-expressed in the endosperm of winter wheat 

(cv Certo) during storage product accumulation. In order to ensure tissue- and time point-

specific expression, the transporter was cloned between the promoter and terminator of the 

barley Hordein B1 storage protein (HO), and several independent HOSUT-lines were 

generated. Three lines (HOSUT10, 11 and 20), each containing one copy of the transgene, 

were selected for further analysis and compared to wild type (WT) plants.  

Expression of the transgene and its physiological functionality were tested by qRT-PCR and 

in vitro uptake experiments, respectively. Growth parameters and ABA levels were 

determined between 6 and 34 DAF and compared to WT plants. In order to discover 

influences of the transgene expression on general and especially storage metabolism, the 

composition of mature grains and metabolite profiles during development (detected by GC-

MS) were compared between HOSUT10 and WT plants.  

Transcripts, which are differentially expressed during development in HOSUT10 and WT 

plants, were identified by cRNA hybridisation to the Affimetrix GeneChip Wheat Genome 

Array. Out of ~1,700 identified transcripts, 109 candidates with clear annotations in metabolic 

or physiological processes were selected for further analysis, and expression profiles 

between 6 and 34 DAF were validated by qRT-PCR.   

The experiments, designed and conducted by me, did not contribute the substantial part to 

this publication, but as this work essentially extended the knowledge about the physiological 

consequences and the molecular mechanisms triggered by sink manipulation in cereal 

grains, the results will be presented and discussed in detail. 
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4. Results and discussion 

 

4.1. RNA sequencing, identification of N transporters and their expression profiles 

 

4.1.1. Global RNAseq analysis reveals differences in glumes transcriptome compared 

to flag leaf and grains 

 

After adaptor and quality trimming, the sequencing approach yielded 615,568, 485,800, and 

484,443 single reads from flag leaves, glumes and grains, respectively, with average lengths 

between 392 and 400 base pairs (Table 2).  

 

Subsequently an assembly of the single reads was performed and 43,476 flag leaf (FL), 

31,022 glumes (GL) and 37,790 grain (G) contigs were generated. The average lengths of 

these contigs varied from 688 base pairs in flag leaves to 835 base pairs in glumes. 

Additionally 97,348 flag leaf, 29,388 glumes and 82,446 grain reads could not be assembled 

(= singletons) and were not used for further analysis. High numbers of singletons or high 

contig numbers together with low contig lengths are an 

indication for a high number of low abundant 

transcripts while the opposite constellation hints to a 

lower number of highly expressed transcripts. The 

results of this assembly suggest either a low 

complexity or a high specificity of glumes 

transcriptome compared with grains and especially 

flag leaves. In order to identify the level of new 

information yielded by the RNAseq approach, contigs 

were compared against H35 and more than 20% 

represent new barley sequence information (Table 2). 

Table 2 Large scale RNAseq output and HarvEST35 (H35) annotation 
      Flag leaf  Glumes  Grain  

Total output  

Total reads  615,568  485,800  484,443  
Ø Read length  397  400  392  
Total contigs  43,467  31,022  37,790  

Ø Reads/contig  12  15  11  
Ø Contig size  688  835  791  

Total singletons  97,348  29,388  82,446  
Contig annotation 

against H35  
BlastN Hits (e

-20
)  33,743 (77.6%)  24,416 (78.7%)  30,077 (79.6%)  

No Hits  9,724 (22.4%)  6,606 (21.3%)  7,713 (20.4%)  
adapted from Kohl et al., 2012  

Figure 3 Venn diagram showing tissue 

specificity of the CAP3-contigs (Kohl, et 

al., 2012). 
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A comparison between the 

tissues revealed that ~22% of 

transcripts were shared 

between all tissues, while ~5% 

(GL) and ~14% (FL and G) 

were specific for each tissue 

(Figure 3). Interestingly nearly 

35% of transcripts overlap 

between flag leaves and 

grains, while glumes only share 

~5% with one of the other 

tissues.  

This result was approved by 

analysis of the functional 

annotation according to GO 

categories, where FL and G 

showed a comparable distribution within the categories, while GL showed a different 

distribution, that was more comparable with H35 (Figure 4). Taken together, these results 

show that the barley glumes´ transcriptome clearly differs from the transcriptome of flag 

leaves and grains, although glumes evolved as leave-like structures. Since the H35 

assembly contains sequence information from different tissues collected over a broad range 

of developmental stages, it represents an average of various organs with specific functions. 

The comparable distribution of glumes contigs and H35 according to GO categories indicates 

that barley glumes have to fulfil a broad range of different functions during grain 

development. Whether these different functions are equally active throughout development, 

or if the role of glumes changes during the time line analysed cannot be clarified with the 

RNAseq approach, but was later resolved through microarray analysis. 

 

4.1.2. RNAseq adds new and complements available sequence information of barley N 

transporters  

 

When searching H35 for contigs annotated as transporters from the AAT, NPF, or OPT a 

high number in comparison to Arabidopsis, becomes evident (134 versus 63, 103 versus 52 

and 42 versus 17, respectively). Together with the low level of sequence information with 

respect to the average amino acid (aa) length and full length sequences (191 aa and 12 full-

length, 190 aa and 3 full-length, 192 aa and 0 full-length, respectively), this indicates missing 

sequence information, as well as a certain redundancy within H35. For identification of 

Figure 4 Blast2GO annotations of RNAseq contigs and H35 unigenes. 
The result is based on gene ontology terms level 3 of the category Molecular 
Function. 21,525 sequences from leaves, 10,361 sequences from glumes, 
21,199 sequences from grains and 22,043 sequences from the H35 database 
were annotated (Kohl et al., 2012). 
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putative N transporters within 

the RNAseq dataset, a BlastN 

comparison with the candidates 

from H35 was performed and 

yielded 147, 165 and 59 

contigs belonging to the AAT, 

NPF or OPT transporter 

families in all tissues, 

respectively. In case of the N transporters, the analysis of tissue-specificity (Figure 5) 

showed completely opposing trends compared to the distribution of functional categories 

between the tissues (Figure 4). The numbers of contigs shared between all tissues is higher 

than for the complete dataset. This observation is especially prominent for the AATs with 

more than 40%, indicating a general and important role for candidates from this group in 

different tissues. On the other hand more than 50% of NPFs show tissue-specific expression 

that can be explained by organ-specific transport demands for their respective substrates. 

Furthermore the overlap of contigs between flag leaves and glumes is always higher than the 

overlap between grains and one of the other tissues. That means that despite differences in 

their overall transcriptome flag leaves and glumes share common characteristics with respect 

to N transport, while grains rely on other specific mechanisms.  

In order to complement the present information and evaluate the power of the RNAseq 

approach for N transporters the contigs from H35 and RNAseq were assembled. Although it 

was expected to reduce redundancy in H35 by applying the assembly, there was no clear 

tendency towards lower contig numbers afterwards, while the average contig length was 

Figure 5 Venn diagrams showing tissue-specific expression of N 

transporters (adapted from Kohl et al., 2012).  

Figure 6 Number and average length of unigenes encoding putative N transporters. (A) Total number and average 
length of contigs after assembly of all N transporter unigenes available from RNAseq (454) and H35. (B) Number and length of 
N transporter contigs containing sequence information overlapping between the two sources. Black bars represent H35 
information; white bars show results after combining H35 and RNAseq unigenes. Origin of sequences is represented by gray-
shaded areas in the ellipses at the right-hand side (adapted from Kohl et al., 2012). 
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increased (Figure 6a). 

This may be due to the 

presence of genomic 

sequences and chimeric clones 

within H35. Another factor that 

has to be taken into 

consideration when interpreting 

the H35 dataset is the 

presence of sequences 

deriving from various cultivars, 

that can vary in their 

untranslated regions and by 

that prevent a correct 

assembly. For further analysis 

only contigs containing either 

only RNAseq or RNAseq and 

H35 sequences were taken into 

consideration. Comparing the original H35 contig numbers and lengths, the numbers have 

been reduced between 23% (NPF) and 46% (OPT), while the average amino acid lengths 

increased from 47% to 157% depending on the transporter group (Figure 6b). This approach 

also showed that between 78% (NPF) and 100% (OPT) of RNAseq contigs extended existing 

H35 information or provided new sequences (Figure 7). Furthermore, the number of barley 

full-length cDNA sequences was increased from 12 to 25, 3 to 8 and 0 to 5 for AATs, NPFs 

and OPTs, respectively.  

 

4.1.3. RNAseq derived barley N transporters can be classified according to annotated 

candidates from other plant species 

 

The previous analysis yielded 57, 71 and 21 candidates from AAT, NPF and OPT, 

respectively, that are transcribed in vegetative and generative tissues during barley grain 

development. In order to classify them, alignments of the corresponding amino acid 

sequences were performed with transporters from Arabidopsis and rice annotated in the 

Aramemnon database (Schwacke et al., 2003). Phylogenetic trees were calculated and  all 

barley AAT and OPT sequences clustered within the groups described by Rentsch et al. 

(2007) and Zheng et al. (2011), respectively (Figure 8). Furthermore, the total numbers in the 

respective groups correspond to rice and Arabidopsis. From the 71 NPF sequences only 46 

clustered into the four subgroups defined by Tsay et al. (2007), which might be due to limited 

Figure 7 New sequence information for N transporter genes. Comparison 
of RNAseq (454) and H35 unigenes for (A) AAT, (B) NPF (NRT1/PTR) and 
(C) OPT transporter sequences. New information (black areas) from RNAseq 
showed less than 98% identity to H35 unigenes at amino acid level. Additional 
information (gray-shaded) matched H35 unigenes and extended information 
by more than 50 bp, or allowed to join unigenes. Known information (white 
areas) did not add new knowledge. Origin of sequences is represented by 
gray-shaded areas of the overlapping ellipses at the right side (adapted from 
Kohl et al., 2012).  
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sequence information. The 46 candidates that clustered had an average length of 305 aa, 

while the 25 candidates that did not cluster only had an average length of 185 aa, which 

could have prevented a proper alignment.  

 

4.1.4. qRT-PCR expression profiles of amino acid transporters indicate different 

developmental phases in glumes, flag leafs and endosperm  

 

For the further characterisation of amino acid transport processes in flag leaves, glumes and 

grains, qRT-PCR was performed for the 25 full-length transporters derived from the previous 

analysis. The overall characteristic of the dataset with regard to tissue-specificity is 

represented by the candidates showing the highest expression in the respective tissues 

(Figure 9 and Table 3). Within the general amino acid permeases, HvAAP4 and 7 are 

ubiquitously expressed in all tissues, while other transporters show high expression only in 

sink (HvAAP3) or in source (HvAAP2 and 6) tissues. Transporters from other subfamilies 

seem to be more tissue-specific, as high expression of candidates from the LHT and ProT 

subfamilies is limited to source tissues (HvLHT1 in glumes and HvLHT2 and HvProT1 in flag 

leaves, respectively), while high transcript abundances of ANT and CAT transporters mainly 

Figure 8 Phylogenetic trees of plant N transporters. (A) Clustering of 63 Arabidopsis, 80 rice and 59 unique barley AAT 
sequences with H. vulgare phosphate transporter 1 (HvPT1) as out-group. Colours indicate membership to different subgroups 
of ATF (green) and APC (blue) families, members of the aromatic amino acid transporters are shown in orange. Full-length 
barley sequences are given in brackets (total number/new from RNAseq). Sequences from Arabidopsis and rice, including 
their respective nomenclature, were extracted from Aramemnon, barley sequences derived from RNAseq, H35 (only full-length 
sequences), publications (HvProT, HvProT2) and previous unpublished work (HvAAP1+2). The phylogenetic tree was 
constructed using the neighbour-joining algorithm in the program PAUP* (Swofford, 2002). The tree was displayed and 
manipulated using FigTree (http://tree.bio.ed.ac.uk/software/figtree/). (B)  Clustering of 52 Arabidopsis, 81 rice and 46 unique 
barley NPF sequences; for consolidation of the tree, sequences from Alnus glutinosa (AgDCAT1) and Brassica napa 
(BnNRT1) were included (according to Tsay et al., 2007). Colours indicate membership to subgroups I (green), II (blue), III 
(orange) and IV (yellow) as defined by Tsay et al. (2007). Barley sequences were derived from RNAseq, H35 (only full-length 
sequences), publications (HvPTR1) and previous unpublished work (IPK_HvPTR2, 3, 6). (C)  Clustering of 17 Arabidopsis, 26 
rice and 22 unique barley OPT sequences. Colours indicate membership to the OPT (yellow) and the yellow stripe-like (YSL) 
family. According to Zheng et al., 2011, YSL transporter sequences are subdivided into the subgroups YSL-1 (red), YSL-2 
(orange), YSL-3 (green) and YSL-4 (blue). Barley sequences were derived from RNAseq and publications (HvYSL1+2) and 
previous unpublished work (IPK_HvPTR2, 3, 6) (adapted from Kohl et al., 2012). 
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occur in developing grains (Table 3). 

The selective expression of barley 

LHT and ProT transporters in 

vegetative tissues is consistent with 

the findings in Arabidopsis, where  

AtLHT1 is preferentially expressed in 

leaf mesophyll cells  (Hirner et al., 

2006) and AtProT1-3 are expressed 

in different tissue types, but not in 

seeds (Grallath et al., 2005). These 

two groups might harbour promising 

candidates for elucidating the role of 

amino acid transporters in source 

tissue N remobilisation during barley grain filling. Grain-specific HvCAT1 on the other hand is 

similar to vacuolar-localised AtCAT2 (Su et al., 2004) and high expression values during late 

grain filling indicates storage of amino acids in vacuoles during barley grain filling. Such 

general assumptions cannot be made for the broadband transporters from the AAP group, 

where candidates have shown ubiquitous, as well as tissue-specific expression. 

Nonetheless, comparison with functions of Arabidopsis AAPs can help to reveal possible 

roles for the barley candidates. HvAAP3 showed grain-specific expression and is 

homologous to AtAAP1 and 8 involved in seed loading (Schmidt et al., 2007; Sanders et al., 

2009), indicating a role for HvAAP3 in supplying amino acids to developing barley grains. In 

contrast, HvAAP2 and 6, highly expressed in glumes and flag leaves, are related to AtAAP2, 

3 and 5 with an assumed function in long distance transport, phloem loading or xylem to 

phloem transfer, respectively (Rentsch et al., 2007). 

Global expression analysis in grains distinguished distinct developmental stages of barley 

grain development, starting with the pre-storage phase (0 to 4 DAF), followed by an 

intermediate phase (6 and 8 DAF) and the storage phase (10 to 24 DAF), before desiccation 

starts (Sreenivasulu et al., 2004). In order to find development-related patterns of AAT 

expression, PCA analysis and K-means clustering was performed on the transcript data 

(Figure 9). This approach identified three distinct phases in grains comprising DAF 4 and 6 

(early), 8 to 14 (intermediate) and DAF 16 onwards (late). While the early phase was 

characterised by high expression of specific AATs (e.g. HvAAP4 and 7), the intermediate 

phase showed generally lower expression values, before most candidates had their highest 

expression in the late phase. The observed shift of the intermediate phase in comparison to 

Sreenivasulu et al. (2004) can be explained by the fact, that high AAT expression is expected 

to be associated with storage protein synthesis. While starch is the dominant storage product 

Table 3 AAT genes with high expression in flag leaves, 

glumes and developing grains* 

  Flag leaf Glumes Grains 

A
A

P
  

HvAAP2 HvAAP2 - 

- - HvAAP3 

HvAAP4 HvAAP4 HvAAP4 

HvAAP6 HvAAP6 - 

HvAAP7 HvAAP7 HvAAP7 

o
th

e
rs

  

- HvLHT1 - 

HvLHT2 - - 

HvProT1 - - 

- HvAUX1 - 

- - HvCAT1 

- - HvANT3 

- - HvANT4 
*For each tissue the six AAT genes showing highest 
expression levels are presented (Kohl et al., 2012). 
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in barley and starts accumulating at 6 DAF (Radchuk et al., 2009), storage protein deposition 

in the starchy endosperm begins at 10 DAF (Xiang and Bao, 1997).  

Although highly expressed AATs differ between grains and glumes, expression clusters 

comprised identical time points. The additionally sampled stages in glumes either clustered 

to the pre-storage phase (DAF 0 and 2) or formed a separate cluster (DAF -4 and -2), which 

was marked by high expression of AATs. Therefore this pre-anthesis cluster could either 

supply glumes growth and/or flower development. As glumes dry weight and N content reach 

their maximum at 8 DAF (Figure 10) the two clusters comprising 8 to 14 and 16 to 24 DAF, 

respectively, likely resemble adaptations of glumes´ transport transcriptome to the changing 

demands of developing grains. 

In flag leaves four different clusters are identified that were again characterised by high 

expression of specific candidates during early development, generally lower expression 

between 6 and 10 DAF and highest expression of most candidates during later development. 

Compared to glumes the patterns differ especially in early development, suggesting a 

Figure 9 Transcript profiling, principle component analysis (PCA) and K-means clustering of 25 AAT genes. Distinct 
developmental phases were identified in flag leaves (A), glumes (B) and developing grains (C). Tissues were analysed in two-
day steps starting at -4 DAF in flag leaves and glumes and at 4 DAF in developing grains until 24 DAF. The heat maps (upper 
panels) reflect relative transcript abundances (blue = low expression; red = high expression). Developmental phases as 
identified by PCA are given in the lower panels; numbers represent DAF. Results of K-means clustering are visualized by 
encircling of respective stages. Light violet areas represent the transition phase (Kohl et al., 2012).  
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different function for flag leaves at this developmental stage. These differences might also be 

due to the different developmental status of the organs. While flag leaves are already 

completely developed, glumes are still growing and differentiating organs at anthesis. In flag 

leaves the late phase with high expression of AATs started at DAF 12, which was 4 days 

earlier, than in glumes or grains. This is remarkable as it indicates increasing amino acid 

transport activities before high nitrogen sink strength is established in developing grains.  
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4.2. Dissecting the development of glumes and its relationship to grain development 

 

4.2.1. Accumulation dynamics of dry weight, starch, total N and free amino acids 

indicate a correlation between glumes development and grain storage protein 

synthesis 

 

During early development, glumes´ (relative) dry weight (Dw) and total N (N) increased by 

about 40% between 0 and 8 DAF, which marked their maximum levels (Figures 10A and B). 

From 8 to 10 DAF a significant drop was observed for both parameters and was more 

pronounced for N (~30%) than for Dw (~20%). At 12 DAF the levels increased again, but 

while Dw was completely restored, N only reached ~80% of the maximum. Subsequently 

both values fluctuated at rather constant levels and decreased again between 18 and 24 

DAF by ~10% (Dw) and ~20% (N). Starch content in glumes had its maximum at 0 DAF, 

before it decreased by ~60% and stayed constant until 24 DAF (Figure 10C). Endosperm Dw 

and N levels slowly increased in early development and entered the linear phase of 

accumulation at 8 (Dw) and 10 DAF (N), respectively (Figure 10A and B). While the linear 

increase in N continued until the end of the observation, Dw showed no significant increase 

after 18 DAF. Starch levels increased linear starting at 4 DAF and kept a constant level after 

18 DAF (Figure 10C). These profiles were consistent with previous findings, e.g. Wobus et 

al. (2005), and underlined the temporal shift in the initial demand for C and N compounds, as 

well as the stability of the developmental programme for storage product accumulation in 

barley grains. 

In glumes, summarised concentrations of free amino acids (FAA) increased from ~10 µmol/g 

(Fw) to more than 30 µmol/g (Fw) until 8 DAF, before a significant decrease of about ~50% 

was observed and levels were fluctuating at ~20 µmol/g (Fw) afterwards (Figure 11A). This 

strong decline in concentration between 8 and 10 DAF was reflected in most FAA, and 

especially pronounced for Asn, Pro and Glu (decrease of 86%, 74% and 71%, respectively). 

Asp on the other hand showed no major changes throughout development and levels for Glu 

stayed constant between 8 and 10 DAF, increasing afterwards.  

Figure 10 Changes of physiological parameters during endosperm (ES) and glumes (GL) development. Relative 
changes (maximum amount = 100%) of (A) dry weight (Dw); (B) total nitrogen (N) and (C) starch content (St) between 0 and 
24 days after flowering (DAF). Data points represent three to five biological replicates +/-SD (Kohl et al., 2015). 
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In the endosperm total concentrations of FAA declined from ~78 µmol/g (Fw) at 4 DAF to ~26 

µmol/g (Fw) at 14 DAF, fluctuated then between 26 and 30 µmol/g (Fw) until 22 DAF, before 

decreasing to 22 µmol/g (Fw) at 24 DAF (Figure 11B). The strongest decline (~36%) was 

observed between 8 and 10 DAF and most pronounced for Pro, Gln and Asn (decreases of 

81%, 67% and 56%, respectively).  

Using a micro-dissection based approach, changes in FAA concentrations were determined 

in the vasculature of developing grains via GC-MS. All measured FAAs had their highest 

values at 4 or 8 DAF and low levels by the end of development (Figure 12, middle panel). In 

a next step, correlations between the relative FAA concentrations of glumes and vasculature 

as well as vasculature and the endosperm were determined (Figure 12). This comparison 

showed that levels of most determined FAA were positively and significantly correlated 

between vasculature and endosperm, with most CVc,Es>0.8. Comparison between vasculature 

and glumes on the other hand showed a mixture of positive and negative correlations and 

highest CVc,Gl values were obtained for Gln (0.76) and Glu (-0.88).  

Taken together these profiles showed that glumes were growing, N accumulating organs 

until 8 DAF, before N was relocated, while the endosperm was constantly accumulating dry 

weight and N, but starch accumulation ceased after 18 DAF. The decrease of total N content 

and free amino acid concentrations between 8 and 10 DAF in glumes coincided with the start 

of linear N accumulation in the developing endosperm and most likely represents a 

consequence of increasing N sink strength in grains.  

In wheat, most N entering the grain, although not originally deriving from glumes, is cycled 

through the glumes (Simpson et al., 1983). Therefore temporary increases and fluctuating N 

levels after 8 DAF in barley glumes was likely a result of the balance of N import from other 

Figure 11 Concentrations of free amino acids in barley glumes (A) and endosperm (B) during development. Samples 
were measured via UPLC in two day steps from 0 (glumes) and 4 (endosperm) DAF, respectively. Each data point represents 
two (Arg, Gly) or three biological replicates +/-SD (adapted from Kohl et al., 2015).  
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vegetative tissues and N export to developing grains. Although the total amount of free 

amino acids in the endosperm was constantly increasing (data not shown), the 

concentrations for most FAA decreased between 4 and 14 DAF. This decrease was most 

pronounced between 8 and 10 DAF underlining the rising demand of FAA for storage protein 

synthesis. The positive correlation between FAA concentrations between vasculature and 

endosperm indicates that the depletion of FAA was propagated through the vasculature to 

the glumes. FAA participate in signalling the N status of plants and influencing N uptake from 

the soil. Application of Gln and Asp in the phloem of beech led to reduced NO3
- uptake 

(Geßler et al., 1998) and feeding FAA to barley roots negatively regulated expression of high 

affinity NO3
- uptake transporter (Vidmar et al., 2000). Presuming a similar role for FAA in N 

status signalling in the ear, the depletion of FAA in the endosperm and vasculature could 

signal increasing FAA demand to glumes and trigger remobilisation processes. In 

accordance with this hypothesis, Glu levels in glumes were increasing after 10 DAF, 

indicating high N turnover, as the α-amino group of Glu is directly involved in the assimilation 

and dissimilation of ammonia and is transferred to all other amino acids (Forde and Lea, 

2007). Taken together with the decreasing levels of most other FAA and total N these 

findings suggest high N remobilisation and subsequent transport to grains. 

 

 

 

 

 

 

 

Figure 12 Relative concentrations of free amino acids in barley glumes (Gl), grain vasculature (Vc) and endosperm 

(Es). Measurements were done between 4 and 24 DAF via UPLC for glumes and endosperm with three biological replicates 
and via GC-MS for grain vasculature with eight biological replicates. Concentrations were normalised and colour coded from 
dark-red (low) to dark-blue (high) values (see Figure 13), before Pearson correlation (C) was determined for Vc and Gl, and Vc 
and Es, respectively. Correlations are shown in orange (negative) and green (positive); statistically significant correlations 
(p<0.05) are marked with an asterisk (Kohl et al., 2015).  
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4.2.2. Metabolite profiling indicates changes in the cell wall structure of glumes during 

development 

 

Polar central metabolites were measured via GC-MS and relative changes during 

development are shown in Figure 13 for selected pathways/metabolites. Levels of sucrose, 

maltose, raffinose, xylulose, rhamnose and fucose increased whereas xylose, arabinose and 

trehalose decreased in glumes with progressing development. Several sugars are involved in 

cell wall biosynthesis, indicating alterations in cell wall dynamics in glumes. These alterations 

might provide the infrastructure and be a prerequisite to render glumes into a tissue adapted 

to provide remobilised nutrients to the developing grains.  

In the endosperm hexoses were highest at early development whereas sucrose peaked at 8 

DAF. The levels of these sugars in grains and their ratios with respect to each other are 

involved in signalling developmental stages and the transition between them (Weschke et al., 

2000).  

Figure 13 Changes in metabolite levels in barley glumes and endosperm during development. Samples were taken in 
two day steps between DAF 0 and 24 (glumes) and at DAF 4, 8, 10, 14, 18, 24 (endosperm). Metabolites were measured by 
GC-MS with six biological replicates per time point. Data was corrected by internal standard and fresh weight, subsequently 
maximum normalised and colour coded for each metabolite (maximum amount = 100%, values >90% coloured in dark-blue, 
values <10% in dark-red), as shown by the insert depicting a constant increase from 0 to 100% between DAF 0 and 24. 
Metabolites without significant changes in one of the tissues are marked by 1 for glumes and 2 for the endosperm (adapted 
from Kohl et al., 2015).  
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In glumes, all metabolites from glycolysis had their maximum level at 0 and 4 DAF, followed 

by decreasing values, while corresponding endosperm values peaked at 8 and 10 DAF.  

TCA intermediates, except 2-oxoglutarate and malate, increased in glumes, whereas the 

highest endosperm levels occurred at early and mid-development. Except caffeate, 

intermediates from the phenylpropanoid pathway were only detected in glumes and tended 

to increase during development. The metabolite data will be discussed together with the 

corresponding transcripts in the following section. 

 

4.2.3. Expression profiles reveal three developmental phases in glumes and grains 

 

A microarray-based expression analysis was performed with material from glumes (0 to 24 

DAF) and the endosperm (4 to 24 DAF). After removing outliers and performing statistical 

analysis (with significant differences between at least two stages according to ANOVA with 

p<0.005 and FC>3), the transcriptome analysis yielded 8,998 and 3,999 differentially 

expressed transcripts in endosperm and glumes, respectively. The profiles of these 

transcripts during development revealed similarities between the two tissues and identified 

three different phases: I) high differential expression between 0 and 8/10 DAF in glumes and 

endosperm; II) low differential expression between 8/10 and 14 DAF for glumes and 

endosperm; III) high differential expression after 14 DAF (Figure 14). The deduced phases in 

the endosperm correspond to the cellularisation and intermediate phase (I) and show that the 

storage phase can be divided into early and main storage phase (II and III) with the latter one 

resembling the transition to the desiccation phase (Wobus et al., 2005). Interestingly, profiles 

of differential expression in glumes are highly correlated with the endosperm in time, 

indicating a coordinated 

regulation between the 

tissues. Furthermore, the 

end of phase I in glumes 

at 8 DAF coincides with 

the cease of Dw 

accumulation and the 

relocation of total N and 

free amino acids (Figures 

10 and 11), implicating 

that the transcriptional 

changes lead to new 

functionalities within 

glumes. 

Figure 14 Expression profiles of 3,999 and 8,998 differentially expressed 

transcripts during development in barley glumes (A) and endosperm (B), 

respectively. Data was derived from microarray experiments (Agilent 8x60K 
customised barley array); each time point represents three biological replicates. Raw 
expression values were log2 transformed, quantile normalised and centred. Differential 
expression was detected by ANOVA (p<0.005, FC>3); single profiles were coloured 
according to their values at 0 DAF (Kohl et al., 2015). 
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4.2.4. Glumes and endosperm show opposing metabolic shifts at the beginning of 

grain filling 

 

In glumes, the expression of transcripts involved in glycolysis and starch metabolism (e.g. 

Glc-6-P epimerase, cytosolic/plastidic pyruvate kinase, sucrose synthase and various starch 

synthases) strongly decreased between 0 and 8 DAF and slightly afterwards (Figure 15). 

These changes in transcriptional activity are consistent with the relative concentrations of 

starch and the intermediates of glycolysis that had their highest values at 0 and 4 DAF 

(Figure 13) and decreased afterwards. On the other hand, the expression of genes related to 

glycolysis and starch synthesis in the endosperm increased between 4 and 8 DAF, remained 

constant until 14 DAF and decreased afterwards (Figure 15). These transcriptional 

tendencies were also reflected at metabolite levels, which peaked at 8 to 10 DAF for 

glycolytic intermediates (Figure 13), while starch as the main storage compound increased 

steadily until 24 DAF. A comparable profile was also observed for endosperm storage protein 

synthesis, which was highly up-regulated between 4 and 8 DAF and remained constant until 

24 DAF. Between 4 and 8 DAF genes related to the tricarboxylic acid cycle (TCA) and to the 

mitochondrial electron-transport chain (mETC), such as 2-OG dehydrogenase (DH), succinyl 

Figure 15 Comparison of transcripts involved in central metabolic pathways in glumes (left panel) and endosperm 

(right panel). Relative expression values (see Figure 14) are shown for array contigs (hv_number). DCX = decarboxylase; DH 
= dehydrogenase; LSU = large subunit; mETC = mitochondrial electron transport chain; PPase = pyrophosphorylase; SSU = 
small subunit, TCA = Citrate cycle (adapted from Kohl et al, 2015). 
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CoA ligase, malate and succinate DH, NAD:ubiquinone oxidoreductase or ATP-synthase, 

were steeply up-regulated in glumes. Expression of TCA cycle-related genes in the 

endosperm, e.g. citrate synthase, pyruvate DH or NAD-isocitrate DH, was highest at 4 DAF, 

then decreased steadily until 10 DAF and remained constant until 24 DAF (Figure 15). The 

transcript and metabolite analysis revealed opposing trends for glycolysis, starch synthesis, 

TCA cycle and mETC-activities. While glycolysis and starch synthesis were down-regulated 

in glumes and up-regulated in the endosperm during grain filling, TCA cycle and mETC-

activities were strongly up-regulated in glumes at 8 DAF, while respective endosperm 

transcripts decreased until 10 DAF.  

This indicates that the main energy generation in glumes is shifted from the usage of glucose 

in glycolysis to the usage of C skeletons, derived from the breakdown of other 

macromolecules, and their subsequent channelling into TCA and mETC.  

This shift coincides with the beginning of storage product accumulation in the endosperm at 

8 DAF and may be due to the reallocation of photosynthates from glumes to developing 

grains. This would also explain increasing sucrose levels in glumes (Figure 13), which 

indicates that photosynthetically acquired C was directly metabolised into the phloem-mobile 

transport form in order to support proper grain development. 

 

4.2.5. Transition of glumes from sink to source tissue can be deduced from changes in 

the transcriptome 

 

Until 8 DAF glumes accumulated dry weight, total N and free amino acids, before respective 

parameters decreased due to reallocation of resources to the developing grains (Figures 10 

and 11). This transition from sink to source tissue was not only reflected in metabolite 

changes, but also became evident at the transcriptional level. Most transcripts involved in 

photosynthesis, such as various chlorophyll-binding proteins, photosystem 2 structural 

proteins and RuBisCO, were down-regulated between 0 and 8 DAF, retained their levels until 

14 DAF and were further down-regulated afterwards (Figure 16). On the other hand, 

expression of pheophorbide a oxygenase, a chlorophyll-degrading enzyme active during 

senescence (Hörtensteiner, 2006), was up-regulated starting 14 DAF, which indicates that 

senescence-associated complete degradation of the photosynthetic apparatus did not occur 

before 14 DAF. Transcripts involved in plastidial protein synthesis, mainly ribosomal proteins 

and elongation factors, showed profiles comparable to ones promoting photosynthesis, while 

cytosolic protein synthesis was highly up-regulated from 4 to 10 DAF (Figure 16). This 

change is a further indication of glumes´ transition from a tissue with high photosynthetic 

activity to one fulfilling additional/alternative tasks.  
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Remobilisation of N is dependent on protein degradation, as up to 75% of N present in 

photosynthetic-active tissues is incorporated in (stromal) proteins (Peoples and Dalling, 

1988). The expression profiles of up-regulated peptidases showed two major patterns, either 

up-regulated between 0 and 8 DAF or up-regulated after 14 DAF and contained members 

from aspartate, serine and cysteine peptidase subfamilies (Figure 16). Candidates from the 

first group might primarily support the transition of glumes to fulfil their function in supplying 

the developing grains. Among the peptidases showing only late up-regulation ~40% 

belonged to the cysteine peptidase family  including a homologue to AtSAG12, which is 

specifically activated during developmental senescence, but not stress- or hormone-

controlled (Noh and Amasino, 1999). This group is likely involved in senescence associated 

degradation processes and could work in combination with pheophorbide a oxygenase.  

Changes in amino acid metabolism provided further insights into the changing characteristics 

of barley glumes. Several transcripts participating in amino acid biosynthesis, e.g. enzymes 

involved in the Asp pathway towards Lys, Met and Thr or Arg biosynthesis, showed highest 

expression at 0 and 4 DAF, before values decreased (Figure 16). On the other hand, 

enzymes participating in the degradation of aromatic amino acids and Pro, like 

homogentisate 1,2-dioxygenase and pyrroline-5-carboxylate reductase, were up-regulated 

Figure 16 Expression patterns of components regulating transition in glumes from sink to source tissue. Relative 
expression values (see Figure 14) are shown for selected physiological processes. HCT = hydroxycinnamoyl-CoA 
shikimate/quinate hydroxycinnamoyl transferase; PAO = pheophorbide a oxygenase; PAP = papain-like cysteine peptidase; 
SBPase = sedoheptulose-1,7-bisphosphatase; TF = transferase (adapted from Kohl et al., 2015).  
 



34 
 

continuously or after 10 DAF, respectively. Furthermore, transcript profiles hinted to a 

conversion of amino N into Gln and Asn, presumably for export to developing grains. 

Cytosolic glutamine synthetase-1 (GS1) was up-regulated at 10 DAF and remained constant 

afterwards. Alanine aminotransferase (Ala-AT) together with glutamine-dependent 

asparagine synthase (Gln-ASN) showed strong increases in expression after 10 DAF. These 

enzymes can convert Ala to Glu (Ala-AT), and subsequently to Gln (GS1) and Asn (Gln-

ASN). Concerted action of Ala-AT and GS1 has been postulated to generate Gln for export in 

barley endosperm transfer cells (Thiel et al., 2009). Gln-ASN plays an important role in 

senescence induced N remobilisation in M. truncatula leaves (De Michele et al., 2009). This 

model is summarised in Figure 17A and would lead to N remobilisation as Gln or Asn at the 

expense of alanine and amino N. Accordingly, levels of Gln and Asn decreased several fold 

from 8 to 10 DAF and remained low thereafter, while alanine and Glu levels remained high 

after 10 DAF (Figure 11).  

A combined remobilisation of S and N was suggested to be involved in the transport of 

reduced sulphur out of senescing tissues into the developing endosperm (Thiel et al., 2009). 

Transcript profiles of the respective enzymes indicate a similar mechanism taking place in 

barley glumes. Key enzymes of methionine and cysteine biosynthesis, cystathionine-Ȗ-

synthase (CGS), serine acetyl transferase (SAT) and cysteine synthase (OAS1), as well as 

methionine-S-methyltransferase are up-regulated during glumes development. Together 

these enzymes could generate phloem-mobile S-methyl-methionine and provide reduced 

Figure 17 Possible glumes-specific mechanisms for 

remobilisation of N and S. Conversion of Ala by 
Ala:OG-AT to glutamate and further to Gln by GS1 using 
amino groups from protein/amino acid degradation (A) 
and conversion of amino nitrogen from Ser, Asp and 
sulphur into the phloem-mobile S-methyl-methionine – 
SMM (B). Normalised, relative expression values are 
presented and colour coded from low (dark-red) to high 
(dark-blue) expression (Kohl et al., 2015).  
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sulphur for the developing grains (Bourgis et al., 1999). The putative pathway including 

additional enzymes is shown in Figure 17B. 

Lignification and secondary cell wall thickening play important roles in establishing (water) 

transport pathways (Zhao et al., 2013), which are a prerequisite for efficient remobilisation 

processes. In barley glumes enzymes leading to lignin precursors, like polyphenol oxidase 

and hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase, as well as 

laccases, which catalyze the polymerisation of lignin from precursors (e.g. coniferyl- or 

sinapyl-alcohol), were up-regulated in glumes between 8 and 24 DAF (Figure 16). 

Concordant with these expression profiles, the respective metabolites increase during 

development (Figure 13), indicating the necessity of an extended transport system in glumes, 

especially during later development. 

 

4.2.6. Sink to source transition in glumes is reflected in N transporter expression 

 

During the pre-storage phase of grain development glumes represent a sink organ and 

accumulate N compounds. After the onset of storage protein synthesis in the grains, 

metabolism and transcriptome of glumes changes and they become remobilising organs 

nourishing the developing grains. This change from importing N compounds to efficiently 

remobilising them to the developing seeds is characterised by the differential expression of N 

transporters.  

More than 72% and 56% of putative amino acid (AAT) and nitrate/peptide transporters 

(NPF), respectively, were at least transiently up-regulated in glumes and three major profiles 

became evident. Respective candidates were up-regulated either between 0 and 8 DAF 

(early, Figure 18), constantly up-regulated or only up-regulated starting at 14 DAF (late). 

Among the early up-regulated transporters HvAAP2 is homologous to AtAAP2, which is 

involved in xylem to phloem transfer and important for sink N supply (Zhang et al., 2010).   

Early up-regulated NPF transporters included homologues to the tonoplast localized 

AtPTR2/AtNPF8.3 (hv_38962) with functions in flowering time and seed development (Song 

et al., 1997) and the plasma membrane localized AtPTR5/AtNPF8.2 (hv_38267), which is 

important for peptide transport in generative tissue (Komarova et al., 2008). Based on their 

expression patterns, these transporters are promising candidates for establishment of sink 

strength and intermediate storage of N in glumes during the pre-storage phase. 

The constantly up-regulated transporters included two putative LHT transporters and their 

homologues AtLHT1 and 2 were shown to play a role in importing amino acids into cells, that 

are not directly associated with vascular tissue, like leaf mesophyll and tapetum cells (Lee 

and Tegeder, 2004; Hirner et al., 2006). A similar function for nitrate distribution was 

deduced for AtNRT1.4/NPF6.2, where mutants showed lower accumulation of nitrate in leaf 
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petioles and expression was not located 

adjacent to the xylem (Chiu et al., 2004) 

and xylem unloading activity was 

demonstrated for AtNRT1.8/NPF7.2 (Li et 

al., 2010). Two barley homologues, 

hv_29556 and hv_36342, were 

continuously up-regulated during glumes 

development. Presuming a similar function 

as their homologues, the constantly up-

regulated barley N transporters might be 

responsible for importing and distributing 

amino acids and nitrate within the glumes. 

This may be for either supplying the 

intrinsic N demand or rendering N 

compounds available for conversion and 

subsequent transport to developing grains. 

Four AAPs showed up-regulation only after 

14 DAF, while no members of other ATF 

subfamilies followed this regulatory profile. 

HvAAP11 is related to AtAAP5, which is 

highly expressed in Arabidopsis source leaves with a supposed role in phloem loading 

(Fischer et al., 1995). Thus HvAAP11 may be an interesting candidate for exporting amino 

acids derived from senescence dependent proteolysis in glumes. HvAAP10 on the other 

hand shows the highest homology to AtAAP6, involved in xylem to phloem transfer (Okumoto 

et al., 2002) and is more likely to re-allocate amino acids deriving from other source tissues 

within the vascular system for transport to developing grains. Two candidates of the NPF 

transporters (hv_29548 and hv_13110) showed exclusive up-regulation at later development. 

The corresponding Arabidopsis homologues AtNRT1.5/NPF7.3 and AtNRT1.11/NPF1.2 are 

involved in xylem loading (Lin et al., 2008) and xylem-to-phloem transfer for redistributing 

nitrate from older leaves to sink tissues (Hsu and Tsay, 2013), respectively. This indicates a 

function for nitrate translocation from glumes to developing barley seeds. 

Currently, only two transporters have been shown to export amino acids out of plant cells 

and were characterised to have opposing functions. While AtBAT1 is putatively involved in 

phloem unloading in sink tissues (Dündar and Bush, 2009), AtSIAR1 is implicated in 

remobilisation and homoeostasis of free amino acids in Arabidopsis source tissues (Ladwig 

et al., 2012). Expression of corresponding barley homologues differed from the three main 

patterns occurring within the other N transporters (Figure 18, red and green profiles). 

Figure 18 Expression patterns of putative nitrogen 

transporters in glumes. Relative expression values (see Fig. 
14) are presented for nitrate/peptide (NRT/PTR – NPF 
transporter, respectively) and amino acid (aa) transporters 
including subgroups: AAP = general aa permease, ANT = 
aromatic and neutral aa transporter, BAT = bidirectional aa 
transporter, CAT = cationic aa transporter, GAT = GABA 
transporter, LHT = lysine/histidine transporter, PUT = 
polyamine uptake transporter, SIAR = siliques are red - 
MtN21-like transporter (adapted from Kohl et al., 2015).  
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HvBAT3 was up-regulated between 0 and 8 DAF, before expression levels decreased. 

HvSIAR1-like on the other hand showed decreasing expression values until 10 DAF and was 

up-regulated afterwards. With respect to free amino acids these two candidates could 

represent markers for the transition of glumes from sink to source tissues. 

 

4.2.7. Glumes development is governed by NAC and WRKY transcription factors, and 

influenced by ABA and JA 

 

Metabolite and transcript analyses showed that glumes undergo developmental and 

metabolic transitions correlated to grain development. These phase changes are associated 

with mobilisation and import/export of assimilates and nutrients and are likely governed by 

the activities of TFs and hormonal influences.  

NAC and WRKY TFs are frequently involved in general developmental processes, especially 

the signalling pathways of senescence. The functions of specific members on induction and 

execution of senescence and nutrient remobilisation were analysed in different plant species 

(Uauy et al., 2006; Zentgraf et al., 2010; Breeze et al., 2011; Christiansen and Gregersen, 

2014) and have highlighted the specific importance of NAC and WRKY TFs in regulating this 

developmental program. Most NAC and WRKY TFs were up-regulated showing three major 

profiles (Figure 19). One set showed high increases in transcript abundances until 8 DAF 

with constant levels afterwards, including HvNAC029 (HvNAM-1). This TF is associated with 

differences in grain protein content between cultivated and wild barley (Jamar et al., 2010) 

and a homologue to TtNAM-1, an effector of senescence and remobilisation in wheat flag 

leaves (Uauy et al., 2006; Distelfeld et al., 2008). Up-regulation of these candidates stopped 

with the beginning storage protein accumulation in developing seeds, and they seem 

reasonable candidates to be involved in adjusting glumes metabolism in response to early 

seed development. 

A second group showed strong increases in transcriptional activity starting at 14 DAF and 

contained only NAC TFs. All of these candidates were described as up regulated in 

senescing leaves and/or old ears. Furthermore, hormonal induced up regulation via methyl-

jasmonate or ABA, respectively, has been demonstrated for HvNAC013 and HvNAC036 

(Christiansen et al., 2011). Functionally these TFs may contribute to the initiation of 

chlorophyll and subsequent chloroplast degradation, which is processed by actions of co-

induced HvPAO and SAG12-like cysteine peptidases. 

The largest group revealed a pattern of bi-phasic up-regulation with high increases in 

expression between 0 and 8 DAF, followed by constant transcript levels until 14 DAF before 

being further up-regulated. This group included HvNAC006 and HvNAC008, homologues to 

AtORE1, an important factor of the regulatory network controlling leaf senescence in 
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Arabidopsis (Kim et al., 2009; Balazadeh et al., 2010), and AtATAF1, which, when over-

expressed under 35S-Promotor, leads to several phenotypes including early-senescing 

leaves (Kleinow et al., 2009). From this group, HvWRKY12 was recently identified as a 

candidate likely to be involved in age-dependent developmental processes rather than in N 

remobilisation (Hollmann et al., 2014). The TFs showing bi-phasic up-regulation probably 

govern the whole progression of glumes development in three distinct phases.  

Hormones are involved in all plant developmental processes and differently affect leaf 

senescence, which can be delayed by cytokinins (CKs) and gibberellic acids (GAs), and 

accelerated by abscisic acid  (ABA) and jasmonates (JA) (Jibran et al., 2013).  

Transcripts associated with ABA biosynthesis and signalling are up regulated during 

senescence (van der Graaff et al., 2006) and increasing ABA levels in leaf 

development/senescence were reported and seemed to be correlated with grain filling in 

maize (He et al., 2005) and the beginning of flowering in Arabidopsis (Breeze et al., 2011).  

In barley glumes transcripts for carotenoid cleavage dioxygenase (CCD), involved in early 

steps of ABA biosynthesis decreased until 10 DAF and increased from 14 DAF. Genes 

catalysing later steps of ABA biosynthesis, such as 9-cis-epoxycarotenoid dioxygenase 

(NCED) and aldehyde oxidase (AAO) were up-regulated, either continuously or bi-phasically 

at 8 DAF and after 14 DAF. ABA-inducible protein kinase (HvPKABA1) and ABA responsive 

element binding factor 1 (HvABF1) were similarly up-regulated in a bi-phasic manner (Figure 

19). These results indicate an important role for ABA in the first phase of glumes 

Figure 19 Expression patterns of components regulating transition in glumes from sink to source tissue. Relative 
expression values (see Fig. 14) are shown for selected transcripts. ABF = ABA-responsive element binding factor; AAO = 
aldehyde oxidase; CCD = carotenoid cleavage dioxygenase; LOX = lipoxygenase; NCED = 9-cis-epoxycarotenoid 
dioxygenase; PKABA = ABA-inducible protein kinase; (adapted from Kohl et al., 2015).  
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development until 8 DAF, as well as in late development from 14 DAF onwards. On the other 

hand transcripts showed constant (HvAAO4) or decreasing (HvABF1 and HvABAPK1) 

abundances between 8 and 14 DAF. HvABF1 can interact with HvPKABA1 and 14-3-3 

proteins, which may be important regulators in the signaling crosstalk between ABA and GA 

(Schoonheim et al., 2007; Schoonheim et al., 2009). Decreasing expression levels may be 

important for delaying ABA regulated senescence-associated processes in order to maintain 

full functionality of barley glumes to support seed development. 

During leaf senescence in Arabidopsis levels of JA increase, the application of JA can induce 

premature senescence (He et al., 2002) and expression of senescence associated 

transcripts, like AtSEN4 and AtSAG12 (Xiao et al., 2004) or AtCLH1/CORI1 and 

AtERD1/SAG15 (Jung et al., 2007). JA biosynthesis depends on subsequent action of 

lipoxygenase (LOX), allene oxide synthase and cyclase, 12-oxophytodienoate reductase 

(OPR), followed by beta oxidation (Lyons et al., 2013). Isoforms of LOXs, OPRs and a 

homologue to AtOPLC1, which is involved in ß oxidation (Koo et al., 2006), were 

continuously up-regulated in glumes (Figure 19). In contrast to transcripts involved in ABA 

biosynthesis, bi-phasic up regulation is not evident for JA-related transcripts. These 

expression profiles indicate a role for JA in age dependent development; however a direct 

influence of seed development cannot be deduced. 
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4.3. Increasing seed sink strength in order to improve grain traits 

 

4.3.1. Expression profiles and in vitro uptake capacity show functionality of HOSUT 

construct, but steady-state sucrose levels in developing grains stay unchanged 

 

In order to analyse the influence of increased sink-strength in developing grains, the barley 

sucrose transporter HvSUT1 was over-expressed in the endosperm of wheat during storage 

product accumulation, and three independent lines were characterised.  

Expression of HvSUT1 was validated using qRT-PCR and showed similar patterns for all 

three lines (Figure 20A). After an initial up-regulation between 6 and 12 DAF, transcript levels 

stayed constant (HOSUT20) or increased with different dynamics (HOSUT10 and 11). 

Between 22 and 26 DAF, transcript abundances increased in all lines, before the expression 

was down-regulated. Expression analysis showed that the barley Hordein B1 promoter is 

active in the wheat endosperm and led to increasing transcript abundances of HvSUT1 from 

the intermediate phase (6 DAF) until late grain filling (26 DAF).  

In order to test the physiological functionality of the transgene, caryopses from WT and 

HOSUT10 and -20 plants were harvested at 19 DAF. Subsequently they were incubated in 

media containing 14C-labeled sucrose for 10 minutes and, after multiple washing steps, the 

remaining 14C label was measured. In a control experiment the grains were pre-incubated 

with diethylpyrocarbonate (DEPC), known to inhibit proton-coupled symport (Bush, 1989). 

HOSUT10 and -20 grains accumulated 30 to 40% more 14C label compared to the WT, while 

adding DEPC reduced 14C uptake in all tested samples and yielded comparable uptake rates 

in WT and HOSUT grains (Figure 20B). These results showed that HvSUT1 is physiologically 

functional in wheat grains during grain filling and increases sucrose uptake, at least in vitro. 

Sucrose levels slightly increased between 6 and 12 DAF, before a strong increase occurred 

between 12 and 14 DAF. Levels decreased by ~50% between 14 and 18 DAF and stayed 

Figure 20 Characterisation of HvSUT1-overexpressing wheat lines. (A) qRT-PCR expression analysis of HvSUT1 in 
HOSUT grains during development. (B) In vitro sucrose uptake capacity of HOSUT and WT grains. 14C label incorporation in 
WT and HOSUT grains, harvested at 19 DAF, was measured after 10 min incubation with 14C sucrose. In a control 
experiment, grains were pre-incubated with diethylpyrocarbonate, which inhibits proton-coupled symport. Significant 
differences according to t-test are marked with (a) for p<0.05, (b) for p<0.01, and (c) for p<0.001. (C) Sucrose concentrations 
in caryopses during development. Values are means of three (A and B) and five (C) biological replicates ±SD (adapted from 
Weichert et al., 2010). 
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constant until the end of development (Figure 20C). Interestingly, levels of sucrose were not 

changed between HOSUT10 and WT grains, indicating an influence of HvSUT1 expression 

rather on sucrose fluxes than on steady-state levels, which are tightly controlled in the wheat 

endosperm (Jenner et al., 1991).  

 

4.3.2. Analysis of growth parameters indicates prolonged grain filling in HOSUT lines 

and influences of ABA 

 

The dynamics of fresh (Fw) and dry weight (Dw) accumulation showed no differences 

between HOSUT10 and WT grains during early development, when both parameters 

increased linearly from 6 to 18 DAF (Fw) and from 6 to 22 DAF (Dw). While both levels 

stayed constant in the WT afterwards, Dw continued to increase in a linear manner and Fw 

stayed constant before increasing again after 30 DAF in HOSUT10 (Figure 21A and B).  

ABA is involved in the late stages of seed development and is crucial for acquiring 

desiccation tolerance and seed dormancy (Finkelstein et al., 2002). WT and HOSUT grains 

showed no differences in ABA content during early development with fluctuating levels 

between 8 and 14 DAF, followed by an increase between 14 and 18 DAF. ABA contents in 

the WT increased by three fold at 22 DAF, stayed constant at 24 DAF and slightly decreased 

after 26 DAF. In HOSUT10 grains the ABA levels stayed constant until it decreased at 26 

DAF and then linearly increased until 34 DAF, reaching approximately the same levels as in 

the WT (Figure 21C).  

The prolonged phase of Dw and Fw accumulation suggests differences in the maturation 

behaviour of HOSUT10 grains leading to a longer grain filling period. This shift might be 

induced by the actions of ABA, which reaches its maximum at 26 DAF in WT grains, while 

accumulation is delayed in HOSUT10 grains with maximum amounts at 34 DAF. 

 

 

Figure 21 Growth parameters of HOSUT10 and WT grains. (A) Fresh weight and (B) dry weight accumulation during 
development. (C) Abscisic acid concentration during development, significant differences according to t-test are marked with 
(a) for p<0.05 and (b) for p<0.01. Values are means of 100 (A and B) and five (C) biological replicates ±SD (adapted from 
Weichert et al., 2010).  



42 
 

4.3.3. Mature HOSUT grains have higher N content and changed storage product 

composition 

 

Analysis of yield parameters and grain composition was performed for line HOSUT10 in field 

trials, under controlled, but field-like conditions, and in the greenhouse. Under all tested 

conditions, total N and grain protein content (GPC) were significantly increased by 5% to 

16%, which also led to a higher N to C ratio (Table 4). Measuring the different storage 

proteins fractions (albumins, globulins and prolamins) showed that these increases were not 

due to generally higher storage protein synthesis, as the contents of albumins and globulins 

were not significantly changed in comparison to the WT. On the other hand, contents of the 

prolamin subfractions (gliadins and glutenins) increased by 9 to 15% for gliadins and 6 to 

23% for glutenins, depending on the conditions.  

Increasing GPC in cereals is (often) associated with decreasing yield (Simmonds, 1995) and 

although N fertilisation has stimulatory effects on GPC up to a certain limit (Barneix, 2007), 

wheat usually grows under saturated nutrient conditions, which suggests that sink limitation 

is an important factor restricting increases of yield parameters (Borrás et al., 2004). Over-

expression of HvSUT1 in wheat endosperm seems to overcome these limitations, at least 

partially, as HOSUT10 grains had higher GPC together with tendencies of increased 

thousand grain weight (TGW) and relative yield (seed mass per plant; Table 4).  

Table 4 Compositional analysis of HOSUT10 and wild type grains grown under different conditions. 

Values are means ± SE; statistically significant differences according to Student’s t-test are marked with (a) for 

p<0.05, (b) for p<0.01 and (c) for p<0.001 (adapted from Weichert et al., 2010). 

 
Field trail 2006/2007 Semi-controlled 2006/2007 Greenhouse 2006 

 
HOSUT10 WT HOSUT10 WT HOSUT10 WT 

Total nitrogen (%) 2.62 ± 0.05
a 2.45 ± 0.04 2.73 ± 0.01

b 2.60 ± 0.03 3.62 ± 0.05
c 3.12 ± 0.05 

Albumins/Globulins (%) 100.87 ± 1.82 100 98.68 ± 1.26 100 99.61 ± 1.02 100 
Gliadins (%) 112.67 ± 2.64

b 100 109.61 ± 2.24
b 100 115.26 ± 2.77

c 100 
Glutenins (%) 106.32 ± 2.04

a 100 105.98 ± 1.88
a 100 123.93 ± 4.38

c 100 
Total carbon (%) 44.81 ± 0.01

b 44.67 ± 0.03 44.78 ± 0.01
c 44.58 ± 0.03 45.06 ± 0.03

b 44.88 ± 0.01 
N/C ration 0.058 ± 0.001

a 0.055 ± 0.001 0.061 ± 0.0003
b 0.059 ± 0.001 0.080 ± 0.001

c 0.07 ± 0.001 
Total grain protein (%) 14.95 ± 0.29

a 13.96 ± 0.2 15.54 ± 0.07
b 14.81 ± 0.18 20.66 ± 0.3

c 17.79 ± 0.28 
Starch (%) 62.5 ± 0.8 64.1 ± 0.8 62.8 ± 0.2 64.3 ± 0.7 60.3 ± 0.5

a 64.1 ± 0.8 
Thousand grain weight (g) 44.0 ± 1.6 41.2 ± 2 51.0 ± 0.4

a 46.4 ± 1.7 58.6 ± 0.5 57.4 ± 0.5 
Yield impact (%) 112.1 ± 19.1 100 129 ± 6.2

b 100 100.21 ± 20.8 100 
Protein yield impact (%) 120.6 ± 21 100 136.3 ± 5.2

c 100 116.4 ± 24.2 100 
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Specifically prolamin synthesis is enhanced and leads to a higher N to C ration compared to 

WT grains. Positive effects of sugar supply on storage protein synthesis has been reported at 

the transcript, as well as the protein level (Giroux et al., 1994; Rosche et al., 2005; Weigelt et 

al., 2009), but the underlying mechanisms leading to increased N fluxes into the seeds 

remain unclear. In cereals, where most N entering the grains derives from pools stored 

during vegetative growth, effects on remobilisation processes in vegetative tissues seem 

likely. 

 

4.3.4. HOSUT expression preferentially stimulates prolamin gene expression, alters 

transcription of central metabolic pathways, and hormone regulation and signalling 

 

Differences in gene expression during development between HOSUT10 and WT grains were 

analysed via qRT-PCR for 109 candidates between 6 and 34 DAF. 

Striking differences became obvious for storage proteins from the prolamin group. At 6 DAF, 

when storage protein expression is generally low, corresponding transcripts were down-

regulated in HOSUT, before a strong up-regulation occurred at 8 and 10 DAF. After 14 DAF, 

the transcription levels showed only slight variations between HOSUT and WT (Figure 22A). 

This indicates that increased amounts of prolamins in mature grains (Table 4) were already 

initiated during the transition of grains from pre-storage into the storage phase. Higher grain 

prolamin synthesis is likely accompanied by alterations in amino acid metabolism and 

expression of the corresponding transcripts. In HOSUT grains eight transcripts were 

differentially expressed, without a clear tendency towards up- or down-regulation. Still, 

indications for prolonged amino acid anabolism in order to support longer grain filling could 

be deduced. Plastidial glutamine synthetase, involved in primary N fixation, and aspartate 

kinase, preceding the biosynthesis of Thr and Lys (Ben-Tzvi Tzchori et al., 1996), were up-

regulated at later development, while glutamate dehydrogenase, mainly associated with 

amino acid breakdown and induced under carbon-deficient conditions (Miyashita and Good, 

2008, 2008), showed clearly decreasing transcript abundances at 30/34 DAF (Figure 22B). In 

order to find transcripts co-regulated with the prolamin genes, the dataset was screened for 

comparable expression profiles and ten candidates were identified (Figure 22C). AAA 

ATPase and phosphatidylinositol-3/4-kinase are involved in cell proliferation (Choi et al., 

2008; Park et al., 2008) indicating higher cell numbers in HOSUT grains, which was 

supported by histological analysis (Andersch, unpublished results). Homologues of two 

sugar-inducible transcripts, flavonoid synthase (Lillo et al., 2008) and AtABI5, a regulator of 

ABA signalling (Arroyo et al., 2003), were also up-regulated between 8 and 14 DAF. Further 

transcripts identified in this cluster, homologues to His-Phosphotransferase from wheat (Ma 
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and Tian, 2005) and 11-ȕ-

hydroxysteroid dehydrogenase, which 

effects seed development in 

Arabidopsis and canola (Li et al., 

2007), are involved in cytokinin and 

brassinosteroid responses. Hormone 

signalling pathways are deregulated in 

HOSUT plants during early 

development, which might lead to 

earlier initiation of prolamin 

transcription and biosynthesis. 

In addition to the previously discussed 

candidates, transcript profiling 

indicated further deregulations of 

hormone and sugar signalling 

pathways. Interestingly, transcripts 

involved in different pathways 

followed a similar, oscillatory pattern 

of up-regulation at 10, 14, 22, and 30 

DAF and down-regulation at 8, 12, 

18, and 26 DAF (Figure 22D). Among 

these candidates, transcripts involved in ABA (9-cis-epoxycarotenoid dioxygenase) and 

cytokinin (cytokinin-O-glucosyltransferase) metabolism, as well as MYB and bZIP 

transcription factors, and members of the SnRK1 and trehalose pathways that regulate 

carbohydrate metabolism (Lunn et al., 2006; Radchuk et al., 2010) were identified.  

Transcript analysis provided further indications for the physiological functionality of HvSUT1 

in the wheat endosperm, as several sugar-inducible genes, including storage proteins from 

the prolamin subfraction, started to be up-regulated at 8 or 10 DAF, when HvSUT1 

expression increased in a linear manner (Figure 20A). Additionally, transcripts involved in 

different signalling pathways, like transcription factors, hormone and sugar signalling, were 

deregulated and showed oscillatory patterns. Thus it is clear that the induced metabolic 

alterations are balanced by concerted actions of different signalling components. 

 

 

 

 

 

Figure 22 Ratios of gene expression between HOSUT10 and wild 

type. Gene expression was determined by qRT-PCR at 10 
developmental stages with three biological replicates. Determined 
ΔΔct-values from HOSUT10 were related to WT plants at respective 
stages. (A) Storage proteins. (B) Amino acid metabolism. (C) Genes 
revealing a cluster similar to that presented in A. (D) Genes involved 
in regulatory processes showing deregulation between HOSUT10 and 
WT. Identifier numbers refer to the Affymetrix GeneChip (adapted 
from Weichert et al., 2010). 
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4.3.5. Metabolite analysis reveals differences in early and late development between 

HOSUT and WT grains 

 

Relative metabolite concentrations were determined via GC-MS in developing HOSUT and 

WT grains between 6 and 26 DAF. 

Hierarchical clustering of all metabolite profiles allowed a clear separation between 

developmental stages, but not between the lines (data not shown). In order to identify the 

developmental stages with highest variation in metabolite composition between HOSUT and 

WT grains, independent component analysis was applied on the log10-transformed response 

ratios (Figure 23 A and B) and revealed major differences only for 8, 10, and 26 DAF.  

In comparison to WT plants, HOSUT plants had higher prolamin contents in mature grains 

and prolamin expression is up-regulated at 8 and 10 DAF, which is likely reflected in 

differences of amino acid levels. Clustering of amino acid profiles measured via GC-MS 

yielded two major profiles. Both profiles showed similar behaviour during early development, 

when HOSUT levels were lower at 8 and 10 DAF and comparable to WT at 6, 12, 14, and 18 

DAF. After 18 DAF, levels of Glu, Asp, Gly, Ser, and Val where lower in HOSUT grains, while 

levels of most other amino acids were higher in comparison to WT grains (Figure 23 C and 

D). These metabolic differences coincide with other major alterations between HOSUT and 

WT grains, as found using other experimental approaches.  

At 8 and 10 DAF the transcription of prolamin genes is up-regulated in HOSUT grains (Figure 

22A) and adaptations of metabolic processes seem a reasonable consequence. In order to 

provide components, especially free amino acids, for storage protein synthesis the respective 

metabolite levels temporarily decrease. Differences at 26 DAF might be induced by the 

differences in maturation behaviour and the prolonged seed filling period in HOSUT grains 

Figure 23 GC-MS based metabolite 

analysis in developing HOSUT and wild 

type (WT) grains. (A and B) Independent 
component (IC) analysis based on the 
median cantered and log10-transformed 
response ratios. The graphs show 
deviations of metabolite levels during 
grain development; major differences are 
indicated by arrows. The size of each 
circle represents the developmental stage 
from small (6 DAF) to large (26 DAF). (C 
and D) Ratios of amino acid levels 
between HOSUT10 and WT. Cluster with 
higher (C) and lower (D) amino acid levels 
at stages 22 and 26 DAF are separated 
(adapted from Weichert et al., 2010).  
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(Figure 21). Up-regulation of glutamine synthetase and aspartate kinase at later 

developmental stages suggests prolonged synthesis of amino acids from the aspartate 

branch and indicates longer availability of the respective precursors. 
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5. Summary 

 

Cereal grains develop as heterotrophic organs and depend on nutrient import from 

vegetative tissues. In order to ensure optimal development, timing and extent of nutrient 

flows have to be coordinated with the developmental status of the grains. While C is 

constantly provided by photosynthetic activity of vegetative tissues, N uptake from the soil 

after anthesis is lower than the demands of the grains, implying the need for remobilisation of 

previously accumulated N, and active transport from source to sink tissues.  

In this work, newly generated RNAseq data and sequences from public databases were 

combined, which allowed identifying new barley N transporters and complementation of the 

present sequence information. Although RNAseq revealed large differences in the overall 

transciptome of flag leaves and glumes, which points to distinct functionalities for both 

organs, similarities with respect to N transport became obvious. qRT-PCR analysis revealed 

distinct phases of amino acid transporter expression in flag leaves, glumes and endosperm, 

indicating a strictly controlled timing of amino acid fluxes. Additionally, this analysis allowed 

distinguishing transporters specific for vegetative tissues from candidates with ubiquitous or 

grain-specific expression. 

The parallel analyses of transcripts, metabolites and physiological parameters in glumes and 

endosperm showed that the development of glumes is separated into three phases, which 

are tightly correlated with grain development. These phases represent glumes´ transition 

from sink to source tissues and are likely coordinated by NAC and WRKY transcription 

factors and influenced by ABA. In the first 8 days after flowering (DAF), glumes acted as 

temporary nutrient buffers and accumulated biomass, total N and free amino acids. 

Coinciding with the beginning of storage protein synthesis in the grains, between 8 and 10 

DAF, concentrations of most free amino acids drastically decreased in glumes. Increasing N 

demand in grains has led to high nutrient relocation from glumes, and might have been 

propagated via the vasculature, where a comparable depletion of free amino acids was 

observed. In accordance with proposed high N fluxes, the expression of specific transporters 

was up-regulated in glumes. Between 10 and 14 DAF, only minor changes in transcript and 

metabolite levels were observed, suggesting that glumes had to maintain their functionality to 

support optimal grain development. After 14 DAF, senescence-associated processes, such 

as degradation of chlorophyll and proteins, and nutrient transporters (N, S, and metals) were 

up-regulated in glumes.  

In an approach to increase grain sink strength in wheat, a sucrose transporter (HvSUT1) was 

over-expressed in the endosperm during storage product accumulation, which led to higher 

prolamin contents in mature grains. Although steady-state sucrose levels were not changed, 

in vitro studies showed the functionality of the transporter, pointing to increased sucrose 
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fluxes. Metabolite and hormone analyses revealed differences in the maturation behaviour of 

transgenic grains, and transcript analysis indicated up-regulation of storage protein synthesis 

during early development and a prolonged amino acid biosynthesis. As expected, the 

expression of HvSUT1 in wheat grains generated an imbalance in the N to C ratio, which led 

to alterations in maturation and an extended seed filling period. 



49 
 

6. Zusammenfassung 

 

Getreidekörner sind heterotrophe Organe und auf die Versorgung mit Nährstoffen durch die 

vegetativen Gewebe angewiesen. Für eine optimale Entwicklung, müssen die 

Nährstoffflüsse zeitlich und umfänglich an den Entwicklungsstatus des Korns angepasst 

werden. Während C permanent durch die Photosynthese grüner Gewebe bereit gestellt wird, 

kann der N-Bedarf der Körner nach Anthese nicht mehr durch die Aufnahme aus dem Boden 

gedeckt werden. Deshalb ist Remobilisierung und aktiver Transport pflanzlicher N-Reserven 

von Source- zu Sink-Geweben unerlässlich.  

In dieser Arbeit wurden mittels neu generierter RNAseq-Daten, sowie deren Kombination mit 

Sequenzen aus öffentlichen Datenbanken, neue N-Transporter identifiziert und die 

vorhandenen Informationen deutlich erweitert. Die RNAseq-Daten zeigten, dass sich das 

Gesamt-Transkriptom von Fahnenblättern und Spelzen deutlich unterscheidet. Obwohl dies 

auf unterschiedliche Funktionen beider Organe hindeutete, zeigten sich bezüglich des N-

Transports Gemeinsamkeiten. Die Expressionsprofile von Aminosäuretransportern wurden in 

Fahnenblatt, Spelzen und Endosperm mittels qRT-PCR Analyse ermittelt. Die jeweiligen 

Profile waren in klar abgegrenzte Phasen unterteilt, was auf eine strenge zeitliche 

Regulierung der Aminosäureflüsse hindeutete. Desweiteren konnten durch diese Analyse 

Transporter identifiziert werden, die entweder ubiquitär, samenspezifisch oder spezifisch in 

vegetativen Geweben exprimiert wurden.  

Durch die parallelen Analysen von Transkripten, Metaboliten und physiologischen 

Parametern in Spelzen und Endosperm, konnte gezeigt werden, dass die Entwicklung der 

Spelzen in drei Phasen unterteilt und eng an die Kornentwicklung angepasst ist. Diese 

Phasen kennzeichnen den Übergang der Spelzen vom Sink- zum Source-Gewebe, welcher  

offensichtlich durch NAC- und WRKY-Transkriptionsfaktoren reguliert und von ABA 

beeinflusst wird.  

In den ersten acht Tagen nach der Blüte (DAF) fungieren die Spelzen als temporäre 

Nährstoffspeicher und akkumulieren Biomasse, N und freien Aminosäuren. Mit dem Beginn 

der Speicherstoffsynthese im Korn (zwischen acht und 10 DAF), ging die Konzentration der 

meisten freien Aminosäuren in den Spelzen stark zurück. Vermutlich bewirkte der steigende 

N-Bedarf im Korn einen erhöhten Aminosäuretransport aus den Spelzen. Dabei könnte ein 

erhöhter N-Bedarf über das Leitgewebe kommuniziert werden, in welchem die 

Konzentrationen freier Aminosäuren ebenfalls deutlich abfielen.  

Übereinstimmend mit potentiell erhöhten N-Flüssen, wurde die Genexpression spezifischer 

Transporter in den Spelzen erhöht. Zwischen 10 und 14 DAF veränderte sich das 

Transkriptom und Metabolom der Spelzen nur gering. Dies lässt darauf schließen, dass die 

Funktion der Spelzen für eine optimale Kornentwicklung aufrecht erhalten werden muss. 
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Ab 14 DAF wurde in den Spelzen die Genexpression Seneszenz-assoziierter Prozesse, wie 

Chlorophyll- und Proteindegradation, sowie die Expression von Transportern für N, S und 

Metallionen hochreguliert. 

Um die Sink-Stärke während der Kornfüllung zu erhöhen, wurde ein Saccharose-Transporter 

aus Gerste (HvSUT1) im Endosperm von Weizen über-exprimiert. Die reifen Körner der 

transgenen Pflanzen enthielten erhöhte Prolamingehalte. In vitro Versuche bestätigten die 

Funktionalität des Transporters, jedoch blieben die steady-state Saccharosegehalte 

unverändert. Zusammen deutete dies auf erhöhte Saccharoseflüsse hin. Veränderte 

Metabolit- und Hormongehalte, sowie Expressionsanalysen lassen eine erhöhte Biosynthese 

von Speicherproteinen während der frühen Entwicklung, sowie eine verlängerte Biosynthese 

bestimmter Aminosäure vermuten. Erwartungsgemäß bewirkte die Expression von HvSUT1 

ein Ungleichgewicht im N:C Verhältnis, und dadurch eine veränderte Kornreifung und eine 

verlängerte Kornfüllung. 
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7. Outlook 

 

The analyses presented in this work provided new insights into the complex processes taking 

place in vegetative organs as a consequence of the changing demands of developing grains, 

and showed the potential of seed sink strength alteration as an approach to increase yield, 

as well as grain quality. Furthermore, the importance of amino acid transporters for nutrient 

remobilisation and grain filling was indicated, which will be used as basis for further 

investigations.  
 

7.1. Down-regulation of amino acid transporters will clarify their importance for N 

remobilisation in planta 

 

The expression profiles of amino acid transporters (Figure 9, pericarp data unpublished) 

were analysed with respect to tissue and time point specificity, and correlated (data not 

shown) with the profiles of free amino acid concentrations (Figure 11, pericarp and flag leaf 

data unpublished) in the respective tissues. Based on these results, seven candidates, 

putatively having an important function in N remobilisation from sink to source, were selected 

for further analysis (Table 5).  

 

The promoter sequences of these amino acid transporter genes were extracted from the 

barley genome, and used to create transformation vectors that harbour RNAi-constructs for 

the respective transporters under their endogenous promoters. Down-regulation of these 

transporters is expected to impair N translocation efficiency and/or the uptake into 

developing grains, which would confirm their importance for grain N nutrition and provide 

candidates that can be utilised for crop improvement. All constructs were successfully 

Table 5 Selection of amino acid transporters for generating RNAi-plants. Based on tissue specificity, timing 

of expression and correlation with profiles of free amino acids in the respective tissues, seven amino acid 

transporters were chosen to clarify their role for N remobilisation and grain filling in planta. 
Transporter Tissue Expressed during Putative function 

HvAAP2 flag leaf, glumes transition & storage phase N remobilisation 

HvAAP7 flag leaf, glumes storage phase N remobilisation 

HvProT1 flag leaf storage phase N remobilisation 

HvLHT1 glumes storage phase N remobilisation 

HvAAP1 pericarp pre-storage phase early seed development 

HvANT5 pericarp, endosperm pre-storage phase early seed development 

HvAAP3 pericarp, endosperm storage phase seed filling 
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transformed in barley, and the T1 generation is currently being analysed with respect to copy 

number of the transgene. After generating homozygous lines, they will be screened for the 

efficiency of down-regulation and for yield-related parameters, such as grain weight and 

number, as well as starch and protein content. If phenotypes that are consistent with 

impaired N remobilisation are observed, a detailed transcript and metabolite analysis is 

planned, in order to further elucidate the underlying molecular mechanisms. 

 

7.2. Analysis of the N transporter promoter region will be used to identify putative key 

regulators of N remobilisation 

 

Microarray based analyses identified distinct expression patterns for N transporters and 

putative regulators, such as transcription factors (TF) and components of hormone 

metabolism and signalling pathways (Figure 18 and 19 for glumes; endosperm data 

published in Kohl et al., 2015; pericarp and flag leaf unpublished). The derived patterns 

clearly indicate different functions, such as N remobilisation from vegetative tissues or 

establishment of sink-strength, for specific transporters from the AAT, NPF, and OPT group, 

respectively.  

Since the barley genome is publicly available, a detailed analysis of the respective promoter 

regions will be addressed. After extracting the promoter sequences, they will be screened for 

cis-elements. The evaluation of this data will provide information whether specific elements 

(or combinations/enrichments of elements) are correlated with time point and/or tissue 

specificity of N transporter expression.  

From this analysis, hints at certain TF groups with a pronounced importance for N nutrition of 

developing grains are expected. Candidates involved in the regulation of N transporter 

expression are expected to have similar profiles as the respective transporters. The 

microarray datasets will be checked for the expression of TFs from these groups and their 

correlation to N transporter expression. This combination of in silico and wet lab approaches 

will be used to identify putative key regulators of N remobilisation in source and sink tissues 

during grain development. Manipulation of these regulators might address the expression of 

several N transporters simultaneously, and thereby increase the efficiency of N 

remobilisation. This approach could possibly exert a greater positive influence on N nutrition 

of developing grains and thereby the nutritional quality, than the manipulation of single 

transporters. 
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Background: The majority of nitrogen accumulating in cereal grains originates from proteins remobilised from

vegetative organs. However, interactions between grain filling and remobilisation are poorly understood. We used

transcriptome large-scale pyrosequencing of flag leaves, glumes and developing grains to identify cysteine

peptidase and N transporter genes playing a role in remobilisation and accumulation of nitrogen in barley.

Results: Combination of already known and newly derived sequence information reduced redundancy, increased

contig length and identified new members of cysteine peptidase and N transporter gene families. The dataset for

N transporter genes was aligned with N transporter amino acid sequences of rice and Arabidopsis derived from

Aramemnon database. 57 AAT, 45 NRT1/PTR and 22 OPT unigenes identified by this approach cluster to defined

subgroups in the respective phylogenetic trees, among them 25 AAT, 8 NRT1/PTR and 5 OPT full-length sequences.

Besides, 59 unigenes encoding cysteine peptidases were identified and subdivided into different families of the

papain cysteine peptidase clade. Expression profiling of full-length AAT genes highlighted amino acid permeases as

the group showing highest transcriptional activity. HvAAP2 and HvAAP6 are highly expressed in vegetative organs

whereas HvAAP3 is grain-specific. Sequence similarities cluster HvAAP2 and the putative transporter HvAAP6

together with Arabidopsis transporters, which are involved in long-distance transfer of amino acids. HvAAP3 is

closely related to AtAAP1 and AtAAP8 playing a role in supplying N to developing seeds. An important role in

amino acid re-translocation can be considered for HvLHT1 and HvLHT2 which are specifically expressed in glumes

and flag leaves, respectively. PCA and K-means clustering of AAT transcript data revealed coordinate developmental

stages in flag leaves, glumes and grains. Phloem-specific metabolic compounds are proposed that might signal

high grain demands for N to distantly located plant organs.

Conclusions: The approach identified cysteine peptidases and specific N transporters of the AAT family as

obviously relevant for grain filling and thus, grain yield and quality in barley. Up to now, information is based

only on transcript data. To make it relevant for application, the role of identified candidates in sink-source

communication has to be analysed in more detail.
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Background
In crop plants more than 70% of seed nitrogen is remo-

bilised and translocated from vegetative tissues such

as stems and senescing leaves [1]. Remobilisation of N

follows different time courses, and contributions of vari-

ous organs and tissues to N economy of developing

seeds differ [2]. In cereals, flag leaves and glumes main-

tain their metabolic activity longer than other vegetative

tissues, and their contribution to the final grain yield is

high [3].

Up to 75% of reduced nitrogen in photosynthetically

active leaf cells is located in the chloroplasts. Ribulose-

1,5-bisphosphate carboxylase/oxygenase (Rubisco) repre-

sents the major fraction of chloroplast nitrogen [4].

Before nitrogen is exported to the phloem, Rubisco must

be degraded to peptides and amino acids [5]. Gene

expression analysis in wheat and barley identified several

cysteine protease genes with enhanced transcript levels

during leaf senescence [6-8]. Certain C1A-type (papain-

type) cysteine proteases and possibly also S10-type serine

carboxypeptidases are involved in bulk degradation of

stromal proteins during leaf senescence [8]. Both types of

proteases are potentially synthesised at the endoplasmatic

reticulum and channelled by the secretory pathway, which

suggests routing to the lytic vacuolar compartment such

as small senescence-associated vacuoles [9]. High expres-

sion and strong upregulation of genes encoding papain-

like cysteine peptidases suggests an important role for

especially those family members in naturally senescing

barley leaves between 7 and 21 DAF [7].

During senescence, cellular proteins are degraded

into peptides and amino acids. Efficient partitioning of

amino acids or peptides within the plant requires active

transporters to transfer N compounds across cellular

membranes [10]. For plants with fully sequenced gen-

omes (e.g. Arabidopsis and rice), the Aramemnon data-

base [11,12] provides annotation and further information

for the complete collection of putative N transporter

genes, whereas to date only four sequences for putative

barley N transporters are listed. Based on sequence simi-

larity, amino acid transporters were grouped into mem-

bers of the ATF (amino acid transporter family) and the

APC (amino acid-polyamine-choline) families. The ATF

family can be further divided into AAPs (general amino

acid permeases), LHTs (lysine-histidine transporters),

proline transporters (ProTs) as well as into transporters

with substrates like γ-aminobutyric acid (GATs), aro-

matic and neutral amino acids (ANTs) and indole-3-

acetic acid (AUXs) [10,13,14]. Subdivision of the APC

family reveals transporters for cationic (CATs) and

L-type amino acids (LATs), as well as the GABA per-

meases (GAP). Overall 63 (Arabidopsis) and 80 (rice)

candidates cluster into these groups.

Peptide transport in plants is accomplished by two

gene families, the oligopeptide transporters (OPTs) tran-

sporting tetra- and pentapeptides and transporters for

di- and tripeptides belonging to the nitrate/peptide

transporter family (NRT1/PTR) [14]. In Arabidopsis and

rice, 53 and 81 members belong to this group, while 9

and 8 transporters are annotated as OPTs. Whereas a

relatively high number of Arabidopsis amino acid and

NRT1/PTR transporters are functionally characterized

(for reviews see [10,13]) the information for monocots,

especially for barley is scarce. The best characterised

monocot peptide transporter is HvPTR1 localized in the

scutellum of barley grains and responsible for mobilisa-

tion of peptides from endosperm into germinating

embryos [15,16]. OsPTR6 was shown to transport Gly-

His-Gly [17]. From the OPT family, only one monocot

sequence (OsGT1) has been functionally characterised

so far [18].

Numerous transporters contributing to iron trafficking

in plants are described and were functionally charac-

terised for grasses. This is due to the fact that grasses

evolved a distinct mechanism to acquire Fe from the soil

best described as ‘chelation’ strategy [19]. Strong Fe che-

lators called phytosiderophores (PS), are synthesised

by the plant and secreted into the rhizosphere, where

they bind Fe(III). The Fe(III)-PS complex is than taken

up by Fe(III)–PS uptake proteins [20,21] called Yellow

Stripe-Like (YSL) transporters. Several YSL transporters

have been identified and characterised (see for instance

[22-25]), among them the barley transporters HvYSL5

[26], HvYSL2 [25] and HvYS1 [27]. The role of YSL

transporters in remobilisation and grain filling is unclear

yet. YSL transporters are distantly related to the OPT

family [28]. In Arabidopsis and rice, 8 and 18 sequences

belong to the YSL group.

Although numerous plant amino acid and peptide

transporters have been identified and some of them

functionally characterised, it is difficult to determine

which are the most important for plant N recycling on

both the source and the sink side. For barley, this situ-

ation is even more complicated as the genomic sequence

is only partially assembled [29]. Furthermore, only 0.06%

(264 ESTs) from 444,652 barley ESTs in assembly 35 of

HarvEST:Barley v1.83 (H35, [30]) represent sequences

expressed in glumes and those 33,376 ESTs (7.47%)

derived from leaf cDNA libraries are not representative

for remobilising flag leaves. Sequence information from

EST collections might also be reduced for membrane-

associated compounds because of high instability of

respective E. coli clones.

Next generation sequencing (NGS) technologies offer

new opportunities to analyse plants without fully

sequenced genomes. Transcriptome large-scale parallel
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pyrosequencing was addressed to flag leaves, glumes and

developing grains in order to analyse remobilisation and

import of N compounds immediately before and after

seed set. Data evaluation was focussed on two specific

groups of genes responsible for remobilisation and accu-

mulation of nitrogen, cysteine peptidases and N trans-

porters. Combination of publicly available and RNA-seq

data reduced redundancy, increased length of gene-

specific contigs and identified new members within the

respective gene families. Members of the AAT gene family

were over-represented in the set of RNA-seq N trans-

porter sequences. Sequence alignment allowed to recon-

struct 25 full-length AAT genes. Based on temporal

expression profiling of these genes we hypothesise that

establishment of high N-sink strength in developing

grains is perceived in flag leaf and glumes, the tissues in

close proximity to developing seeds. We postulate that

metabolites communicate the increasing sink strength to

the remobilising tissues by modulating transcript amounts

as shown here for amino acid permeases. Thus, AAT gene

activities might be involved in source/sink communica-

tion in barley. In addition, fluctuating transcript abun-

dances of AAT genes especially in flag leaves might reflect

tissue-specific regulation of sink/source transition.

Results
RNA-seq and sequence assembly

mRNA was prepared from barley flag leaves, glumes and

caryopses collected at different stages of grain develop-

ment. Equal amounts of RNA were combined from each

stage at 2 day intervals, from 4 days before anthesis up

to 24 days after flowering (DAF) for flag leaves and

glumes, between anthesis and 24 DAF for caryopses.

After quantification and quality control of the samples,

reverse transcription and normalisation of the three

libraries as well as transcriptome sequencing was per-

formed by GATC Biotech (Konstanz, Germany). One

half Roche/454 GS-FLX run was performed for each

library. From a total of 1,806,025 reads 701,026 distribute

to flag leaves (FL), 557,505 to glumes (GL) and 547,494

to grains (G). Adaptor and quality trimming reduced

read-yield to 1,585,811 (615,568 + 485,800+ 484,443, see

Table 1). Average read length was 397 bp (FL), 400 bp

(GL) and 392 bp (G). For each organ, reads were clus-

tered and assembled into contigs and singletons (Table 1).

Flag leaves showed highest contig number (43,467) but

lowest contig length (688 bp). Glumes revealed lowest

contig number (31,022) and highest contig length

(835 bp). Grains showed moderate levels (37,790 and

791, Table 1). On average, each contig was covered by 11

to 15 reads. Whereas contig numbers were comparable

between the three organs, numbers of singletons vary

from high values in FL and G (97,348 and 82,446) to low

values in GL (29,388). This suggests high numbers of

lowly expressed genes in flag leaves and grains and low

numbers of highly expressed genes in glumes, indicating

lower complexity of the glumes transcriptome.

Annotation

Contigs and singletons obtained after sequence assembly

were characterised by a multilevel process of filtering

from barley-specific to more general data sets as well as

from high to low stringency using the different databases

in the following order: (1) H35 [30], (2) UniProtKB/

Swiss-Prot [31], (3) UniProtKB/TrEMBL [31] and (4)

non-redundant dataset from NCBI [32] with E-value

cut-offs of <1E-20, <1E-20, <1E-10 and <1E-5, respectively.

Sequences without a match in one database were com-

pared to the next one. The output of annotation is given

in Table 2.

Percentages of total contig hits are comparable

between glumes and grains (88.73% and 88.56%) but are

higher for flag leaves (90.34%). BLAST searches against

the different databases revealed 14.1% (FL), 11.3% (GL)

and 10.1% (G) of new contig sequences as not function-

ally described in H35. For the total no hit category,

results for flag leaves are different from those of glumes

Table 1 Output of large scale RNA-seq and sequence

assembly

Flag leaf Glumes Grains

Total reads 615,568 485,800 484,443

� Read length 397 400 392

Total contigs 43,467 31,022 37,790

� Reads/contig 12 15 11

� Contig size 688 835 791

Total singletons 97,348 29,388 82,446

Table 2 Annotation of RNA-seq contigs and singletons

BLASTn vs Flag leaf Glumes Grains

No. of contigs

HarvEST35 (e-20) 33,743 24,416 30,077

UniProtKB/Swiss-Prot (e-20) 1,196 542 635

UniProtKB/TrEMBL (e-10) 3,573 2,183 2,302

non-redundant (e-5) 754 386 453

Total hits 39,266 27,527 33,467

Total no hits 4,201 3,495 4,323

No. of singletons

HarvEST35 (e-20) 38,119 16,200 32,390

UniProtKB/Swiss-Prot (e-20) 843 509 611

UniProtKB/TrEMBL (e-10) 5,809 2,840 4,892

non-redundant (e-5) 4,986 887 3,992

Total hits 49,757 20,436 41,885

Total no hits 47,591 8,952 40,561
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and grains (9.7%, 11.3% and 11.4%, respectively). Percen-

tages of total-hit singletons are comparable for flag

leaves and grains (51.1% and 50.8%) but higher for

glumes (69.5%). This result coincides with the observed

low number of glumes singletons (Table 1) and indicates

lower complexity of the glumes transcriptome compared

to flag leaves and grains.

The sum of contigs and singletons annotated from flag

leaves (33,743 + 38,119) yields 71,862 expressed genes,

which is clearly higher than the number of unigenes

from H35 (50,938). This may reflect high redundancy of

the flag leaf dataset, which is also obvious for grains

(62,467 annotated sequences) but not for glumes (40,616

annotated sequences). This can be explained by the fact

that only RNA-seq reads were used for the assembly

process. Obviously, some of the RNA-seq singletons

and/or contigs represent the same gene, but do not over-

lap and thus increase the numbers within the total hit

category. The contribution of contigs should be lower

than that of singletons.

Tissue-specificity of contigs

Figure 1 shows tissue-specificity of CAP3 contigs. The

percentage of contigs expressed exclusively in glumes

(4.9%) is remarkably lower than that expressed specific-

ally in flag leaves (13.8%) or grains (14.0%). The tran-

scriptome of the glumes contains a low number of

sequences identical with those expressed in flag leaves

(5.0%) and grains (5.5%). In contrast, a high percentage

of sequences (34.8%) is shared between flag leaves

and grains.

For an overview on the tissue specificity of molecular

functions, pyrosequence contigs and H35 unigenes were

annotated based on gene ontology terms [33] and ana-

lysed by Blast2GO software [34,35]. The results from

level 3 of the category Molecular Function are depicted

in Figure 2.

There are two main findings: (i) flag leaf and grain

transcriptomes are highly similar in all depicted categor-

ies and (ii) the glumes transcriptome differs from flag

leaves and grains, but is comparable to H35. Categories

“trans-membrane transporter activity”, “substrate-specific

transport activity” and to lesser extent “transferase-

activity” and “nucleotide binding” are enriched in glumes.

Especially for “ion binding”, “nucleic acid binding”,

“lyase and ligase activities”, “oxidoreductase activity” and

“cofactor binding”, the glumes transcriptome is more sim-

ilar to that of H35 than to those of flag leaves and grains.

RNA-seq gained new sequence information for N

transporters and cysteine peptidases

Based on annotation, sequences encoding putative N

transporters and cysteine peptidases were selected from

H35 unigenes and independent BLAST searches were

performed within RNA-seq contigs. Combining H35 and

RNA-seq information, new sets of N transporter and

cysteine peptidase unigenes were created and manually

revised for each tissue (tissue-specificity is summarised

in Figure 3).

To evaluate the power of the RNA-seq approach for N

transporter and cysteine peptidase gene families, the

contigs were compared with H35 (Figure 4). After com-

bining information from all three organs, between 67%

(CPEP) to 100% (OPT) of pyrosequencing contigs ex-

tend known or add new sequence information in com-

parison to H35.

Results from assembling all candidate sequences from

the three libraries and H35 are summarised in Figure 5A

and show a clearly increased average contig length (right

panel), whereas for total contig number no general ten-

dency was found (left panel). In the subset of contigs

containing information from both sources (Figure 5B)

the contig number is reduced for all gene groups and

the increase in average contig length is more pro-

nounced than for the overall dataset.

RNA-seq contigs of N transporters and cysteine

peptidases cluster with annotated homologs from

Arabidopsis and rice and enlarge available full-length

sequences

Papain-like cysteine peptidases

For all further analyses, sequences derived from the

combination of pyrosequencing and H35 as well as

unique pyrosequences were considered.

59 genes encoding putative papain-like cysteine pepti-

dases of the CA clan were assembled (Table 3). Based

on sequence similarities, the resulting contigs were

Figure 1 Venn diagram showing tissue specificity of the

CAP3-contigs.
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subdivided into different families of the CA clan (Mer-

ops database, [36,37]). In general, numbers of barley uni-

genes defined after sequence assembly were lower than

numbers of full-length genes in Arabidopsis and rice ex-

cept for the families C02, C85 and C88. The C02 cyst-

eine peptidase of Arabidopsis and rice is encoded by a

single copy gene. In contrast, two full-length genes and

one additional contig were identified for barley, reflect-

ing at least three gene family members. Despite the un-

clear situation for C85, this subfamily might harbour

promising candidates for further investigation, as the

high contig number suggests implication for this type of

cysteine peptidases in remobilisation processes taking

place in at least one analysed tissue.

N transporters

The new dataset was aligned with all N trans-

porter amino acid sequences of rice and Arabidopsis

derived from Aramemnon [12] and phylogenetic trees

were constructed.

All putative members of the AAT family from barley

cluster into the subgroups described for A. thaliana by

Rentsch et al. [13]. We furthermore included the group

of transporters related to EcTyrP, a tyrosine-specific per-

mease of E. col. [38]. The phylogenetic tree of AAT

sequences (Figure 6, Additional file 1: Figure S1) contains

33 functionally characterised transporters (Additional

file 2: Table S2). 26 of them reside in the ATF clade and

seven are APC transporters. Most genes with proven func-

tionality (27) are from Arabidopsis, only three from rice,

and four from barley. These transporters are listed in

Additional file 2: Table S2 and include two barley trans-

porters (HvAAP1 and 2) that were characterised in the

author’s lab.

From 71 RNA-seq contigs of the barley NRT1/PTR

family only 45 cluster into the four subfamilies defined

Figure 2 Blast2GO annotation of RNA-seq contigs and H35 unigenes. The result is based on gene ontology terms level 3 of the category

Molecular Function. 21,525 sequences from flag leaves, 10,361 sequences from glumes, 21,199 sequences from grains and 22,043 sequences

from the H35 database were annotated.

Figure 3 Venn diagrams showing organ-specific expression of N transporters and cysteine peptidases.
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by Tsay et al. [14], while 26 sequences form a separate

branch (data not shown). As BLAST analysis showed no

obvious differences between these 26 and the other 45

candidates in sequence similarity to the clustering rice

sequences (data not shown), a unique group in barley

seems unlikely and these sequences were omitted from

the tree. This deviant behaviour might be explained by

the overall heterogeneity within this group or the limited

sequence information of these outliers (average length of

184 aa compared to 305 aa for sequences that clustered).

According to Tsay et al. [14] the subgroups are named

NRT1/PTR-I, II, III and IV (Figure 7, Additional file 4:

Figure S3) although our data would suggest an adjust-

ment of this classification, as the members of the NRT1/

PTR-I group are not monophyletic. The high heterogen-

eity within subgroup I is also reflected by the sequence

Figure 4 New sequence information for N transporter and cysteine peptidase genes. Comparison of RNA-seq and H35 unigenes for

(A) AAT, (B) NRT1/PTR and (C) OPT transporter sequences and for (D) cysteine peptidase unigenes. New information (black areas) from RNA-seq

shows less than 98% identity to H35 unigenes at amino acid level. Additional information (gray-shaded) matches H35 unigenes, but extends

information by more than 50 bp or closes gaps between unigenes. Known information (white areas) did not add new knowledge. Origin of

sequences is represented by gray-shaded areas of the overlapping ellipses at the right side.

Figure 5 Number and average length of unigenes encoding putative N transporters and cysteine peptidases. (A) Total number and

average length of contigs after assembly of all N transporter and cysteine peptidase unigenes available from RNA-seq and H35. (B) Number and

length of N transporter and cysteine peptidase contigs containing sequence information overlapping between the two sources. Black bars

represent H35 information, white bars show results after combining H35 and RNA-seq unigenes. Gray-shaded areas in the ellipses at the

right-hand side represent the origin of the sequences.
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distance matrix data (Additional file 5: Figure S4) show-

ing similarities of 39.1% for subgroup I in comparison to

44.6% and 42.3% for subgroup II and III, respectively.

Although percentages of similarity are even lower for

subgroup IV (37.9%), this branch is monophyletic con-

firming the basic structure presented by Tsay et al. [14].

30 of the presented NRT1/PTR sequences are function-

ally characterised (Additional file 2: Table S2), 18 of

them are coming from Arabidopsis, eleven from rice.

From barley, only HvPTR1 belonging to subgroup II is

functionally characterised so far [15].

All 22 barley sequences functionally annotated as pu-

tative OPT transporters cluster into the phylogenetic

tree presented in Figure 8. Phylogenetic analysis clearly

separates sequences of the OPT type from yellow stripe-

like (YSL) transporters. Also the classification within the

YSLs according to Zheng et al. [26] was reproduced.

Transporters of the YSL groups 1, 2 and 3 show a high

degree of sequence similarity whereas the YSL-4 group

is more diverse (Additional file 6: Figure S6) and not

monophyletic (Figure 8, Additional file 7: Figure S5).

Furthermore, this group is rice specific with only

OsYSL18 functionally characterised [24]. NGS transcrip-

tome data from the rice genome annotation project [39]

point to pollen-specificity of this YSL-transporter group.

Sequences of putative HvYSL-transporters belonging to

subgroups 1, 2 and 3 might be starting points to analyse

micronutrient transport into developing barley grains.

The highest number of functionally characterised OPTs

resides within the OPT and the YSL-1 groups (10 and 8

sequences) while no YSL-3 transporter is functionally

characterised so far.

Additional contribution from sequence analysis of barley

full-length cDNAs

The H35 and pyrosequencing output was compared

with 24,783 barley full-length cDNAs [40]. Combining

information from these datasets reduced the number of

RNA-seq unigenes for all three N transporter classes

and CPEP genes (see Table 4), but also revealed redun-

dancy within the full-length cDNA approach. Thus, a

fraction of these sequences are redundant, at least with

regard to N transporters and CPEP genes.

Both approaches identified additional and so far un-

known sequences. Matsumoto et al. [40] identified 36

novel putative N transporter and CPEP genes, 36 novel

genes were detected by pyrosequencing. In summary,

sequence information of expressed barley N transporters

and cysteine peptidases comprises 78 AAT, 71 NRT1/

PTR, 29 OPT and 120 CPEP unigenes (Table 4). All

RNA-seq unigenes can be considered as expressed in

flag leaves, glumes or grains and are barley-specific as

checked against the barley genome sequence [41].

Expression profiling of AAT genes revealed coordinate

distinct developmental stages in flag leaves, glumes

and grains

RNA-seq and H35 sequences were assembled into 57

AAT, 71 NRT1/PTR and 22 OPT unigenes (Table 5) and,

except 26 NRT1/PTR sequences, they cluster into

defined subgroups in the respective phylogenetic trees

(Figures 6, 7, 8, Additional file 1: Figure S1, Additional

file 4: Figure S3, Additional file 7: Figure S5). This uni-

gene set represents 25 AAT, 8 NRT1/PTR and 5 OPT

full-length sequences and shows a considerably higher

percentage of full-length AAT genes compared to puta-

tive NRT1/PTR and OPT genes (42.3% versus 15.7% and

22.7%, respectively). To exclude a predominant bias of

H35 leading to these numbers, we compared RNA-seq

read numbers contributing to AAT, NRT1/PTR and OPT

contigs. Table 5 shows the number of AAT, NRT1/PTR

and OPT reads representing a ratio of 3:2:1. After nor-

malising read numbers against the average length of

annotated rice N transporters a ratio of 4.0:2.3:1.0 is

obtained (data not shown). So both, the raw and normal-

ised read numbers point to higher transcriptional activity

of AAT genes in comparison to that of the NRT1/PTR

and OPT group. Because of their over-representation in

the set of RNA-seq N transporter sequences we sug-

gested that this group of N transporters might play

an important role in N retranslocation and grain filling.

Because remobilisation related to increasing grain sink

strength might be reflected by changing transcript

levels of associated N transporters we decided to com-

pare expression of the full-length AAT genes in the

three organs.

qRT-PCR analysis was used to estimate transcript

amounts in two-day intervals starting 4 days before

anthesis in vegetative tissues and at anthesis in grains

until 24 DAF, when grain desiccation starts (Figure 9,

upper panel). Among the group of 6 AAT genes showing

highest expression in each of the three organs, AAPs

are clearly overrepresented (Table 6). Besides, LHT

Table 3 Putative papain type cysteine peptidases in

different plant species

Clan Family H.v.* A.t. O.s.

C01 26 (15/4) 40 51

C02 3 (2/1) 1 1

C19 7 (1/1) 37 22

CA C54 1 (0/0) 2 2

C65 1 (0/0) 1 3

C85 17 (2/2) 6 7

C88 4 (1/0) 1 2

total 59 88 88

* full-length barley sequences are given in brackets (total number/new from

RNA-seq).
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Figure 6 Phylogenetic tree of plant AATs. Clustering of 63 Arabidopsis, 80 rice and 59 unique barley sequences with H. vulgare phosphate

transporter 1 (HvPT1) as outgroup. Colours indicate membership to different subgroups of ATF (green) and APC (blue) families, members of the

aromatic amino acid transporters are shown in orange. Full-length barley sequences are given in brackets (total number/new from RNA-seq),

functionally characterized transporters are given in square brackets and mentioned in Additional file 2: Table S2. Sequences from Arabidopsis and

rice, including their respective nomenclature, were extracted from Aramemnon, barley sequences derived from RNA-seq, H35 (only full-length

sequences), publications (HvProT, HvProT2) and previous unpublished work (HvAAP1+ 2) - see also Additional file 2: Table S2. The phylogenetic

tree was constructed using the neighbor-joining algorithm in the program PAUP* [78]. The tree was displayed and manipulated using FigTree

[79]. Clustering of AAT sequences into different subgroups is supported by the sequence distance matrices (Additional file 3: Figure S2). Detailed

version of the phylogenetic tree including ID-numbers of all sequences is given in Additional file 1: Figure S1.
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transporters seem to be important for remobilisation.

HvLHT2 and HvLHT1 are highly expressed in flag leaves

and glumes, respectively. In developing grains their

expression is either very low or not detectable. There,

specific members of the ANT group are highly expressed,

HvANT3 between 6 and 8 DAF and HvANT4 during early

as well as late grain development (Figure 9, upper panel).

To visualise relationships between the three tissues,

principle component analysis (PCA) was applied to the

tissue-specific qRT-PCR results. Then, K-means clustering

was used to identify developmental stages that might be

related to each other. The results of the two-step proced-

ure are depicted in the lower panels of Figure 9. In each

panel, coloured areas represent related stages. For all

three organs, a group including stages 8 and 10 DAF was

identified (violet areas). Besides, developmental stages

representing the late phase of grain development form sep-

arate groups (areas coloured in yellow). K-means clusters

Figure 7 Phylogenetic tree of plant NRT1/PTRs. Clustering of 52 Arabidopsis, 81 rice and 46 unique barley sequences; for consolidation of

the tree, sequences from Alnus glutinosa (AgDCAT1) and Brassica napus (BnNRT1) were included (according to Tsay et al. [14]). Colours indicate

membership to subgroups I (green), II (blue), III (orange) and IV (yellow) as defined by Tsay et al. [14]. Barley sequences were derived from

RNA-seq, H35 (only full-length sequences), publications (HvPTR1) and previous unpublished work (IPK_HvPTR2, 3, 6). Clustering of NRT1/PTR

sequences into different subgroups is supported by the sequence distance matrices (Additional file 5: Figure S4). Detailed version of the

phylogenetic tree including ID-numbers of all sequences is given in Additional file 4: Figure S3. For further explanations see legend of Figure 6.
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coloured in green represent stages of early development.

They are highly dispersed, especially between flag leaves

and glumes (lower panels of Figure 9A, B).

Discussion
The majority of N accumulating in cereal grains origi-

nates from proteins remobilised from vegetative organs,

but interactions of grain filling and remobilisation are

only poorly understood. Here we used large-scale tran-

scriptome pyrosequencing of flag leaves, glumes and

developing grains to identify putative cysteine peptidases

and transporters of amino acids, peptides and oligopep-

tides involved in N remobilisation and retranslocation

into developing grains. This approach suggests that dis-

tinct amino acid transporters might be important in

sink-source communication between remobilising organs

and accumulating grains.

RNA-seq revealed the specific character of the glumes

transcriptome

The read numbers gained by transcriptome sequencing

are similar with about 0.5 million for each organ with

higher values for flag leaves (Table 1). Also average

length and number of reads per contig are compar-

able between the three organs. In glumes lower contig

numbers but higher read numbers per contig were found

Figure 8 Phylogenetic tree of plant OPTs. Clustering of 17 Arabidopsis, 26 rice and 22 unique barley sequences. Colours indicate membership

to the OPT (yellow) and the yellow stripe-like (YSL) family. According to Zheng et al. [26] YSL transporter sequences are subdivided into the

subgroups YSL-1 (red), YSL-2 (orange), YSL-3 (green) and YSL-4 (blue). Barley sequences were derived from RNA-seq and publications (HvYSL1+ 2).

Clustering of OPT sequences into different subgroups is supported by the sequence distance matrices (Additional file 6: Figure S6). Detailed

version of the phylogenetic tree including ID-numbers of all sequences is given in Additional file 7: Figure S5. For further explanations see legend

of Figure 6.
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and furthermore the number of singletons in the glume

transcriptome is only one third compared to flag leaves

and grains. This suggests either higher specificity or

lower complexity of the glumes transcriptome.

Comparison of the three transcript sets as visualised

in Figure 1 revealed high similarity between flag leaf

and grain contigs (34.8% of identical sequences). On the

other hand, only about 5% of glumes sequences are

identical with those in flag leaves or grains, pointing

again to either higher specificity or lower complexity of

the glumes transcriptome.

Another argument underlining the specific character

of the glumes transcriptome comes from annotation of

organ-specific RNA-seq contigs and its comparison to

H35 based on gene ontology terms (Figure 2). These

results suggest a different function of the glumes tran-

scriptome compared to the two other tissues especially

regarding transport activity. Potential functions of the

glumes transcriptome are more similar to these of H35

than to those of flag leaves and grains. H35 contigs

consist of ESTs derived from several different tissues.

Thus, functional annotation of the glumes transcriptome

points to expression patterns representing an average of

many tissues. This indicates that annotated functions in

glumes are less tissue-specific, whereas transcriptomes

of flag leaves and grains seem to be tissue-specific and

functional annotation indicates similarity between the

two organs.

In summary, comparisons between the transcriptomes

of flag leaves, glumes and grains indicates that gene

expression in glumes is less tissue-specific and might be

characterised by higher activity of a lower number of

genes. The glumes transcriptome seems to be different

from those of flag leaves and grains whereas the latter

two organs reveal functional similarity to each other.

Glumes might function as mediator between remobilising

vegetative tissues and accumulating grains

Relative to grains, both flag leaves and glumes are source

organs. Nitrogen mobilisation during grain filling and

the role of flag leaves and glumes have been studied pre-

dominantly in wheat [3,42,43]. These studies revealed

different cellular organisation and distribution of glumes

compared to leaves of the same developmental stage

[43]. Glumes have more sclerenchyma cells, which serve

as a supporting structure for the grain. Compared to

flag leaves, glumes contain less green tissue and, conse-

quently, fewer chloroplasts and less Rubisco [44,45].

During grain development, a decline in the content of

soluble proteins is detected in both flag leaves and

glumes but patterns of remobilisation differ. Protein

content in flag leaves remains constant up to anthesis

and declines when grains develop. Glumes continue to

accumulate protein until 5 DAF before remobilisation

starts. The different initiation time of remobilisation

suggests that glumes act as a transient sink for N derived

from flag leaves and senescing vegetative organs. These

studies indicate that glumes are supplying nitrogen to

the grains during later developmental stages [43].

Glumes contain high percentages of Gln, Pro, Lys, Arg

and His [43]. Considerable high contents of Gln, Lys,

Arg and His also occur in the nucellar projection (NP)

compared to endosperm transfer cells (ETC) at the

beginning of grain filling [46]. The NP/ETC complex

represents the transfer path between maternal and filial

grain tissues and also functions as a metabolic interface

to precondition amino acid supply to the developing

endosperm. In NP cells, gene expression of different

cytosolic isoforms of Gln synthetase (GS) could be

involved in re-assimilation of ammonia from protein

breakdown and production of N transport compounds

[46]. Such a function has been suggested also for GS

present in glumes [43].

In summary, flag leaves and glumes obviously function

differently, at least during early grain development when

sink strength of the endosperm is still low. Analogies

can be observed between glumes and supplying maternal

grain tissues. This suggests that the glumes metabolism

is adjusted to the changing demands of developing

Table 5 Overview of sequence information on N

transporter genes

N transporter group Reads Unigenes Full-length % full-length

AAT 2,973 57 25 42.3

NRT1/PTR 2,040 71 8 15.7

OPT 1,016 22 5 22.7

Table 4 Comparison of N transporter and cysteine peptidases (CPEP) sequence information from full-length cDNA* and

RNA-seq data

Gene family Raw data After assembly Found in H35 New Overall

cDNA RNA- seq cDNA RNA- seq cDNA RNA- seq cDNA Excl. RNA- seq Excl.

AAT 99 57 69 55 54 46 15 9 9 3 78

NRT1/PTR 98 71 55 56 42 42 13 8 14 9 71

OPT 27 22 19 20 14 14 9 8 6 5 29

CPEP 120 59 89 59 78 40 11 11 19 19 120

*Matsumoto et al. [40]; numbers of unigenes shown.
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grains and points to a putative function of the glumes as

mediator between (remobilising) vegetative tissues and

(accumulating) grains.

RNA-seq identified a set of putative cysteine peptidase

and N transporter genes possibly involved in remobilising

and accumulating of nitrogen

RNA-seq provided new sequence information for cyst-

eine peptidases and N transporter genes compared to

H35 (Figure 4), reduced redundancy and increased uni-

gene length within H35 data (Figure 5B). With respect

to full-length cDNAs published by Matsumoto et al.

[40], 36 contigs were identified as unique in the collec-

tion of pyrosequences (Table 4). While these new

sequences might be involved in degradation and retran-

slocation of N compounds during grain development

those cDNAs present only in the H35 or Matsumoto

collections should be less relevant for such functions.

Cysteine peptidases

Papain-like cysteine peptidases play an important role

in naturally senescing barley tissues [8,9], especially be-

tween 7 and 21 days post anthesis [47]. Although several

genes encoding cysteine proteases are upregulated dur-

ing senescence [6,8,48-50], direct evidence for the impli-

cation of specific members from this class of proteases

in protein degradation is lacking.

Combination of H35 and RNA-seq sequence informa-

tion identified a set of 59 unigenes that encode Papain-

like cysteine peptidases (Table 4). This set represents 21

full-length sequences and 38 unigenes that belong to an

unknown number of genes. Some of these sequences

Figure 9 Transcript profiling, principle component analysis (PCA) and K-means clustering of 25 AAT genes. Distinct developmental

phases were identified in flag leaves (A), glumes (B) and developing grains (C). Tissues were analysed in two-day steps starting 4 days before

anthesis (-4) in flag leaves and glumes and at 4 DAF in developing grains until 24 DAF. The heat maps (upper panels) reflect relative transcript

abundances after normalisation against actin expression (blue = low expression; red = high expression). Developmental phases as identified by

PCA are given in the lower panels, numbers represent DAF. Results of K-means clustering are visualized by encircling of respective stages. Light

violet areas represent the transition phase.
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might belong to the same gene but cannot be aligned

(redundancy problem). These candidates can be consid-

ered as active between anthesis and DAF 24 in at least

one of the three tissues. In comparison, the total number

of cysteine peptidase genes from the same peptidase

family of rice and Arabidopsis is high (88 candidate

genes in both species) pointing to a certain degree of

specificity of the newly assembled contigs for remobilisa-

tion. In the C01 and C85 families most unigenes (26 and

17), as well as most new full-length sequences (4 and 2)

were found (Table 4), predestining their members as

promising candidates. Analysis of tissue-specificity and

localisation of the respective gene products to defined

cellular compartments remain to be done.

Amino acid permeases seem to be predominant in N

retranslocation and grain filling

AAPs seem to be predominant in N retranslocation and

grain filling. This conclusion was derived from over-

representation of this gene family in the set of RNA-seq

derived N transporter sequences (Table 5) and from its

very strong expression in both, source and sink tissues

(upper panel of Figure 9, Table 6). Two of the highly

expressed putative AAP genes (HvAAP2, HvAAP6) are

active only in the source tissues flag leaves and glumes,

two others (HvAAP4 and HvAAP7) are expressed in

source as well as sink tissues. Among the putative trans-

porter genes listed in Table 6, HvAAP3 is specific for

grains. HvAAP3 but also HvAAP4 show high sequence

similarity to AtAAP1 and AtAAP8 (Additional file 1:

Figure S1). The two Arabidopsis transporters play a role

in supplying developing seeds with nitrogen [51,52].

HvAAP2 and HvAAP6 are closely related to AtAAP2

and AtAAP5 (Additional file 1: Figure S1). AtAAP5 is

expressed in mature leaves, stems and flowers and

involved in long-distance transfer of amino acids, espe-

cially glutamine, the predominant amino acid found in

the phloem [53]. Promoter-reporter gene fusions showed

that AtAAP2 is expressed in vascular tissues of stems

and siliques. Furthermore, AtAAP2 expression is tightly

associated with phloem strands that connect to fruits.

Thus, AtAAP2 seems to be an excellent candidate for

xylem-phloem transfer along this path [54,55], a role that

might also be assumed for HvAAP2 and HvAAP6.

HvAAP7 is a member of a separated branch of the AAT

tree harbouring only uncharacterised rice and barley

sequences (Additional file 1: Figure S1). Because of its

high expression in flag leaves and glumes during grain

filling, HvAAP7 can be considered as being an interesting

candidate for functional studies in barley.

Besides members of the AAP family, the two putative

transporters HvLHT1 and HvLHT2 seem to be specific-

ally important for N retranslocation in flag leaves

(HvLHT2) and glumes (HvLHT1). At the sequence level,

the two proteins are closely related to each other and to

the functionally characterised OsHT1 [56]. Because of

its high expression and strong tissues-specificity (see

upper panels of Figure 9), HvLHT1 might be an excellent

candidate to elucidate the specific role of glumes for N

supply to the developing grains. Two members of the

ANT gene family (HvANT3, HvANT4, Table 6) are highly

expressed in developing grains (Figure 9, upper right

panel). Because only one member of the large ANT fam-

ily is functionally characterised so far (AtANT1, [57]),

any hint to possible functions of HvANT3 and HvANT4

in grain filling is missing.

A putative role for amino acid transporters in

sink-source communication

Seed sink strength for N, which means the ability of the

grain to attract and import N compounds, is due to high

storage protein synthesis and high demand and/or inten-

sity of active uptake via membrane-localised transporters

[58]. Recent work in our lab demonstrated that increas-

ing sink strength due to overexpression of an amino acid

transporter in legume seeds increases amino acid supply,

total seed N and protein content [59,60].

In barley grains, highest expression of storage protein

genes occurs between 10 and 12 DAF [61]. Storage pro-

tein accumulation starts two days later in aleurone and

starchy endosperm cells [62]. Simultaneously, when high

N sink strength is initiated a set of AAT genes is tran-

scriptionally activated in grains (Figure 9C, upper panel).

Remarkably, expression of these genes is low between 8

and 14 DAF, but higher during early development. PCA

and K-means clustering of AAT gene expression data,

clearly separate three groups of data points belonging to

stages 4 and 6 DAF, 8 to 14 DAF and 16 to 24 DAF

Table 6 AAT genes with high expression in flag leaves,

glumes and developing grains*

Flag leaf Glumes Grains

AAP HvAAP2 HvAAP2 -

- - HvAAP3

HvAAP4 HvAAP4 HvAAP4

HvAAP6 HvAAP6 -

HvAAP7 HvAAP7 HvAAP7

others - HvLHT1 -

HvLHT2 - -

HvProT1 - -

- HvAUX1 -

- - HvCAT1

- - HvANT3

- - HvANT4

*For each tissue the six AAT genes showing highest expression levels

are presented.
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(lower panel of Figure 9C). These groups have been

assigned to pre-storage, intermediate (transition) and

storage phases of barley grain development, respectively.

This staging of grain development has been deduced

from transcript profiling of 12,000 grain-expressed uni-

genes. Data evaluation justified the intermediate phase

between 6 and 10 DAF [61]. Considering expression

profiles of AAT genes alone, the intermediate phase

would start two days later and would be prolonged to

14 DAF (lower panel of Figure 9C). This reflects the

interval between beginning starch accumulation in the

differentiated caryopsis centre (6 DAF, [63]) and high

storage protein synthesis in the peripheral parts of the

grain. Such difference in the beginning of the transition

phase reflects delayed beginning of protein accumulation

compared to starch biosynthesis, and also reveals the in-

ternal gradient of caryopsis differentiation.

The highly expressed members of the AAT gene family

in flag leaves and glumes differ from those in filling

grains (upper panels of Figure 9), but phases of grain

development are also reflected in the supplying organs

flag leaves and glumes (lower panels of Figure 9). In

grains and glumes, transition phase and grain filling in-

clude the same stages (8 to 14 DAF and 16 to 24 DAF,

respectively). This supports the hypothesis that glumes

adjust metabolism according to the specific demands of

the grains. Remarkably, expression of AAT genes in flag

leaves is elevated four days earlier than in glumes and

grains (upper panels of Figure 9). Thus, flag leaves seem

to respond to the expected demand for amino acids

before sink strength is established in grains and respect-

ively, the transition phase starts two days earlier. Striking

differences are visible between flag leaves and glumes

during pre-anthesis and early grain development (−4 to

6 DAF). This strengthens the assumption that glumes

function in a distinctive way compared to flag leaves,

at least during early grain development.

Increasing N demand can generate long-distance sig-

nals within the plant [64]. Possibly certain N compounds

or amino acids could be translocated through the

phloem and its fluctuating levels might signal the nitro-

gen status of the plant. Especially glutamate has been

suggested to function as an evolutionary conserved

long-distance signal in plants as well as in animals [65].

Cytokinins can also be involved in signalling the N sta-

tus of the plant [66,67]. The phloem might be important

in delivering signals to distantly located plant organs. In

this way, high grain demands for N might decrease

assimilate levels in the phloem which could generate

signals for remobilisation in the source.

We hypothesise that in such a way phases of grain

developmen could be perceived in the ear-near tissues flag

leaf and glumes. This would suggest development-specific

signalling which mediates sink-source communication

during grain development and which also might regulate

AAT gene expression. Tissue-specific regulation of sink/

source transition can also play a role as observed

from fluctuating transcript abundances of AAT genes espe-

cially in flag leaves. Overall, such hypothetical relationship

in sink-source communication has been derived from

expression profiles of a collection of genes which tran-

scripts are over-represented in a specific set of pyrose-

quences which demonstrates the power of this approach.

Conclusions
Analysis of the overall dataset showed, that flag leaves

and glumes obviously have different functions during

early grain development when endosperm sink strength

is low. Analogies in gene expression observed between

glumes and the supplying maternal tissues indicate that

glumes function as mediators between remobilising

vegetative tissues and accumulating grains. Combination

of already known and newly derived sequence informa-

tion reduced redundancy, increased contig length and

identified new members of cysteine peptidase and N

transporter gene families. Participation of the respective

gene products in either N remobilisation or accumula-

tion can be expected. Amino acid permeases (AAPs), a

sub-group of the AAT family of N transporters seem to

be predominant in N retranslocation and grain filling. In

phylogenetic trees, putative HvAAP genes which are

highly expressed in remobilising tissues cluster together

with functionally characterised Arabidopsis transporters

responsible for long-distance transport of amino acids.

In contrast, grain-specific AAPs are most similar to Ara-

bidopsis transporters active in developing embryos. Based

on expression profiling of AAT genes and subsequent

statistical data analysis we hypothesise that high grain

demands for N might decrease assimilate levels in the

phloem which could generate signals for remobilisation in

the source. Our future scientific work will be focussed on

identification of metabolic/hormonal phloem compo-

nents, which signal the grain N status to the plant.

Overall, cysteine peptidase and N transporter sequences

as identified in this study might be of high interest for

applied research because of their obvious role in N parti-

tioning for grain filling. Up to now, information is based

only on transcript data. For application of this knowledge

in development of new breeding strategies, the specific

role of individual candidates (for instance specific cysteine

peptidases, LHT, AAP and ANT genes) in N remobilisa-

tion and accumulation has to be clarified.

Methods
Plant growth and RNA preparation

Barley (Hordeum vulgare L.) plants of cv. Barke were

grown in pots with Substrat2 (Klasmann-Deilmann

GmbH, Germany) and fertilized with 10 g Osmocote
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(Scotts Ind BV, Netherlands) and 0.2% solution of

Hakaphos red (Compo GmbH & Co KG, Germany) at

3 leaf and at heading stage, respectively. The plants grew

in the greenhouse at 18°C with 16 h of light. Develop-

mental stages for barley grains were determined as

described by Weschke et al. [63]. Flag leaves, glume frac-

tions (including palea, lemma and awn) and grain tissues

were collected based on grain developmental stages. For

flag leaves and glumes, samples were collected in two

day intervals starting from 4 days before anthesis until

24 days after flowering (DAF). Grains from 0, 4, 8, 10,

12, 14 DAF were manually dissected into maternal and

filial parts and whole caryopses were sampled at 16,

20 and 24 DAF. Total RNA was isolated separately

from each tissue at different stages using Purescript

RNA isolation kit (Biozym, Hamburg, Germany). To

prepare RNA samples for transcriptome sequencing,

equal amounts of RNA from all stages were united for

each tissue to achieve 27 μg of RNA for each organ. Pyr-

osequencing of the three libraries using the Roche/454

GS-FLX Titanium technology was done by GATC Bio-

tech (Konstanz, Germany).

Sequence analysis

Generated raw reads are accessible at EMBL/EBI,

European Nucleotide Archive (ENA Project ERP001286,

[68]). All reads were adaptor and quality trimmed using

SeqClean [69]. Clustering and assembling was done sep-

arately for each library using the TGICL pipeline [70].

The pipeline uses megablast [71] for pre-clustering and

CAP3 [72] for sequence assembly. The overlap settings

for assembly were 95% identity and 35 bp overlap (all

other parameters were set to default). The best BLASTn

[73] hit of individual reads against all contigs was used

to determine read numbers per contig. To cross-check

these results, a second assembly has been generated

using Newbler [74], (data not shown).

Comparisons of assembled sequences to public data-

bases and each other were done by BLAST similarity

searches [73] with different E-values. For stepwise blast,

a perl script [75] using several BioPerl packages [76] was

written. To determine Gene Ontology (GO) terms,

sequences were analysed using Blast2GO [34,35].

To obtain in silico expression levels numbers of

all single reads matching one contig in the BLASTn

query (E-value >1E-20) and derived from the same tissue

were summarized.

Identification of N transporter sequences

BLASTn of all contigs from the tissue-specific assem-

blies was done against N transporter collections (AAT,

OPT, NTR1/PTR) selected from H35 [30]. Setting blast

E-value to <1E-10 we considered sequences beyond that

cut-off as putative candidates. Candidates were assembled

with H35 sequences using the standard algorithm of

Lasergene 8 (DNAStar Inc, Madison, USA). Newly created

contigs and remaining RNA-seq singletons were used for

further analysis.

Confirmation of the amino acid sequences was done

by BLASTp against Aramemnon [12] and comparison

to rice homologs. Identities between 30-94% (AAT),

59-92% (OPT) and 51-94% (NRT1/PTR) were observed.

To exclude contaminations, a BLASTn of these

sequences was done against the available barley genomic

sequence [41] and verified the barley specificity with

identities between 97 and 100% on nucleotide level.

Phylogenetic trees

Basic alignments for tree construction and correspond-

ing sequence distance matrices were calculated using the

ClustalW algorithm with Blosum protein weight matrix

in Lasergene 8 (DNAStar Inc, Madison, USA) with

HvPT1 [77] included as outgroup. For each dataset

(AAT, OPT, and NRT1/PTR) mean pairwise distances

between sequences were calculated and clustered with

the neighbor-joining algorithm in PAUP* [78]. Bootstrap

support values were calculated by 1000 bootstrap re-

samples for each dataset. Phylogenetic trees were visua-

lised with FigTree v1.3.1 [79]. The EMBL accessions of

RNA-seq N transporter sequences and IPK previously

unpublished sequences (HvAAP1, HvAAP2, HvPTR2,

HvPTR3, HvPTR6) are summarised in Additional file 8:

Table S3, the additionally used EST-sequences are avail-

able at H35 [30].

Identification of cysteine peptidase sequences

Cysteine peptidases were identified by BLASTn searches

(E-value <1E-10) against known cysteine peptidases

sequences from H35 and by BLASTx (E-value <1E-10)

searches against cysteine peptidases from Arabidopsis

thaliana and Oryza sativa [80,81]. Candidates from

the three tissue libraries were assembled with H35

sequences using the standard algorithm of Lasergene 8

(DNAStar Inc, Madison, USA). The created contigs and

remaining RNA-seq singletons were used for further

analysis. For annotation and classification of the cysteine

peptidases the translated amino acid sequences were

compared by BLASTp to those of known cysteine pepti-

dases from barley and homologs from Arabidopsis and

rice in the MEROPS database [37]. To exclude contami-

nations, sequences were blasted against the available

barley genomic sequence [41] and were verified with

identities between 93 and 100% at nucleotide level.

qRT-PCR analysis

Plant material was collected in two day steps (flag

leaf −4 – 24 DAF, glumes −4 – 24 DAF, filial grain

tissue 4 – 24 DAF) and homogenised at −80°C.
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Total RNA was extracted using Spektrum Plant

Total RNA Kit (Sigma Aldrich, Steinheim, Germany)

and treated with RNase-free TURBO™ DNase

(Ambion, Life Technologies, Darmstadt, Germany).

cDNA was synthesized from 2 μg of total RNA with

Superscript™ III (Invitrogen, Life Technologies,

Darmstadt, Germany) using poly(dT) and random

hexamer primers according to the manufacturer’s

instructions. 1 μg diluted cDNA (1:32) was used for

qRT-PCR with gene-specific primers (Additional

file 9: Table S1). Real time PCR was performed using

ABI Prism 7900HT Sequence Detection System and

Power SybrGreen PCR Mastermix reagent; data was

analysed with SDS 2.2.1 Software (all Applied Biosys-

tems, Darmstadt, Germany). Determination of a suit-

able reference gene, test of PCR efficiencies and

determination of CT values were done according to

Radchuk et al. [82]. The CT values were determined

for three biological replicates, with three technical

replicates for each value, and normalized against

actin expression (ΔCT). The arithmetic averages of

the ΔCT values were calculated and 2-ΔCT values

were used for clustering and visualization of data

with Multiple Experiment Viewer v4.7 [83].

PCA and K-means clustering

The entire set of qRT-PCR data was subjected to

principle component analysis (PCA) and analysed using

the J-Express software 2011 [84]. Thereby, the first axis

was placed in the direction of the largest variance com-

ponent, the second orthogonal axis in direction of the

second largest variance. As about 60% of the total vari-

ance is represented along the first axis, and more than

12% along the second, coordinates on these two axes

which together represent nearly two third of the total

variance are plotted in Figure 9. To center the given data

set and to define number of clusters representative for

each tissue K-means clustering [85] was performed using

OriginPro 8.1 [86].

Additional files

Additional file 1: Figure S1. Detailed phylogentic tree of plant AATs.

Clustering of 63 Arabidopsis, 80 rice and 72 barley sequences

(accounting for 59 unique sequences). To support the tree, barley

full-length sequences from H35 and publications were included. Barley

sequences are written in violet, functionally characterised transporters in

dark green (see Additional file 2: Table S2).

Additional file 2: Table S2. Functionally characterised N transporters in

phylogentic trees.

Additional file 3: Figure S2. Sequence distance matrices of AAT genes

from Lasergene data. Only percent similarity is shown.

Additional file 4: Figure S3. Detailed phylogentic tree of plant NRT1/

PTRs. Clustering of 52 Arabidopsis, 81 rice,1 Brassica napus, 1 Alnus

glutinosa and 52 barley sequences (accounting for 46 unique sequences).

To support the tree, barley full-length sequences from H35 and

publications were included. Barley sequences are written in violet,

functionally characterised transporters in dark green (see Additional file 2:

Table S2).

Additional file 5: Figure S4. Sequence distance matrices of NRT1/PTR

genes from Lasergene data. Only percent similarity is shown.

Additional file 6: Figure S6. Sequence distance matrices of OPT genes

from DNAStar data. Only percent similarity is shown.

Additional file 7: Figure S5. Detailed phylogentic tree of plant OPTs.

Clustering of 17 Arabidopsis, 26 rice and 24 barley sequences

(accounting for 22 unique sequences). To support the tree, barley

full-length sequences from H35 and publications were included. Barley

sequences are written in violet, functionally characterised transporters in

dark green (see Additional file 2: Table S2).

Additional file 8: Table S3. EMBL accessions of N Transporters.

Additional file 9: Table S1. Primers used in qRT-PCR.
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Abstract

During grain filling in barley (Hordeum vulgare L. cv. Barke) reserves are remobilized from vegetative organs. Glumes 

represent the vegetative tissues closest to grains, senesce late, and are involved in the conversion of assimilates. 

To analyse glume development and metabolism related to grain filling, parallel transcript and metabolite profiling in 

glumes and endosperm were performed, showing that glume metabolism and development adjusts to changing grain 

demands, reflected by specific signatures of metabolite and transcript abundances. Before high endosperm sink 

strength is established by storage product accumulation, glumes form early, intermediary sink organs, shifting then 

to remobilizing and exporting source organs. Metabolic and transcriptional transitions occur at two phases: first, at 

the onset of endosperm filling, as a consequence of endosperm sink activity and assimilate depletion in endosperm 

and vascular tissues; second, at late grain filling, by developmental ageing and senescence. Regulation of and tran-

sition between phases are probably governed by specific NAC and WRKY transcription factors, and both abscisic 

and jasmonic acid, and are accompanied by changed expression of specific nitrogen transporters. Expression and 

metabolite profiling suggest glume-specific mechanisms of assimilate conversion and translocation. In summary, 

grain filling and endosperm sink strength coordinate phase changes in glumes via metabolic, hormonal, and tran-

scriptional control. This study provides a comprehensive view of barley glume development and metabolism, and 

identifies candidate genes and associated pathways, potentially important for breeding improved grain traits.

Key words: ABA, barley (Hordeum vulgare L. cv. Barke), glumes, jasmonic acid, NAC transcription factors, nitrogen (N) 

remobilization, N transport, seed development, WRKY transcription factors.

Introduction

During seed illing carbon (C) and nitrogen (N) compounds 

are remobilized from vegetative organs and transported to 

the seeds. Vegetative organs in barley and wheat are pho-

tosynthetically active, providing carbohydrates until late 

grain illing. By contrast, 60–90% of grain N originates from 

remobilization out of vegetative organs (Hirel et al., 2007). 

Among the photosynthetically active tissues, glumes hold an 

exceptional role, as the organs nearest the grains. In wheat, 

glumes have a unique cellular and chloroplast distribution 

associated with their particular metabolism and supporting 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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grain maturation (Waters et al., 1980; Lopes et al., 2006). Up 

to 30% of photosynthates imported into grains derive from 

photosynthetic activity of glumes (Grundbacher, 1963).

Most N derived from other source tissues is not directly 

transported into developing grains, but instead transported 

through and eventually converted within glumes (Waters 

et al., 1980; Simpson et al., 1983).

Compared to lag leaves, glumes senesce late and thus could 

be important for N translocation during later grain illing. 

Thereby, the capacity of glumes to convert and translocate N 

during senescence is an important trait to assess in breeding 

for higher grain protein content.

To fulil these tasks, glume metabolism must be coor-

dinated with the different phases of grain development. In 

barley endosperm, cellularization begins around 4 days after 

pollination (DAP) and is completed 1–2 days later. The pre-

storage/cellularization phase, from anthesis to 6 DAP, and the 

storage phase, starting at 8–10 DAP, are separated by a tran-

sition stage characterized by transcriptional reprogramming 

and a switch into storage mode (Sreenivasulu et  al., 2004). 

Between 8 and 10 DAP, the endosperm starts accumulating 

storage products, develops high sink strength for sucrose and 

N, and enters the linear phase of dry matter accumulation 

between 10 and 20 DAP (Weschke et al., 2000). Physiological 

maturity is reached around 24 DAP followed by desiccation.

Endosperm phase changes are accompanied by differ-

ences in sink strength, which affect metabolism, remobili-

zation, and transport of resources into and from vegetative 

organs. As would be expected, central metabolism in glumes 

is coordinated with such changes during grain illing (Lopes 

et al., 2006). There is a lack of detailed knowledge about this 

cross-talk at the molecular level, and of metabolic and tran-

scriptional adjustments according to the speciic demands of 

grains. The remobilization of assimilates and reserves dur-

ing seed illing is highly regulated (Watanabe et  al., 2013). 

The WRKY (contains the WRKY amino acid signature at 

the N-terminus and zinc-inger structure at the C-terminus) 

and NAC (NAM, ATAF1,2, CUC) transcription factors 

are involved in regulating remobilization and senescence 

(Balazadeh et  al., 2010; Breeze et  al., 2011; Fischer, 2012). 

In barley, speciic members of the NAC transcription fac-

tor gene family are co-regulated with senescence-associated 

genes in senescing lag leaves (Gregersen and Holm, 2007; 

Christiansen and Gregersen, 2014). In wheat the NAC tran-

scription factor Gpc-B1 accelerates senescence and increases 

nutrient remobilization from leaves (Uauy et al., 2006).

Remobilized N from protein degradation has to be trans-

ported across membranes by speciic transporters (Tegeder 

and Rentsch, 2010). Members of the amino acid transporter 

family (ATF) and nitrate/peptide transporter family (NPF) 

are key components in remobilization, and functionally char-

acterized transporters are expressed in tissue and develop-

ment speciic-manners. AtAAP1 is involved in amino acid 

uptake into embryos (Hirner et al., 1998; Sanders et al., 2009), 

AtAAP8 is involved in amino acid uptake into endosperm 

(Schmidt et al., 2007), and AtPTR5 is preferentially expressed 

during early seed development (Komarova et al., 2008). Barley 

HvPTR1 transports peptides from endosperm to growing 

embryos during germination (West et al., 1998). Transporters 

involved in amino acid uptake into cells have mainly been 

characterized (Tegeder, 2012), but recently AtBAT1 (Dündar 

and Bush, 2009) and AtSIAR1 (Ladwig et  al., 2012) have 

been shown to export amino acids out of cells with appar-

ently opposing functions. While AtBAT1 shows preferen-

tial expression in sink tissues (Dündar, 2009), AtSIAR1 

expression is associated with source tissues, and Arabidopsis 

mutants have lower contents and disturbed homeostasis of 

amino acids in siliques (Ladwig et al., 2012).

The aim of this study was to analyse temporal changes 

of transcript and metabolite abundances in glumes and 

endosperm during barley grain development. Such paral-

lel proiling allows a correlation of shifts in glume metabo-

lism and remobilization events with distinct phases of grain 

development. Furthermore, possible signals and transporters 

involved in coordinating metabolism and N translocation 

between glumes and endosperm are presented and discussed.

Material and methods

Plant growth and harvest

Barley (Hordeum vulgare L.  cv. Barke) was grown in greenhouses 
with 16 h light/8 h dark. Stages of grain development were deter-
mined as described previously (Weschke et al., 2000). Glumes and 
endosperm tissue were collected between 10am and 12pm in 2- or 
4-day intervals starting at anthesis (glumes) and 4 DAP (endosperm) 
until 24 DAP. Endosperm was manually separated from pericarp 
between 4 and 14 DAP, and whole caryopses were sampled between 
16 and 24 DAP.

Array design

Transcript data from HarvEST assembly 35 (www.harvest.ucr.edu), 
two RNAseq experiments (Kohl et al., 2012; Thiel et al., 2012a), and a 
full-length cDNA collection (Matsumoto et al., 2011) were assembled 
to 46 114 unique barley contigs using TGICL pipeline (http:// compbio.
dfci.harvard.edu/tgi/) as described previously (Kohl et  al., 2012). 
Sequences were annotated using Blast2go (Gene Ontology terms) 
(Conesa et al., 2005), Mercator (bincodes) (Thimm et al., 2004), and 
BLAST (Altschul et al., 1990). Best hits were obtained from BLASTx 
similarity searches against UniRef90 (www.uniprot.org), TAIR10 
(www.arabidopsis.org), Oryza sativa (http://rice.plantbiology.msu.
edu/, last accessed 31 December 2014), and UniProtKB/Swiss-Prot 
(www.uniprot.org). Unambiguous 60 bp oligomer probes were derived 
using eArray (Agilent Technologies, Santa Clara, USA) and a part of 
this probe set was replicated. Microarray design and expression data is 
available at EMBL-EBI ArrayExpress, accession E-MTAB-3040.

RNA isolation, labelling, and array hybridization

Glume and endosperm material for three biological replicates was 
harvested from 0 (only glumes), 4, 8, 10, 14, 18, and 24 (glumes and 
endosperm) DAP; and total RNA was extracted with a Spectrum™ 
Plant Total RNA Kit (Sigma Aldrich, Steinheim, Germany). 
RNA integrity was conirmed using the Bioanalyser system 
(Agilent Technologies). 100 ng RNA was used for cRNA synthe-
sis and Cy3-labelling with a Low Input Quick Amp Labelling Kit 
(Agilent Technologies). Labelling eficiency, and amount and qual-
ity of cRNA, were assured using an ND-1000 Spectrophotometer 
(NanoDrop Technologies, Wilmington, USA) and Bioanalyser sys-
tem. 600 ng labelled cRNA was used for fragmentation and array 
loading (Gene Expression Hybridization Kit, Agilent Technologies). 
Hybridization was done for 17 h at 65°C. After washing (Gene 
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Expression Wash Buffer Kit, Agilent Technologies) and drying, 
arrays were scanned at 5 µm resolution using an Agilent Technologies 
Scanner G2505C. Resulting images were evaluated (determination 
of spot intensities, background correction) with Feature Extraction 
V11.5 (Agilent Technologies).

Data evaluation

Data evaluation was done with Genespring V12.5 (Agilent 
Technologies). Values were log2 transformed and quantile normal-
ized, before relative expression values were calculated by subtract-
ing the median expression of each probe from the other values 
of this speciic probe (baseline transformation). After removing 
outliers and transcripts without signiicant expression at any time 
point, ANOVA (P ≤ 0.005, FC ≥ 3) and FDR correction (Benjamini-
Hochberg) was performed. These stringent parameters were chosen 
in order to identify important transcripts without (unnecessarily) 
expanding the data set.

Preparation of vascular tissue

Seeds were harvested (eight biological replicates) at 4, 8, 10, 14, 18, 
and 24 DAP according to Thiel et al. (2009). Vascular tissues were 
micro-dissected from the middle of the grain with 30 µm thickness 
per section (Supplementary Figure S1).

UPLC measurements

Extraction and measurement are described in Thiel et  al. (2009), 
with the following changes: 10 mg of dried material was used; before 
extraction, 5  µl Norvalin (5mM) were added; 100  µl aliquots of 
extract were concentrated under vacuum and dissolved in 200  µl 
water.

C/N and starch measurements

Total C and N were determined from dried and ground material 
using a Vario EL Elementar analyser (Elementar Analysensysteme 
GmbH, Hanau, Germany). Starch was measured as described 
(Weschke et al., 2000).

Metabolite profiling by GC-MS

For GC-MS measurements of polar central metabolites, 100 mg 
(glumes) and 10 mg (endosperm) fresh material from six biological 
replicates was collected in 2-day steps (0–24 DAP) for glumes and 
at 4, 8, 10, 14, 18, and 24 DAP for endosperm. Sample preparation, 
extraction and data evaluation were done as described by Weichert 
et al. (2010). Data was visualised with the VANTED software pack-
age (Junker et al., 2006). To analyse micro-dissected grain vascular 
tissue, 9 nl material for eight biological replicates was collected at 
4, 8, 10, 14, 18, and 24 DAP, extracted, and evaluated as described 
previously (Riewe et al., 2012; Thiel et al., 2012b).

Results

Growth parameters, starch and N content

Growth parameters were analysed for glumes between 0 

and 24 DAP and for endosperm from 4 to 24 DAP. Glume 

dry weight increased steadily by 40% from 0 to 8 DAP fol-

lowed by a transient decrease of 20% between 8 and 10 DAP. 

Thereafter, dry weight rose slightly, remained constant until 

20 DAP and declined thereafter (Fig. 1A). Total N in glumes 

increased until 8 DAP, followed by a sharp decline at 8 DAP 

without further changes until 20 DAP and a slight decrease 

thereafter (Fig. 1B). Starch content in glumes was generally 

low compared to endosperm (Supplementary Table S1) and 

decreased by 65% between 0 and 10 DAP, before increasing 

by 15% from 18 to 24 DAP (Fig. 1C). Endosperm dry weight 

and starch content rose at ~8 DAP followed by linear accu-

mulation during the main storage phase (10 to 20 DAP), lev-

elling off  afterwards (Fig. 1A, C). Total N increased linearly 

from 8 DAP until around 20 DAP (Fig. 1B).

The results show that from anthesis glumes accumulated 

dry weight and N until approximately 8 DAP, followed by a 

considerable decrease, coinciding with the start of starch and 

dry weight accumulation in the endosperm.

Comparative gene expression analysis in glumes and 
endosperm

Comparative transcript analysis was performed in glumes and 

endosperm to analyse changes in central metabolic pathways, 

remobilization, and transport processes, as well as putative reg-

ulatory elements. Labelled cRNA from glume (0–24 DAP) and 

endosperm (4–24 DAP) fractions were hybridized to Agilent 

microarrays. In endosperm and glumes, 8998 and 3999 tran-

scripts were identiied as differentially expressed (signiicant dif-

ferences between at least two stages; Supplementary Tables S2, 

S3). General proiles for both tissues are similar, revealing three 

distinct phases: (i) high differential expression between 0 and 

8–10 DAP in glumes and endosperm; (ii) low differential expres-

sion between 8–10 and 14 DAP for glumes and endosperm; (iii) 

high differential expression after 14 DAP (Fig. 2A, B).

Central carbohydrate and N metabolism

In glumes, gene expression related to glycolysis (e.g. Glc-6-P 

epimerase, enolase, cytosolic/plastidic pyruvate kinase, and 

Fig. 1. Changes of physiological parameters during endosperm (ES) and glume (GL) development. Relative changes (maximum amount = 100%) are 
shown for (A) dry weight (Dw), (B) total N, and (C) starch content (St) between 0 and 24 DAP. Data points represent three to five biological replicates ±SD.
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phosphoglycerate mutase) decreased steeply from 0 to 8 DAP 

and slightly thereafter. This was similar to the expression of 

the main starch metabolism genes, such as sucrose synthase, 

various starch synthases, and ADP-Glc pyrophosphory-

lase. By contrast, expression of seven genes related to glyco-

lysis and seven associated with starch biosynthesis strongly 

increased in endosperm from 4 to 8 DAP, remained con-

stantly high up to 14 DAP, and declined thereafter (Fig. 3).

In glumes between 4 and 8 DAP genes related to the tricar-

boxylic acid (TCA) cycle (2-OG dehydrogenase, succinyl CoA 

ligase, and malate dehydrogenase) and to the mitochondrial 

electron-transport chain (mETC) (succinate dehydrogenase, 

NAD:ubiquinone oxidoreductase, and ATP synthase), were 

steeply upregulated. In endosperm, expression of TCA cycle-

related genes, such as citrate synthase, pyruvate dehydroge-

nase or NAD-isocitrate dehydrogenase, was highest at 4 DAP, 

decreased steadily until 10 DAP, and remained constant until 

24 DAP (Fig. 3).

In glumes, nine genes associated with amino acid biosyn-

thesis were most highly expressed at 0 and 4 DAP, followed 

by decreasing expression. Four are involved in the aspartate 

pathway towards lysine, methionine, and threonine biosyn-

thesis; two others are involved in arginine biosynthesis. By 

contrast, endosperm expression of nine genes related to 

amino acid biosynthesis increased at 8 DAP and decreased 

after 18 DAP (Fig. 3). Endosperm expression of storage pro-

tein genes increased strongly from 4 to 8 DAP, and remained 

at a high level until 24 DAP (Fig. 3).

Transcript analysis revealed opposing trends for certain 

metabolic pathways such as glycolysis, and starch and amino 

acid synthesis, these being downregulated in glumes but 

upregulated in the endosperm during grain illing. TCA cycle 

and mETC-activities were strongly upregulated in glumes at 

8 DAP, the beginning of grain illing.

Carbohydrate and N transporters

Remobilization of reserves from glumes and accumulation in 

the endosperm depends on eficient transport from sink to 

source. In glumes, expression of several carbohydrate trans-

porter genes increased at 8 DAP and then further until 24 

DAP. This involved hexose/sugar transporters and members 

of the SWEET family, which potentially export sugars from 

Arabidopsis leaves (Chen et  al., 2012). In the endosperm, 

solute transporters related to storage product synthesis (e.g. 

HvSUT1, plastidic translocators for ADP-Glc and phospho-

enol pyruvate) were upregulated at 8 DAP with decreasing 

expression levels towards 24 DAP (Fig. 4).

In glumes, more than 72% of putative amino acid trans-

porters were at least transiently upregulated (Supplementary 

Table S4). Three major proiles were evident, early upregu-

lated (between 0 and 8 DAP), constantly upregulated, and 

late upregulated (after 14 DAP) (Fig. 4).

HvAAP2 was upregulated between 0 and 8 DAP and 

is homologous to AtAAP2, which is involved in xylem to 

phloem transfer and is important for sink N supply (Zhang 

et al., 2010). HvAAP7 and HvAAP11 were upregulated from 

14 and 18 DAP and are possibly involved in senescence-

related remobilization. The second group contained mem-

bers from other ATF subgroups like HvLHT1, speciically 

expressed in glumes and probably important for amino acid 

re-translocation (Kohl et al., 2012), HvCAT1, HvANT4, and 

HvGAT1. Barley homologues of AtBAT1 (Dündar and Bush, 

2009) and AtSIAR1 (Ladwig et al., 2012) showed opposing 

expression proiles. HvBAT3 was upregulated between 0 and 

14 DAP followed by downregulation, while HvSIAR1-like 

was downregulated between 0 and 10 DAP followed by strong 

upregulation.

Bias towards upregulation is less pronounced for puta-

tive nitrate/peptide transporters, where 13 from 30 candi-

dates showed decreasing expression (Supplementary Table 

S4). Within upregulated candidates, three major proiles 

present in the ATF transporters could be observed (Fig. 4). 

Endosperm-expressed N transporters probably facilitate N 

import or distribution. 80% and >73% of ATF and NPF 

transporters, respectively, were upregulated during devel-

opment (Supplementary Table S5). Major patterns showed 

upregulation until 14 DAP, transient upregulation at 8 or 10 

DAP, and constant upregulation after 8 DAP (Fig. 4).

Among transiently upregulated transcripts, HvAAP3 is 

closely related to AtAAP8 and AtAAP1, importing amino 

acids into seeds (Schmidt et al., 2007; Sanders et al., 2009). 

Fig. 2. Expression profiles of 3999 and 8998 differentially expressed transcripts during development in (A) barley glumes and (B) endosperm, 
respectively. Data was derived from microarray experiments (Agilent 8 × 60K customized barley array); each time point represents three biological 
replicates. Raw expression values were log2 transformed, quantile normalized, and centred. Differential expression was detected by ANOVA (P < 0.005, 
FC > 3); single profiles were coloured according to their values at 0 DAP.
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Expression of a BAT-like transcript was also steadily increas-

ing during development, and is possibly involved in phloem 

unloading (Dündar, 2009), while increasing expression of 

OsPUT1-like after 8 DAP indicates polyamine import into 

grains (Mulangi et al., 2012).

Transcriptional transitions in glume metabolism during 
grain filling

Photosynthesis-associated transcripts in glumes were highly 

expressed at 0–4 DAP, with decreasing levels after 8 DAP 

(Fig.  5A). Chlorophyll is degraded during leaf senescence 

by a pathway involving pheophorbide a oxygenase (PAO) 

(Hörtensteiner, 2006). In glumes, HvPAO was upregulated 

from 14 DAP onwards (Fig.  5A), indicating chlorophyll 

degradation only at late seed illing. Protein degradation is 

a prerequisite for N remobilization, and several proteases 

were transcriptionally upregulated in glumes at two distinct 

phases, between 0 and 8 DAP and from 14 DAP onwards. 

This involved several serine-, aspartyl-, and cysteine-

like proteinases including a homologue to Arabidopsis 

senescence-associated gene-12 (SAG12), which is speciically 

activated by developmentally controlled senescence but is not 

stress- or hormone-controlled (Noh and Amasino, 1999).

Whereas several amino acid biosynthesis genes were 

downregulated (Fig. 3), others involved in different parts of 

amino acid metabolism (e.g. homogentisate 1,2-dioxygenase 

and pyrroline-5-carboxylate reductase) were upregulated in 

glumes and may participate in aromatic amino acid and pro-

line degradation. Alanine aminotransferase and glutamine 

synthetase-1 (GS1) could be involved in glutamine biosyn-

thesis for export (Thiel et al., 2009). Thus, expression patterns 

indicate interconversion and/or degradation of certain amino 

acid species in glumes during later grain illing. Transcripts 

of glutamine-dependent asparagine synthase (Gln-ASN) 

increased by 150-fold between 14 and 24 DAP, indicating an 

important role for remobilization (Fig. 5).

Potential metal transporters, like members of natural 

resistance-associated macrophage proteins (NRAMP), zinc 

transporters, yellow stripe-like (YSL), and oligopeptide 

transporters (OPT) were transcriptionally upregulated at 8 

DAP and/or at 24 DAP. Speciic genes of lipid biosynthesis/

Fig. 3. Comparison of transcript profiles between glumes (left panel) and endosperm (right panel) fractions. Relative expression values (means of three 
biological replicates, quantile normalized and baseline transformed) are shown for array contigs (hv_number) involved in central C and N metabolism, 
energy balance, and storage proteins (endosperm only). DCX, decarboxylase; DH, dehydrogenase; LSU, large subunit; PPase, pyrophosphorylase; SSU, 
small subunit.
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degradation were differently expressed during glume devel-

opment. Two members degrading phospholipids, phosphati-

dylcholine phospholipase D, and glycero-P-diesterase were 

strongly upregulated between 0 and 8/10 DAP. Candidates 

involved in degradation of mono- and triacylglycerides, like 

enoyl-CoA hydratase, palmitoyl protein thioesterase, and 

mono- and triacylglycerol lipase were upregulated after 14 

DAP. Enzymes synthesizing long-chain fatty acids, acyl-

activating enzyme, very-long-chain fatty acid-condensing 

enzyme, and 3-ketoacyl-acyl carrier protein were most highly 

expressed at 18 and 24 DAP.

Genes involved in the phenylpropanoid/lignin pathway 

were upregulated in glumes from 8 to 24 DAP, including 

polyphenol oxidase, lavonoid 7-O-methyltransferase, and 

hydroxycinnamoyl-CoA shikimate/quinate hydroxycin-

namoyl transferase. Two genes encoding laccases were con-

stantly upregulated during development. Laccases catalyse 

lignin polymerization from the precursors coniferyl- and 

sinapyl-alcohol, and respective knockouts in Arabidopsis 

drastically reduce the lignin content (Zhao et al., 2013), indi-

cating an important role for ligniication and secondary cell 

wall thickening in mechanical support and water transport 

(Zhao et al., 2013).

Whereas mitochondrial activity was transcriptionally 

activated at 8 DAP (Fig.  3), speciic genes encoding TCA-

cycle and mETC-enzymes, such as pyruvate and NADH 

dehydrogenases, electrontransfer lavoprotein, and alternative 

oxidase, were upregulated only after 14 DAP.

Results from transcript proiling suggest metabolic transi-

tions in glumes from sink to source in accordance to grain 

illing, namely downregulated photosynthesis and upregu-

lated proteolysis, lipid and phenylpropanoid metabolism, and 

mitochondrial activities and metal transport.

Transcriptional and hormonal control of remobilization 
in glumes

NAC and WRKY transcription factors are frequently 

involved in senescence signalling (Zentgraf et al., 2010; Breeze 

et al., 2011; Christiansen and Gregersen, 2014). Most NAC 

transcription factors were upregulated, showing three major 

proiles: (i) upregulation until 8 DAP, with constant levels 

afterwards, including HvNAM-1, homologous to TtNAM-1, 

a regulator of senescence and remobilization in wheat lag 

leaves (Uauy et al., 2006; Distelfeld et al., 2008); (ii) bi-phasic 

upregulation, with increasing transcript abundances between 

0 and 8 DAP and after 14 DAP, including HvNAC006 and 

HvNAC008, homologous to AtORE1 and AtATAF1, control-

ling leaf senescence in Arabidopsis (Kim et al., 2009; Kleinow 

et  al., 2009; Balazadeh et  al., 2010); (iii) upregulation after 

14 DAP obviously associated with developmental senes-

cence (Fig.  5B). The latter group includes HvNAC009 and 

Fig. 4. Expression patterns of putative C and N transporters in glumes (left panel) and endosperm (right panel). Relative expression values (see Fig. 3) 
are presented for putative carbohydrate, nitrate/peptide (NRT/PTR – NPF transporter, respectively), and amino acid (aa) transporters (subgroups: AAP, 
general aa permease; ANT, aromatic and neutral aa transporter; BAT, bidirectional aa transporter; CAT; cationic aa transporter; GAT, GABA transporter; 
LHT, lysine/histidine transporter; PUT, polyamine uptake transporter; SIAR, siliques are red – MtN21-like transporter).
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HvNAC013, upregulated in old ears and grains and old leaves, 

and inducible by methyl-jasmonate (Christiansen et al., 2011).

Nineteen out of 22 WRKY transcription factors 

showed proiles according to (i) and (ii). The latter includes 

HvWRKY12, which is probably involved in age-dependent 

senescence rather than N remobilization (Hollmann et  al., 

2014).

Hormones affect leaf senescence differently; senescence 

is delayed by cytokinins (CKs) and gibberellic acids (GAs), 

and accelerated by abscisic acid (ABA) and jasmonates (JA) 

(Jibran et  al., 2013). Transcripts for carotenoid cleavage 

dioxygenase, involved in early ABA biosynthesis, decreased 

until 10 DAP and increased after 14 DAP. Genes involved 

in late ABA biosynthesis, 9-cis-epoxycarotenoid dioxygenase 

Fig. 5. Expression patterns of components regulating transition in glumes from sink to source tissue. Relative expression values (see Fig. 3) are shown 
for selected transcripts: (A) metabolism; (B) transcription factors and hormones. ABF, ABA-responsive element binding factor; AAO, aldehyde oxidase; 
CCD, carotenoid cleavage dioxygenase; HCT, hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase; LOX, lipoxygenase; NCED, 9-cis-
epoxycarotenoid dioxygenase; PAO, pheophorbide a oxygenase; PAP, papain-like cysteine peptidase; PC, phosphatidylcholine; PKABA, ABA-inducible 
protein kinase; SBPase, sedoheptulose-1,7-bisphosphatase; TF, transferase; YSL, yellow-stripe-like transporter.
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(HvNCED3) and aldehyde oxidase (HvAAO), were upregu-

lated bi-phasically between 0 and 8 DAP and after 14 DAP. 

ABA-inducible protein kinase (HvPKABA1) and ABA-

responsive element binding factor 1 (HvABF1) were similarly 

upregulated bi-phasically and are possibly involved in mediat-

ing GA/ABA responses (Yamauchi et al., 2002; Schoonheim 

et al., 2009).

JA biosynthesis depends on the subsequent action of lipox-

ygenase (LOX), allene oxide synthase and cyclase, 12-oxo-

phytodienoate reductase (OPR), followed by beta oxidation 

(Lyons et  al., 2013). In glumes, continuously upregulated 

genes encode speciic LOX isoforms and enzymes involved 

in late steps of JA biosynthesis (OPRs) and a homologue to 

AtOPLC1, involved in beta oxidation (Koo et al., 2006).

Metabolite contents in developing glumes and 
endosperm

Metabolite levels were measured in glumes and endosperm 

(Fig.  6, Supplementary Table S6), while free amino acids 

were analysed by UPLC (Supplementary Table S7). Levels 

of sucrose, maltose, rafinose, xylulose, rhamnose, and fucose 

increased whereas xylose, arabinose, and trehalose decreased 

in glumes with progressing development. Several sugars are 

involved in cell wall biosynthesis, indicating alterations in cell 

wall dynamics in glumes. In endosperm, hexoses were highest 

during early development whereas sucrose peaked at 8 DAP 

(Weschke et al., 2000).

In glumes, almost all metabolites within the glycolytic, pen-

tose phosphate, and shikimate pathways, like hexoses and their 

phosphates, 6-phospho-gluconate and 3-phospho-glycerate, 

decreased whereas endosperm levels were highest at 8 and 10 

DAP. Inositol and inositol-1-phosphate and sugar alcohols, 

except glycerol, decreased during glume development.

TCA intermediates, except 2-oxoglutarate and malate, 

increased in glumes, while the highest endosperm levels 

occurred at early and mid-development. Phenylpropanoid 

intermediates 4-coumarate, caffeate, ferulate, and sinapate 

also rose during glume development. Metabolites related to 

glycerophospholipid metabolism (ethanolamine, glycerol-

3-P) increased in glumes whereas ethanolaminephosphate 

decreased. In the endosperm all these metabolites decreased 

over time. Fatty acids (stearate, palmitate) rose in glumes while 

endosperm levels declined. GABA, putrescine, 1, 3-diamino-

propane, and β-alanine increased in glumes from 0 DAP to 18 

DAP, while spermidine decreased. In the endosperm all these 

metabolites decreased (Fig. 6).

Free amino acid concentrations in glumes, endosperm, 
and vascular tissue

In glumes between pollination and 8 DAP, the summarized 

concentrations of all free amino acids increased from 11 

to 32  µmol g–1 fresh weight, followed by a drastic decrease 

between 8 and 10 DAP (~50%; Fig.  7A; Supplementary 

Table S7). Thereafter, levels luctuated at around 20  µmol 

g–1. Most amino acids behaved similarly, showing distinct 

declines between 8 and 10 DAP, except Asp and Glu. Asp was 

generally low without larger changes, whereas Glu increased 

throughout. Ser was always higher by 10- to 15-fold com-

pared to Gly. Asn was 2 to 3-fold higher than Gln between 2 

and 10 DAP but not different later on.

In the endosperm, free amino acid levels decreased from 

80 µmol g–1 fresh weight at 4 DAP to 25 µmol g–1 at 14 DAP, 

showing the largest decline between 8 and 10 DAP (Fig. 7B). 

Between 16 and 22 DAP levels remained constant, before 

decreasing at 24 DAP. While Ala, Gln, Glu, and Val fol-

lowed this pattern, Arg, Asn, Pro, Ser, and Thr accumulated 

between 4 and 6 DAP, before their levels declined.

Concentrations of Gln and Pro most strongly declined (by 

~80%) between 4 and 12 DAP. In contrast to Ser, Gly increased 

from 8 to 12 DAP, marking a switch from high to low Ser:Gly 

ratios during grain illing. Asp largely did not change. The results 

indicate a sudden decrease of most free amino acids (especially 

of Pro and Asn) in glumes at 8 DAP. This coincides with exten-

sive use for storage protein synthesis in the endosperm.

As expected, high endosperm demand for amino acids 

due to storage activity is transmitted to the glumes, initiat-

ing remobilization. To analyse possible metabolic signals, 

GC-MS-based metabolic proiling was performed on micro-

dissected regions comprising the main vascular bundles 

of grains between 4 and 24 DAP (Supplementary Figure 

S1). Thirty-two unambiguous metabolites were detected 

(Supplementary Table S8). Temporal proiles of 12 amino 

acids were compared between glumes, endosperm, and vascu-

lar regions (Fig. 8). Amino acid proiles were highly correlated 

(Pearson correlation) between vasculature and endosperm 

with Cvc, en between 0.98 and 0.81 for Gln, Ser, Glu, Thr, Pro, 

Ala, Val, and Asn. Less positive (Cvc, en <0.76) or even nega-

tive correlation (Ala, Glu) occurred between vasculature and 

glumes. This indicates that endosperm amino acid demand is 

propagated via the vasculature. In beech, increased Gln and 

Asp levels in the phloem lead to reduced root NO3
– uptake 

(Geßler et al., 1998) and amino acid feeding negatively regu-

lates expression of high-afinity NO3
–-uptake transporters in 

barley roots (Vidmar et  al., 2000). In a reciprocal manner, 

depletion of certain amino acids such as Gln (Cvc, en = 0.98) 

within the vasculature could signal and communicate 

endosperm demand to vegetative organs.

Discussion

Glumes are the vegetative organs closest to grains and are 

important for converting and translocating assimilates to 

them (Waters et al., 1980; Simpson et al., 1983; Lopes et al., 

2006). Phase changes during endosperm development are 

accompanied by large variations of sink strength that greatly 

affect metabolism in and assimilate luxes from glumes. 

Parallel transcript and metabolite proiling in glumes and 

endosperm during grain illing showed that glume metabo-

lism was adjusted to the changing demands of the grains, 

relected by speciic signatures of metabolite and transcript 

abundances. Obviously, grain illing and ilial sink strength 

coordinate phase changes in glumes via metabolic, hormonal, 

and transcriptional control.
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Glumes are photosynthetically active sinks during the 
pre-storage phase

Transcript proiling in glumes at 0 and 4 DAP revealed high 

activity of photosynthesis, glycolysis, and starch and amino 

acid biosynthesis, but low mitochondrial activity and trans-

port of sugars, peptides and metals. Accordingly, levels 

of hexoses, their phosphates, glycolytic intermediates, and 

starch were highest. By contrast, endosperm gene expres-

sion was low for central pathways glycolysis, and starch and 

amino acid biosynthesis, but high for mitochondrial activity 

before 8 DAP (Figs 3–5). Thus, during the pre-storage phase, 

glumes are photosynthetically active organs with a high level 

of biosynthesis, while the endosperm is a sink with high res-

piratory and mitochondrial activities.

During the pre-storage phase, glumes accumulated dry 

matter, total N, and free amino acids, with concentrations 

increasing nearly 3-fold between 0 and 8 DAP (Fig.  7). 

Likewise, α-amino N content in wheat glumes increases 

signiicantly until 5 DAP (Waters et  al., 1980). This dem-

onstrates that during the pre-storage phase glumes generate 

early and intermediary sinks before high endosperm sink 

strength is established.

Glumes and endosperm display opposed metabolic 
shifts at the beginning of grain filling

At 8–10 DAP metabolic shifts occurred in glumes, indicated 

by decreasing dry matter, starch, total N, and most amino 

acids. At the transcript level this was relected by downregu-

lated photosynthesis, starch and amino acid biosynthesis, 

and glycolysis, but upregulated TCA cycle, mETC activities, 

and transport (Figs 3–5). Endosperm dry weight and starch 

increased linearly after 8 DAP together with storage-asso-

ciated/sink-strength-related gene expression such as sucrose 

and amino acid transporters HvSUT1, HvAAP3, sucrose syn-

thase, ADP-Glc pyrophosphorylase, and hordeins (Figs 3 and 

4). Accordingly, levels of sucrose, glycolytic intermediates, 

Fig. 6. Changes in metabolite levels in barley glumes and endosperm during development. Samples were taken in 2-day steps between 0 and 24 DAP 
(glumes) and at 4, 8, 10, 14, 18, and 24 DAP (endosperm). Levels of proteogenic amino acids and GABA were measured using UPLC with two (Arg, 
Gly) and three biological replicates, respectively. All other metabolites were measured by GC-MS with six biological replicates per time point. Data were 
corrected by internal standard and fresh weight, subsequently maximum normalized and colour coded for each metabolite (maximum amount = 100%, 
values >90% coloured in dark blue, values <10% in dark red), as shown by the insert depicting a constant increase from 0 to 100% between 0 and 24 
DAP. Metabolites without significant changes in one of the tissues are marked (1) for glumes and (2) for endosperm.
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and amino acids were highest at 8–10 DAP in endosperm but 

decreased in glumes (Fig.  6). To conclude, metabolic shifts 

implicate opposing trends for central pathways glycolysis, 

and starch and amino acid biosynthesis, namely downregula-

tion in glumes but upregulation in endosperm at early grain 

illing.

Glumes undergo transition into remobilizing and export-

ing organs coinciding with the beginning of storage activity 

in the endosperm. Phase changes in glumes may be initiated 

by emerging endosperm sink strength. This is supported by 

the fact that removal of sink organs generally prevents remo-

bilization and delays senescence. Amino acid concentrations 

(especially Gln) decrease upon grain illing in wheat lag 

leaves, but increase in response to ear excision (Peeters and 

Van Laere, 1994), indicating that grain sink strength induces 

this drain. Senescence is also delayed by diverse crop manipu-

lations such as inhibiting kernel set in maize and depodding 

(Miceli et al., 1995; Borrás et al., 2003). Instead, senescence in 

spinach plants is induced by exhaustive reallocation of nutri-

ents from leaves to lowers (Sklensky and Davies, 2011).

Metabolic transition of glumes occurs in two phases

Gene expression in glumes suggested metabolic transitions at 

two phases. The irst, at around 8 DAP, is consistent with the 

onset of endosperm storage activity and is probably a conse-

quence of increasing endosperm sink activity. Amino acid pro-

iles in the grain vasculature were highly correlated to those of 

the endosperm, but differed from glumes (Fig. 8). Although the 

total amount of free amino acids in the endosperm increased 

until 18 DAP (data not shown), concentrations of most mem-

bers decreased during early grain illing. Such depletion might 

be transmitted via the vasculature and speciic amino acids 

could function as metabolic signals communicating endosperm 

demand to vegetative organs. Chlorophyll breakdown, regarded 

as a senescence marker (Hörtensteiner, 2006), did not occur at 8 

Fig. 7. Concentrations of free amino acids in (A) barley glumes and (B) endosperm during development. Samples were measured via UPLC in 2- day 
steps from 0 DAP (glumes) and 4 DAP (endosperm), respectively, before data were corrected by internal standard and fresh weight. Each data point 
represents two (Arg, Gly) or three biological replicates ±SD.
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DAP since pheophorbide a oxygenase (PAO) was transcription-

ally activated after 14 DAP. Senescence-associated genes, like 

cysteine proteinase, homologous to Arabidopsis SAG12 (Guo 

and Gan, 2005) and an AtSWEET15 homologue (AtSAG29), 

a potential sugar exporter and senescence-related protein that 

accelerates senescence when overexpressed in Arabidopsis (Seo 

et al., 2011), were also not upregulated before 14 DAP. To con-

clude, developmental senescence in glumes was not initiated 

before 18 DAP (Fig. 5).

The second phase comprised developmental ageing and 

senescence denoting later grain illing. At transcript levels it 

was characterized by a further decrease of photosynthesis, 

glycolysis, and starch biosynthesis, whereas chlorophyll, lipid, 

and amino acid degradation increased together with prote-

olysis, mETC activity, and transport processes. Several genes 

involved in the inal steps of amino acid biosynthesis were 

steadily downregulated, while others were upregulated, espe-

cially at later stages, such as homogentisate 1,2-dioxygenase 

and pyrroline-5-carboxylate reductase, which are probably 

engaged in Tyr, Phe, and Pro degradation.

To conclude, upon the irst metabolic transition (8 DAP), 

glumes are converted into remobilizing and transporting 

organs for assimilates, providing for grain illing. The sec-

ond transition (18 DAP) assigns developmental ageing and 

senescence. The period between is the main storage phase. It 

is obviously important that glumes remain fully functional 

at this stage. Sequential arrangements relect the cascades of 

sink-induced remobilization at 8 DAP and developmental 

ageing after 14 DAP.

Regulation of glume metabolic transitions

NAC and WRKY transcription factors are frequently 

involved in signalling senescence (Uauy et al., 2006; Zentgraf 

et al., 2010; Breeze et al., 2011; Christiansen and Gregersen, 

2014). In glumes, three major patterns of upregulation are 

evident.

HvNAM-1 was upregulated at 8/10 DAP and inluences 

grain protein content (Jamar et  al., 2010), while the wheat 

homologue, TtNAM-1, effects senescence and remobilization 

in lag leaves (Uauy et al., 2006; Distelfeld et al., 2008). Thus, 

HvNAM-1 could be involved in adjusting glume metabo-

lism in response to grain illing. HvNAC001, HvNAC013, 

HvNAC036, and HvNAC044 were upregulated after 14 DAP 

and are induced during leaf senescence (Christiansen et al., 

2011). In glumes, these four NACs could initiate chloroplast 

degeneration, executed by co-induced HvPAO and SAG12-

like proteinase. Twenty-one NACs and WRKYs were bi-pha-

sically upregulated between 0 and 8 DAP and after 14 DAP. 

HvNAC006 and HvNAC008 are homologous to AtORE1 and 

AtATAF1, controlling Arabidopsis leaf senescence (Kim et al., 

2009; Balazadeh et al., 2010), and initiating early senescence 

upon overexpression (Kleinow et al., 2009), respectively.

Biosynthesis and signalling of ABA are upregulated dur-

ing senescence (van der Graaff et al., 2006). HvNCED3 was 

continuously upregulated and HvAAO4 expression increased 

from 0 to 8 DAP and after 14 DAP, indicating that late steps 

of ABA biosynthesis are upregulated in glumes. Accordingly, 

ABA signalling, HvPKABA1, and HvABF1 were bi-phasi-

cally upregulated, supporting ABA functions in glume phase 

transition. JA generally accelerates leaf senescence (Ueda 

et  al., 1981), although mechanisms are still unclear. MeJA 

induces senescence-associated transcripts AtSAG12 (Xiao 

et  al., 2004), AtCLH1/CORI1, and AtERD1/SAG15 (Jung 

et  al., 2007). Enzymes involved in JA biosynthesis, OPRs, 

lipoxygenases, and the AtOPLC1-homologue, involved in 

JA-related β-oxidation (Koo et al., 2006), were continuously 

upregulated in glumes. In contrast to ABA, JA-related tran-

scripts were not bi-phasically upregulated, indicating effects 

only on age-dependent senescence.

Fig. 8. Relative concentrations of free amino acids in barley glumes (Gl), grain vasculature (Vc), and endosperm (Es). Measurements were taken between 
4 and 24 DAP using UPLC for glumes and endosperm, with three biological replicates, and using GC-MS for grain vasculature, with eight biological 
replicates. Concentrations were normalized and colour coded from dark red (low) to dark blue (high) values (see Fig. 6), before Pearson correlation 
(C) was determined for Vc and Gl and Vc and Es, respectively. Correlations are shown in orange (negative) and green (positive); statistically significant 
correlations (P < 0.05) are marked with an asterisk.
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Glume transition from sink to source is accompanied 
by changed expression of N transporters

Switching from import to remobilization/export requires trans-

port/re-translocation of N. HvAAP2, upregulated at 8/10 DAP, 

is homologous to AtAAP2, and involved in Arabidopsis xylem-

to-phloem transfer and sink N supply (Zhang et  al., 2010). 

NPF-members hv_38962 (array contig) and hv_38267 were also 

upregulated at 8/10 DAP and are similar to tonoplast-localized 

AtPTR2/AtNPF8.3, functioning in lowering and seed devel-

opment (Song et al., 1997), and to plasma membrane-localized 

AtPTR5/AtNPF8.2, important for peptide transport in seeds 

(Komarova et  al., 2008). These transporters could potentially 

establish sink strength and intermediate storage in glumes (Fig. 4).

Three putative LHTs were upregulated and potentially 

involved in amino acid remobilization within glumes (Fig. 4). 

Their homologues, AtLHT1 and AtLHT2, import amino 

acids into Arabidopsis leaf mesophyll and tapetum cells (Lee 

and Tegeder, 2004; Hirner et al., 2006). Constantly upregu-

lated NPF transporters hv_29556 and hv_36342 (Fig.  4) 

could import nitrate into glumes similarly to Arabidopsis 

homologues AtNRT1.4/NPF6.2, which accumulates nitrate 

in leaf petioles (Chiu et al., 2004), and AtNRT1.8/NPF7.2, 

involved in xylem unloading (Li et al., 2010).

Four AAPs were upregulated in glumes after 14 DAP (Fig. 4). 

HvAAP11 is related to AtAAP5, involved in phloem loading 

(Fischer et al., 1995). Thus, HvAAP11 is probably exporting 

amino acids during senescence-associated proteolysis in glumes. 

HvAAP10 is homologous to AtAAP6, involved in xylem-to-

phloem transfer (Okumoto et al., 2002). HvAAP10 probably 

relocates amino acids to vascular tissue and developing grains.

NPF-like transporters hv_29548 and hv_13110 were 

upregulated only after 14 DAP. Corresponding Arabidopsis 

homologues AtNRT1.5/NPF7.3 and AtNRT1.11/NPF1.2 

are involved in xylem loading (Lin et al., 2008) and xylem-to-

phloem transfer of nitrate (Hsu and Tsay, 2013), respectively. 

These transporters could translocate nitrate in glumes.

Putative amino acid exporters HvBAT3 and HvSIAR1-

like were opposingly expressed (Fig. 4). HvBAT3, downreg-

ulated after 10 DAP, is homologous to AtBAT1, putatively 

involved in sink phloem unloading (Dündar and Bush, 2009). 

HvSIAR1-like, upregulated after 14 DAP, is homologous to 

AtSIAR1, and involved in amino acid remobilization and 

homoeostasis of Arabidopsis leaves (Ladwig et  al., 2012). 

Switching activities of HvBAT3 and HvSIAR1-like could 

relect the transition of glumes from sink to source.

HvOPT6, with unique expression among oligopeptide 

transporters, was downregulated at 4 DAP and upregulated 

after 14 DAP, and is homologous to glutathione transporter 

OsGT1 (Zhang et al., 2004), suggesting combined N and sul-

phur remobilization.

Glume-specific remobilization of assimilates and 
resources

Gene expression and metabolite proiles indicate glume-spe-

ciic mechanisms of assimilate conversion and translocation 

towards grains. Induced L-alanine:2-oxoglutarate aminotrans-

ferase (Ala:OG-AT) and GS1 together may convert Ala by 

Ala:OG-AT to Glu and further to Gln by GS1 using amino 

groups from protein/amino acid degradation. Gln could then 

either be exported or converted to Asn by Gln-ASN, one of 

the most upregulated genes at 24 DAP (150-fold). This would 

mobilize N as Asn at the expense of Ala and amino N. Gln-

ASN is important for remobilizing N during senescence of 

Medicago truncatula leaves (De Michele et al., 2009). In rice and 

tobacco, Gln-ASN is located in vascular tissues (Gauichon 

et al., 2010). Assuming such a location in glumes suggests that 

Asn is preferentially synthesized in vascular tissue for export 

(Fig. 9A). Accordingly, levels of Ala and Glu remain high in 

glumes during grain illing, whereas Asn decreases 5-fold with 

similar proiles in glumes, vasculature, and endosperm.

Cystathionine-γ-synthase (CGS), involved in Met biosyn-

thesis (Hacham et al., 2013), was upregulated at 24 DAP in 

glumes (100-fold) together with serine acetyl transferase (SAT) 

and cysteine synthase (OAS1), involved in Cys biosynthesis 

from Ser. Upregulated Cys and Met biosynthesis contributes to 

possible conversion of amino N from Ser, Asp, and sulphur to 

phloem-mobile S-methyl-methionine (SMM), (Bourgis et al., 

1999). The pathway (Fig.  9B), involves additional enzymes, 

like aspartate kinase and methionine-S-methyltransferase, 

which were also upregulated in glumes. Similar mechanisms 

are suggested for synthesis and transport of SMM within bar-

ley nucellar projections to translocate reduced sulphur from 

senescing tissue into endosperm (Thiel et al., 2009).

Differential transcription indicated degradation of phos-

pholipids by phosphatidylcholine phospholipase D and 

glycero-P-diesterase, in glumes already at 8 DAP, together 

with biosynthesis of long-chain fatty acids by acyl-activating 

enzyme and very-long-chain fatty acid-condensing enzyme. 

However, degradation of mono- and triacylglycerides (TCGs) 

did not occur before 18 DAP, indicated by upregulated mono- 

and triacylglycerol lipases. These processes are probably 

involved in mobilizing C from membrane lipids into phloem-

mobile sucrose (Kaup et  al., 2002; Troncoso-Ponce et  al., 

2013). To conclude, in glumes, phospholipids from chloroplasts 

are degraded early, accompanied by de novo biosynthesis of 

TCGs. Accordingly, levels of stearate and palmitate increased 

in glumes (Fig.  6). During developmental senescence TCGs 

are degraded and C is converted to phloem-mobile sucrose or 

respired by mETC. Alternatively, acetyl-CoA could be con-

verted into amino acids and to SMM for export (Fig. 9B).

In glumes, mitochondrial metabolism was upregulated at 

early grain illing involving TCA cycle activity, mETC, and 

ATP synthesis and transport, consistent with increased levels 

of citrate, isocitrate, and succinate. As expected, most ATP 

generated in mitochondria is needed to energize transport 

of sugars, amino acids, and peptides. Accordingly, respective 

transporters were co-induced (Fig. 4). Similarly, in senescing 

Arabidopsis leaves, mitochondrial respiration has to supply 

ATP and C skeletons to redistribute N (Hörtensteiner and 

Feller, 2002). Several mitochondrial genes were only upregu-

lated later on, involving respiration and mETC (cytochrome 

c oxidase, electron transfer lavoprotein, NADH dehydroge-

nase) and energy dissipation (alternative oxidase). These genes 

are probably involved in developmental senescence and amino 

acid degradation, also upregulated at the transcript level at 
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24 DAP. Mitochondrial alternative oxidase could balance 

senescence-related stress responses from excess degradation of 

sugars and/or amino acids as shown in legume embryos with 

perturbed metabolism (Gregersen and Holm, 2007; Weigelt 

et al., 2008; Weigelt et al., 2009; Araújo et al., 2014).

Our results show that development of barley glumes after 

anthesis is separated into three phases associated with grain 

development, and these mark the transition from sink to 

source tissue. Until 8 DAP, glumes are growing and photo-

synthetically active tissues accumulating dry weight, total 

N, and free amino acids. Furthermore, decreasing levels of 

starch and glycolytic metabolites as well as the corresponding 

transcripts are observed. Between 8 and 10 DAP, coinciding 

with the beginning of storage protein synthesis in grains, total 

N and free amino acids decrease signiicantly, which prob-

ably represents relocation of nutrients to meet the demands 

of developing grains. Concentrations of free amino acids 

in endosperm and grain vasculature decrease at this stage, 

which could signal increasing N demand to glumes and trig-

ger remobilization. Accordingly, expression of speciic trans-

porters in glumes is upregulated together with enzymes from 

the TCA cycle and mETC providing energy for transport. 

After 18 DAP, glumes undergo developmental ageing and 

senescence, involving chlorophyll degradation by PAO, spe-

ciic proteases, and N transporters. Transition between these 

phases is probably governed by transcription factors from the 

NAC and WRKY families and inluenced by ABA.
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Increasing Sucrose Uptake Capacity of Wheat Grains
Stimulates Storage Protein Synthesis1[W]
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I.S., H.W., S.K., A.V., N.S., M.S., J.K., W.W., H.W.); Max-Planck-Institut für Molekulare Pflanzenphysiologie,
D–14476 Potsdam-Golm, Germany (A.E., J.K.); and Leibniz-Institut für Pflanzenbiochemie, D–06120 Halle
(Saale), Germany (B.H.)

Increasing grain sink strength by improving assimilate uptake capacity could be a promising approach toward getting higher
yield. The barley (Hordeum vulgare) sucrose transporter HvSUT1 (SUT) was expressed under control of the endosperm-specific
Hordein B1 promoter (HO). Compared with the wild type, transgenic HOSUT grains take up more sucrose (Suc) in vitro,
showing that the transgene is functional. Grain Suc levels are not altered, indicating that Suc fluxes are influenced rather than
steady-state levels. HOSUT grains have increased percentages of total nitrogen and prolamins, which is reflected in increased
levels of phenylalanine, tyrosine, tryptophan, isoleucine, and leucine at late grain development. Transcript profiling indicates
specific stimulation of prolamin gene expression at the onset of storage phase. Changes in gene expression and metabolite
levels related to carbon metabolism and amino acid biosynthesis suggest deregulated carbon-nitrogen balance, which together
indicate carbon sufficiency and relative depletion of nitrogen. Genes, deregulated together with prolamin genes, might
represent candidates, which respond positively to assimilate supply and are related to sugar-starch metabolism, cytokinin and
brassinosteroid functions, cell proliferation, and sugar/abscisic acid signaling. Genes showing inverse expression patterns
represent potential negative regulators. It is concluded that HvSUT1 overexpression increases grain protein content but also
deregulates the metabolic status of wheat (Triticum aestivum) grains, accompanied by up-regulated gene expression of positive
and negative regulators related to sugar signaling and assimilate supply. In HOSUT grains, alternating stimulation of positive
and negative regulators causes oscillatory patterns of gene expression and highlights the capacity and great flexibility to adjust
wheat grain storage metabolism in response to metabolic alterations.

The protein content of wheat (Triticum aestivum)
grains is a crucial determinant of bread and pasta
quality and as such is an important economic factor.
Breeding for high protein content is a main goal of
wheat breeders. However, this seems to be difficult
because of the well-known negative correlation be-
tween yield and grain protein content (Simmonds,
1995; Sinclair, 1998; Barneix, 2007). Because of the high
starch levels of wheat grains, this compound is nearly
exclusively yield determinant. Moreover, the required
carbon costs per gram of seed yield is lower for starch
than for protein, given that seed protein production is
energetically more expensive (Vertregt and de Vries,
1987).

There is ample evidence that wheat grains grow
under saturated assimilate supply, indicating that
yield is mainly sink limited. Thus, grain sink strength
seems to be a critical yield-limiting factor (Borrás et al.,
2003; Reynolds et al., 2009). It is anticipated that
modulating the balance between source and sink
may result in increased yield (Reynolds et al., 2009).

Grain filling is largely dependent on assimilate
supply and metabolic regulation (Weber et al., 1997b,
2005). Seeds take up Suc and nitrogen in the form of
amino acids from the apoplast surrounding the filial
tissue (Weber et al., 2005). While seed storage protein
biosynthesis is in general dependent on nitrogen in
pea (Pisum sativum), soybean (Glycine max), maize (Zea
mays), and barley (Hordeum vulgare; Balconi et al., 1991;
Müller andKnudsen, 1993; Salon et al., 2001; Hernández-
Sebastià et al., 2005), Suc also has specific functions as
a transport and nutrient sugar and as a signal molecule
(Smeekens, 2000; Koch, 2004). In legume cotyledons
and barley endosperm, Suc level increases at the onset
of maturation, marks the switch from maternal to filial
control of seed growth, and is associated with matu-
ration (Weber et al., 2005). Suc is taken up by trans-
porters within epidermal/endospermal transfer cells
and is degraded by Suc synthase and invertases to-
ward starch production (Weber et al., 1997a; Tegeder

1 This work was supported by the Federal Ministry of Education
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for Cultural Affairs (grant no. 0045KL/0805T).
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et al., 1999; Weschke et al., 2000). Three Suc transporter
genes are expressed in the developing grain of hexa-
ploid wheat (Aoki et al., 2002). Although gene expres-
sion was detected in the maternal nucellar projection,
in the filial aleurone/subaleurone transfer cells it has
been suggested that Suc transport is restricted only to
filial tissues (Bagnall et al., 2000). In legume and barley
seeds, Suc induces storage-associated gene expression
at the transcript level and up-regulates enzymes like
Suc synthase and ADP-Glc pyrophosphorylase (Heim
et al., 1993; Weber et al., 1998; Weschke et al., 2000). In
legume seeds, Suc feeding disrupts the meristematic
state, induces cell expansion and endopolyploidiza-
tion (Weber et al., 1996), and promotes cotyledonary
storage activity at the transcript level (Ambrose et al.,
1987; Corke et al., 1990). In Arabidopsis (Arabidopsis
thaliana), Suc induces a number of storage-related
genes, among them oleosins, 2S and 12S globulins, as
well as leafy cotyledon (Lec)- and fusca (Fus)-like tran-
scription factors (Tsukagoshi et al., 2007). Seed protein
content is partially regulated by increased availability
of carbon acceptors in the form of organic acids (Miflin
and Lea, 1977), which indicates general carbon limita-
tion for amino acid/seed protein synthesis (Weigelt
et al., 2008). Taken together, Suc initiates maturation,
signals the transition into the storage mode, thereby
acting on transcriptional and metabolic levels, and is
thus a key player within the regulatory network con-
trolling seed maturation (Weber et al., 2005).
We have previously shown that overexpression of

an amino acid permease, VfAAP1, in pea embryos
increases amino acid supply and total seed nitrogen
and protein content but leads to deregulation of
carbon-nitrogen balance (Weigelt et al., 2008). More-
over, Suc transporter overexpression in pea cotyledons
also increases seed proteins (Rosche et al., 2002, 2005).
The rate-limiting role of Suc transporters has been
shown for rice (Oryza sativa). Here, suppression of
OsSUT1 reduces grain starch and leads to a wrinkled
phenotype (Scofield et al., 2002).
Here, we present an in-depth analysis of wheat lines

overexpressing the barley Suc transporter HvSUT1
(Weschke et al., 2000) under the control of an endosperm-
specific promoter using phenotypical analysis together
with combined transcript and metabolite profiling.
The aims of this study were 2-fold: first, to evaluate
the potential of improved Suc uptake capacity on
wheat grain quality and yield; second, to analyze
assimilate and sugar effects on grain storage metab-
olism. The most pronounced finding was an increase
of individual grain protein content, especially of
prolamins. Suc transporter overexpression obviously
modified metabolic flux potential, with only subtle
changes of metabolite steady-state concentrations.
Such an effect could be important during specific
stages when Suc uptake becomes limited due to
insufficient activity of endogenous transporter. On
the other hand, HvSUT1-overexpression deregulates
the metabolic status of wheat grains. We found that
such metabolic alterations can effectively be balanced

by activation of different signaling components, hav-
ing the capacity to adjust grain storage metabolism in
response to metabolic alterations and showing high
flexibility of wheat grain storage.

RESULTS

Generation of Wheat Lines Overexpressing HvSUT1 in
the Grain

The cDNA of the barley Suc transporter HvSUT1
(Weschke et al., 2000) was fused to the Hordein B1
promoter (HO; Heim et al., 1995), which is highly
active in maturing cereal endosperm. Wheat transfor-
mation was performed by biolistic (Varshney and
Altpeter, 2001) and Agrobacterium tumefaciens-mediated
(Hensel et al., 2009) gene transfer. Three independent,
PCR-positive homozygous lines (HOSUT10, -11, and
-20) were chosen and analyzed by Southern hybridi-
zation for copy number. Compared with wild-type
wheat, one or two additional bands appear in lines
HOSUT11, -20, and -10, indicating single insertions
(Fig. 1A). Quantitative reverse transcription (RT)-PCR
revealed similar transgene expression in grains of all
three lines, with increasing levels between 6 and 14 d
after fertilization (DAF), a plateau phase between 14
and 18 DAF, and a further increase from 18 to 26 DAF
(Fig. 1B). Overexpression of HvSUT1 is directed to
endosperm cells, which are normally not engaged in
Suc uptake. Suc uptake is mediated by a SUTwithin the
modified aleurone/subaleurone transfer cells (Bagnall
et al., 2000). Levels of total nitrogen were found to be
increased in mature seeds of all three homozygous
lines of the T2 (HOSUT11 and -20) and T4 (HOSUT10)
generations by 5% to 13% compared with the wild type.
Thousand grain weight was significantly increased for
HOSUT20 and -10 (Fig. 1C). Levels of starch were not
different on a per gram basis (data not shown).

HvSUT1 Overexpression Increases Suc Uptake
into Grains

To prove the function of HvSUT1 overexpression,
we measured 14C label incorporation after short-term
labeling with [14C]Suc of immature grains of wild-
type wheat and lines HOSUT10 and -20 at 19 DAF.
Preincubation with the covalent protein modifier di-
ethylpyrocarbonate, which is known to inhibit proton-
coupled symport (Bush, 1989), led to 30% to 50%
inhibition of label incorporation. Compared with the
wild type, HOSUT10 (Fig. 2A) and HOSUT20 (Fig. 2B)
grains incorporated about 30% to 40% more 14C, indi-
cating that endosperm-specific HvSUT1 expression
increased Suc uptake into grains.

HvSUT1 Seeds Have Higher Grain Nitrogen and
Prolamin Contents

Line HOSUT10 (T4 generation) was chosen for
further analysis. To study whether ectopic expression
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of HvSUT1 changes gene expression of endogenous
Suc transporters, we performed quantitative real-time
PCR on growing endosperms, showing that gene ex-
pression of the three endogenous wheat transporters
TaSUT1A, -1B, and -1D (Aoki et al., 2002) was not dif-
ferent between HOSUT10 and the wild type (Fig. 2C).

To analyze the impact of Suc transporter overex-
pression on seed quality characteristics, plants were
grown in greenhouses, in soil beds under semicon-
trolled conditions, and in field trials. Compositional

analysis of mature HOSUT10 grains demonstrated
that compared with wild-type seeds, total nitrogen
content, which reflects grain protein content, was
increased. To analyze the accumulation of different
storage protein classes, seed protein was extracted
from mature grains and separated into the fractions
albumins/globulins and the prolamin classes gliadins
and glutenins. Under all growth conditions, there
was a significant increase of gliadins and glutenins,
whereas the albumin/globulin fraction was unchanged,
indicating a specific stimulation of prolamin synthesis
in SUT1-overexpressing grains (Table I). There was a
slight but significant increase in total seed carbon,
whereas starch content was unchanged under semi-
controlled and field conditions and slightly decreased
for the greenhouse-grown material. Compared with

Figure 1. Characterization of HvSUT1-overexpressing wheat lines. A,
Independent lines HOSUT10 (T4 generation), -11, and -20 (T2 generation)
were analyzed for transgene integration by DNA gel-blot analysis. WT,
Wild type. B, Quantitative real-time PCR analysis of HOSUT caryopses
for transgene expression. Values aremeans of three biological replicates6
SD. C, Total nitrogen (N) and thousand grain weight of mature HOSUT
grains (greenhouse grown). n = 5 to 10 6 SD. Significant differences
according to t test are as follows: aP , 0.05, bP , 0.01. W, Wild type.

Figure 2. Suc uptake and TaSUT gene expression. A and B, 14C label
incorporation was measured after 10 min of labeling with [14C]Suc of
immature grains ofwild-typeCerto and linesHOSUT10 (A) andHOSUT20
(B) at 19 DAF. Thirty-minute preincubation was done with the covalent
protein modifier diethylpyrocarbonate (DEPC), known to inhibit proton-
coupled symport. Significant differences according to t test are as follows:
aP , 0.05, bP , 0.01, cP , 0.001. C, Quantitative RT-PCR of gene
expression of endogenous wheat Suc transporters in HOSUT10 and wild-
type endosperm. Values shown are means of at least three replicates6 SD.
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the wild type, thousand grain weight was significantly
higher in HOSUT10 by 10% and 6.8% under semi-
controlled and field conditions. Overall, from mea-
sured parameters, an increase was observed in relative
yield (seed mass per plant) and in protein yield in
HOSUT10 grains. However, this was significant only
when plants were grown under semicontrolled condi-
tions (Table I).

HOSUT10 Grains Display Altered Development

Grain developmental parameters were analyzed for
line HOSUT10 and wild-type grains. Unexpectedly,
there was no change in Suc levels between 6 and 34
DAF (Fig. 3A) and in mature grains (data not shown).
Fresh and dry weight accumulation of HOSUT10 and
wild-type caryopses was similar only at early and mid
development. However, at later stages, from 26 DAF
onward, accumulation in HOSUT10 grains further in-
creased. In contrast, the wild-type fresh and dry weight
accumulation curve becameflattenedbetween 26 and 30
DAF (Fig. 3, B and C). This indicates a prolonged filling
phase due to HvSUT1 overexpression. However, there
was no apparent difference between the timing when
HOSUT10 and wild-type grains reached maturity.
Abscisic acid (ABA) is the major hormone required

for the initiation of seed maturation as well as for seed
dormancy and desiccation tolerance (Finkelstein et al.,
2002). ABA levels, measured on a fresh weight basis,
during caryopses development were similar between
8 and 22 DAF but significantly lower in HOSUT10
grains between 26 and 34 DAF (Fig. 3D), which may
also indicate altered maturation behavior of HOSUT10
grains, as seen from the dry/fresh weight accumula-
tion curve.

Transcriptional Changes in HOSUT10 Grains Compared
with the Wild Type

In order to compare gene expression between
HOSUT10 and wild-type grains during development,
we isolated mRNA from grains at 6, 8, 10, 12, 14, 18, 22,
and 26 DAF for hybridization to an Affymetrix Gene-

Chip Wheat Genome Array representing 55,052 tran-
scripts from the hexaploid wheat genome (http://
www.affymetrix.com/products_services/arrays/
specific/wheat.affx). In a first screen, 1,700 sequences
were selected with altered gene expression between
HOSUT10 and wild-type grains. Approximately 50%
of these candidates revealed no annotation and were
designated as “unknown.” A subset of 109 sequences
was further selected with clear annotations that rep-
resent members of functional groups: amino acid
metabolism, cell proliferation, nitrogen-carbon signal-
ing, transcription factors, mitochondrial metabolism,
hormone functions and development, primary and
secondary metabolism, seed maturation, and trans-
port (Supplemental Table S1). From this collection,
altered gene expression between HOSUT10 and wild-
type grains was verified by quantitative RT-PCR at 10
stages between 6 and 34 DAF using three biological
replicates. Supplemental Table S2 shows those genes
that are differentially expressed, based on quantitative
RT-PCR in HOSUT10 grains (P , 0.05) in at least one
developmental stage.

HvSUT1 Overexpression Preferentially Stimulates
Prolamin Gene Expression

Strikingly, altered gene expression was observed for
10 sequences encoding members of the prolamin class
of storage protein genes. Together with an oleosin
gene, these candidates show a characteristically al-
tered pattern. At the very early stage (6 DAF), gene
expression was down-regulated in HOSUT10. How-
ever, at this stage, absolute gene expression levels of
prolamins are still very low. This was followed imme-
diately by a strong up-regulation between 8 and 14
DAF. At later stages, there were less distinct changes
within this group, with at best slight up-regulation at
18 DAF (Fig. 4A). Such a pattern indicates that SUT1
overexpression strongly stimulates prolamin gene ex-
pression, especially at the transition from prestorage
and storage phase. The collection of genes with altered
expression (Supplemental Table S2) was screened for
other members with a pattern similar to that of pro-

Table I. Compositional analysis of mature grains of line HOSUT10 grown under different conditions

Values are means 6 SE. Statistically significant differences according to Student’s t test are as follows: aP , 0.05, bP , 0.01, cP , 0.001.

Variable
Field Trial 2006/2007 Semicontrolled 2006/2007 Greenhouse 2006

HOSUT10 Wild Type HOSUT10 Wild Type HOSUT10 Wild Type

Nitrogen (% of total mass) 2.62 6 0.05a 2.45 6 0.04 2.73 6 0.01b 2.60 6 0.03 3.62 6 0.05c 3.12 6 0.05
Albumins/globulins (%) 100.87 6 1.82 100 98.68 6 1.26 100 99.61 6 1.02 100
Gliadins (%) 112.67 6 2.64b 100 109.61 6 2.24b 100 115.26 6 2.77c 100
Glutenins (%) 106.32 6 2.04a 100 105.98 6 1.88a 100 123.93 6 4.38c 100
Carbon (% of total mass) 44.81 6 0.01b 44.67 6 0.03 44.78 6 0.01c 44.58 6 0.03 45.06 6 0.03b 44.88 6 0.01
Nitrogen-carbon ratio 0.058 6 0.001a 0.055 6 0.001 0.061 6 0.0003b 0.059 6 0.001 0.080 6 0.001c 0.07 6 0.001
Grain protein (% of total mass) 14.95 6 0.29a 13.96 6 0.2 15.54 6 0.07b 14.81 6 0.18 20.66 6 0.3c 17.79 6 0.28
Starch (% of total mass) 62.5 6 0.8 64.1 6 0.8 62.8 6 0.2 64.3 6 0.7 60.3 6 0.5a 64.1 6 0.8
Thousand grain weight (g) 44.0 6 1.6 41.2 6 2 51.0 6 0.4a 46.4 6 1.7 58.6 6 0.5 57.4 6 0.5
Yield impact (%) 112.1 6 19.1 100 129 6 6.2b 100 100.21 6 20.8 100
Protein yield impact (%) 120.6 6 21 100 136.3 6 5.2c 100 116.4 6 24.2 100
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lamin genes, explicitly distinct up-regulation between
8 and 14 DAF. Thereby, a group of 10 members was
identified (Fig. 4B), among them three from sugar-
starch metabolism, Suc synthase, granule-bound
starch synthase 1, and starch-branching enzyme, and
a His-containing phosphotransfer protein, which is
potentially involved in cytokinin signaling in wheat
(Ma and Tian, 2005). Two other genes have putative
roles in cell proliferation, cell division protein AAA

ATPase (Park et al., 2008) and phosphatidylinositol
3- and 4-kinase (Choi et al., 2008). Other sequences have
homologies to Early flowering4 involved in oscillatory
properties, circadian rhythm, and light signaling
(McWatters et al., 2007), and to flavonol synthase, which
is inducible by Suc supply and nitrogen depletion
(Lillo et al., 2008). One gene encodes 11-b-hydroxysteroid
dehydrogenase with a potential role to promote or
mediate brassinosteroid effects. Its overexpression in
Arabidopsis and canola (Brassica napus) improved
growth and seed yield (Li et al., 2007). Finally, one
sequence encodes an ABI5 homolog, which in Arabidop-
sis is involved in ABA signaling and is transcriptionally
activated in response to sugars (Arroyo et al., 2003).

Altered Gene Expression in HOSUT10 Grains Related
to Metabolism

Increased protein content indicates possible stimu-
latory effects on amino acid metabolism. Eight genes
encoding enzymes of amino acid metabolism were
differentially expressed in HOSUT grains (Supplemen-
tal Table S2), although without a clear overall tendency.
Plastidial Gln synthetase and Asp kinase were strongly
up-regulated, especially at later stages (Supplemental
Table S2). Asp kinase catalyzes the synthesis of Thr and
Lys and is strongly feedback inhibited by these end
products (Ben-Tzvi Tzchori et al., 1996). On the other
hand, glutamate dehydrogenase (GDH) was clearly
down-regulated, especially at 30 and 34 DAF. GDH
catalyzes amino acid breakdownand is inducedunder
carbon-deficient conditions (Miyashita and Good,
2008). Its strong down-regulation in HOSUT10 grains
may indicate carbon sufficiency. Accumulation of
2-oxoglutarate at DAF 22 to 26 together with de-
creased Glu but not Gln may also support this as-
sumption (Supplemental Table S2).

Furthermore, there was a preferential up-regulation
in HOSUT10 grains of genes encoding mitochondrial
enzymes involved in carbohydrate metabolism and
respiration, especially during mid and late develop-
ment, such as uncoupling protein (34 DAF), ATP
synthase F1 (22 and 26 DAF), pyruvate dehydrogenase
E1 (30 DAF), alternative oxidase (10, 14, and 18 DAF),
and malate dehydrogenase (30 and 34 DAF). This may
indicate increased usage and respiration of carbohy-
drates within mitochondria of HOSUT10 grains. There
is also a striking up-regulation of pyruvate decarbox-
ylase (PDC), which is normally involved in fermenta-
tion pathways. However, under conditions of high
sugars and glycolytic fluxes, PDC may bypass pyru-
vate dehydrogenase toward acetyl-CoA synthesis and
therefore could support mitochondrial energy produc-
tion (Gass et al., 2005).

Deregulated Gene Expression in HOSUT10 Grains
Related to Hormonal and Signaling Functions

A subset of genes deregulated in HOSUT10 grains
revealed a striking inverse pattern with up-regulation

Figure 3. Growth parameters of HOSUT10 grains. A, Suc concentra-
tion in caryopses 6 SD (n = 5). B, Fresh weight accumulation (n = 100).
C, Dry weight accumulation (n = 100). D, ABA concentration (pmol g21

fresh weight)6 SD (n = 5). Significant differences according to t test are
as follows: aP , 0.05, bP , 0.01.
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at 10, 14, 22, and 30 DAF and with down-regulation
at 8, 12, 18, and 26 DAF (Fig. 4C). Two of these genes
encode key enzymes of ABA and cytokinin metabo-
lism, 9-cis-epoxycarotenoid dioxygenase 2 and protein
cytokinin-O-glucosyltransferase. Three others encode
transcription factors, TaMyb1 and bZIP-like, both with
unknown functions in wheat, and Myb4, with possible
roles in stress response (Vannini et al., 2004). A set of
four genes encoding two proteins, each of the trehalose
and the SnRK1 pathways, show a very similar oscil-
lating pattern (Fig. 4D). Signaling pathways of SnRK1
and of trehalose are known to be involved in the

regulation of carbohydrate metabolism (Lunn et al.,
2006; Radchuk et al., 2006). In summary, these genes,
which in HOSUT10 grains show the particular pattern
of an oscillatory up- and down-regulation mode in-
versely to the prolamin genes, mainly encode tran-
scription factors and regulatory genes of hormonal
and carbohydrate pathways.

Metabolite Profiling

Metabolite profiling was performed from HOSUT10
and wild-type grains at stages 6, 8, 10, 12, 14, 18, 22,

Figure 4. Ratios of gene expression,
HOSUT10:wild type. Gene expression was
determined by quantitative real-time PCR
at 10 stages of development with three
biological replicates. Data were extracted
from Supplemental Table S2 and are log2
transformed. A, Storage protein and storage-
associated genes. B, Genes revealing a
cluster similar to that presented in A. C
and D, Genes revealing a cluster inverse
to that presented in B. For full description
of genes, see Supplemental Table S2.
Identifier numbers refer to the Affymetrix
GeneChip.
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and 26 DAF (Supplemental Table S3). Hierarchical
clustering of all metabolites (Supplemental Fig. S1)
illustrates clusters according to their developmental
behavior and clearly distinguishes minor (top) from
major (bottom) changes. Steady decreases are more
common than steady increases. To identify those
stages showing major differences of metabolite com-
position between HOSUT10 and wild-type grains, we
performed an independent component analysis based
on median-centered and log10-transformed response
ratios (Fig. 5). Major deviations in metabolite steady-
state levels occur in early (6–8 DAF) and late (26 DAF)
stages. Overall, there were not many differences in the
ratios of metabolite contents. Although Suc trans-
porter activity is apparently enhanced in HOSUT10
grains, there was no change in Suc levels in HOSUT10

grains compared with the wild type (Supplemental
Table S3). On the contrary, there was a trend to lower
levels from 8 DAF onward, although not statistically
significant. There were also very little changes in the
levels of hexoses and hexose phosphates. We found an
increase of malate and 2-oxoglutarate levels at mid
and later stages, indicating that carbohydrate accep-
tors for amino acid biosynthesis are not limited. How-
ever, citrate levels were lower in HOSUT grains at 12
and 26 DAF. Changes in amino acid levels were more
pronounced. There was a clear trend for higher levels,
specifically in later stages, 22 and 26 DAF, for Lys, Leu,
Ile, Phe, Tyr, and Trp. On the other hand, levels of Cys,
Asp, and Glu were decreased at these later stages.
Because Asp and Glu are precursors of a range of
other amino acids, such a pattern would indicate a
stimulation of amino acid biosynthesis at later stages
in HOSUT10 grains. Cluster analysis revealed that
changed amino acid profiles roughly fall into two
clusters. Levels of group 1 members (Arg, Orn, Asn,
Leu, Ile, Lys, Tyr, Phe, Trp) were relatively lower in
HOSUT10 grains between 8 and 12 DAF but displayed
higher levels at later stages between 22 and 26 DAF
(Fig. 6A). Levels of group 2 members (Glu, Asp, Gly,
Ser, Val) were relatively decreased in HOSUT10 grains
between 8 and 12 DAF and again between 20 and 26
DAF (Fig. 6B). This pattern suggest that most amino
acid levels show a relative depression in HOSUT10
grains between 8 and 14 DAF, which coincides with the
developmental period when prolamin gene expression
is stimulated (Fig. 4A). This is in agreement with the
independent component analysis results (Fig. 5).

DISCUSSION

Conventional breeding for yield increase in wheat
seems to approach an upper limit. Especially grain
protein content, although economically important, is
difficult to improve because of negative correlations
between yield and grain protein content (Sinclair, 1998;
Barneix, 2007). Increasing grain sink strength could be
a promising approach to overcome this constraint
(Reynolds et al., 2009). We here show that overexpres-
sion of a Suc transporter increases Suc uptake capacity.
We speculate that such changes, via a network of
metabolic and hormonal signals, leads to higher grain
protein content.

Protein Increase in HOSUT Grains Is Not
Compromising Yield

Wheat grains overexpressing HvSUT1 in the endo-
sperm significantly take up more Suc in vitro (Fig. 2, A
and B). This indicates that the transgene is functional.
Surprisingly, grain Suc as well as hexose levels, as
measured by HPLC (Fig. 3A) and gas chromatography-
mass spectroscopy (GC-MS; Supplemental Table S3),
are not altered, indicating tight control of Suc levels
within the endosperm (Jenner et al., 1991). Thus, we

Figure 5. Independent component (IC) analysis based on the median
centered and log10-transformed response ratios. The graph shows that
deviations of metabolite levels during grain development occur in the
early phase DAF 8 to 10 (arrow in B) and the late phase (26 DAF),
indicating a continued development in transgenic grains at day 26
(arrow in A). The size of each circle indicates its developmental stage:
smallest circle, 6 DAF; largest circle, 26 DAF. WT, Wild type.
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speculate that HvSUT1 modifies Suc flux potential
rather than metabolite steady-state levels.
Notably, mature grains of three lines show increased

percentages of total nitrogen (Fig. 1C), which reflects a
higher grain protein content. Starch concentration, on
the other hand, was unchanged but was increased on
the per seed level due to higher thousand grain
weight. Likewise, line HOSUT10, grown in different
locations, greenhouses, semicontrolled conditions
(Hensel et al., 2009), and in field trails, always dis-
played higher percentages of total nitrogen, grain
protein content, and nitrogen-carbon ratios compared
with the wild type (Table I). These data indicate that
HvSUT1 expression specifically stimulates grain pro-
tein accumulation. Under different growth conditions,
there was no evidence for decreased yield of HOSUT
lines. Thus, increases in grain protein content seem not
to be correlated to lower yield (Table I). This has often
been observed and is explained by the fact that high
starch content of wheat grains (75%–85%) is almost
completely dependent on starch accumulation (Sinclair,
1998). That means that every increase in yield should
relatively decrease protein content (Barneix, 2007).
Furthermore, because protein biosynthesis is energet-
ically more expensive than that of starch (Vertregt and

deVries, 1987), any yield increase would primarily
apply to starch content.

Also, for HOSUT lines, a positive impact on yield
cannot be supported definitely. Despite the higher
protein content of individual seeds, higher seed size,
and significant yield increases when grown under
semicontrolled conditions, we found no clear overall
higher protein yield (milligrams of seed protein per
plant) that was statistically significant. A positive
impact of HvSUT1 expression on protein yield under
field conditions is not yet clear, because the scale of the
performed field trials was too small to reliably exem-
plify significant effects. Nevertheless, the data suggest
that increasing Suc uptake potential into grains by
HvSUT1 overexpression could be a promising ap-
proach and worth pursuing toward increasing grain
yield and/or grain protein yield.

HvSUT1 Overexpression in Grains Stimulates
Prolamin Accumulation

Fractionation of HOSUT10 grain proteins into albu-
mins/globulins and the prolamin classes gliadins and
glutenins clearly shows that only prolamins are sig-
nificantly increased (Table I), indicating a specific
effect of increased Suc uptake capacity on prolamin
biosynthesis. Many data reveal stimulatory effects
from nitrogen supply and fertilization on grain protein
content (Barneix, 2007). This led to the general con-
clusion that grain protein content is strictly responsive
to nitrogen. However, in HOSUT10 grains, a specific
effect from Suc or Suc fluxes has to be assumed.
Physiological evidence shows different effects of as-
similate supply on starch and protein accumulation.
Whereas starch is not very sensitive to variations of
assimilate supply within normally observed limits,
protein content responds more directly (Perez et al.,
1989; Jenner et al., 1991). Such a relationship can
explain the positive effect only on protein but not on
starch. Moreover, in maize kernels, Suc has been
reported to increase storage product gene expression
(Giroux et al., 1994), and in Arabidopsis, it can induce
storage-related genes such as oleosins, 2S and 12S
globulins, as well as Lec- and Fus-like transcription
factors (Tsukagoshi et al., 2007). In grain legumes, Suc
induces and sustains storage product formation,
shown by in vitro culture (Weber et al., 1996), mutant
analysis (Perez et al., 1993), and transgenic approaches
where sugar levels were increased (Weigelt et al.,
2009). In all these cases, seed protein content responds
positively to sugar supply and/or concentration.
Moreover, Suc transporter overexpression in pea cot-
yledons leads to earlier onset of protein accumulation
(Rosche et al., 2002, 2005).

Notably, transcript profiling of HOSUT10 in com-
parison with wild-type grains shows predominant
changes within the cluster of prolamin genes, with
strong up-regulation at the transition from prestorage
to storage phase, DAF 8 to 12 (Fig. 4A). This is in
accordance with higher levels of prolamin-type pro-

Figure 6. Ratios of amino acid levels, HOSUT10:wild type. Amino
acids were determined by GC-MS, and data were extracted from
Supplemental Table S3. A, Cluster with amino acid levels lower at 8 to
12 DAF and higher at later stages, 22 to 26 DAF. B, Cluster with amino
acid levels lower at 8 to 12 DAF and lower at later stages, 22 to 26 DAF.
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teins (Table I). We conclude that, especially at the onset
of the storage phase, improved Suc supply stimulates
prolamin gene expression and protein accumulation.

Increased Suc Uptake into HOSUT10 Grains Exerts
Metabolic Effects

Significant changes in gene expression and metab-
olite levels related to central carbon metabolism and
amino acid biosynthesis are summarized in Figure 7.
Plastidial Gln synthetase and Asp kinase were
strongly up-regulated, especially at later stages, sug-
gesting increased synthesis of Gln and of amino acids
of the Asp branch in HOSUT grains (Fig. 6). Such up-
regulation is accompanied by higher levels of certain
amino acids between 22 and 26 DAF and may indicate
that prolonged seed filling is due to improved avail-
ability of amino acids. There is no indication for
altered gene expression of amino acid transporters in
the endosperm. However, it cannot be excluded that

such stimulation occurs in leaf phloem. Together, the
alterations argue for certain deregulation of the
carbon-nitrogen balance in HOSUT grains, which ul-
timately indicates carbon sufficiency and relative de-
pletion of nitrogen. First, adenosine 5#-phosphosulfate
reductase, a key enzyme of sulfate reduction, is up-
regulated at 8, 22, 30, and 34 DAF. In Arabidopsis,
adenosine 5#-phosphosulfate reductase transcripts
and activity respond positively to sugar supply (Hesse
et al., 2003). This indicates that increased Suc uptake
capacity in HOSUT10 activates sulfate assimilation.
Second, GDH is strikingly down-regulated, especially
at 30 and 34 DAF. Its major role is deamination of Glu
and feeding of carbon into the tricarboxylic acid cycle
to adjust high nitrogen-carbon ratios (Miyashita and
Good, 2008). Accordingly, Suc can suppress GDH gene
expression in tobacco (Nicotiana tabacum; Masclaux-
Daubresse et al., 2005). In contrast, under conditions of
excess amino acid availability such as remobilization,
GDH is up-regulated (Thiel et al., 2009). Thus, GDH

Figure 7. Summary of changed transcript and metabolite levels in HOSUT10 caryopses. Data are derived from Supplemental
Tables S2 (transcripts) and S3 (metabolites). Color code is as follows: red, down-regulated; green, up-regulated in HOSUT10
caryopses with respect to the wild type.
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down-regulation in HOSUT grains indicates adequate
carbon availability and relative depletion of nitrogen.
Third, preferential up-regulation of gene expression
related to mitochondrial carbohydrate metabolism
and respiration (Supplemental Table S2) indicates in-
creased usage and respiration of carbohydrates, which
can be expected under conditions of increased car-
bon flux. Striking up-regulation of PDC throughout
HOSUT10 grain development is surprising at first
view. However, PDC may bypass pyruvate dehydo-
genase and therefore could support carbon flux into
the tricarboxylic acid cycle. Such a role for PDC has
been described, especially under conditions of high
sugars and glycolytic fluxes (Gass et al., 2005). Fourth,
higher 2-oxoglutarate and malate levels at mid/late
stages indicate ample availability of carbon acceptors
for amino acid biosynthesis, indicating that HvSUT1
overexpression stimulates both amino acid metabo-
lism and the synthesis of organic acids as carbon
skeletons for amino acid biosynthesis. Such stimula-
tion was observed after overexpression of a phospho-
enolpyruvate carboxylase and repression of ADP-Glc
pyrophosphorylase (Radchuk et al., 2007; Weigelt
et al., 2009).
Most amino acid levels show relative depression in

HOSUT10 grains between 8 and 14 DAF, which coin-
cides with the period when prolamin gene expression
is strongly stimulated (Fig. 6). Thus, amino acids in
HOSUT grains become transiently limited (Fig. 6) at
the stage of the pronounced burst of prolamin gene
expression (Fig. 4A). Decreased levels of Asp and Glu
as precursors of a range of other amino acids indicate
stimulated amino acid biosynthesis at later stages in
HOSUT10 grains. It can be concluded that endosperm-
specific SUT1 expression leads to stimulation of pro-
lamin gene expression at earlier stages and activates
and maintains amino acid biosynthesis during late
maturation. Both effects can be related to signaling and
metabolic effects from improved sugar supply. Prob-
ably an enhanced Suc flux potential will only become
effective at later stages, when Suc uptake normally
becomes limited. Bypassing such limitation may lead
to prolonged fresh weight accumulation.

HvSUT1 Overexpression Stimulates a Network of Sugars
and Hormonal Signals

Assuming that Suc or its increased flux capacity in
HOSUT grains stimulates prolamin gene expression, it
can be hypothesized that genes that show a similar
pattern of up-regulation are coregulated and therefore
might be also under metabolic control and potentially
involved in sugar signaling. Such a cluster, similar to
that of the prolamin genes, includes genes involved
in sugar-starch metabolism, some of which were up-
regulated in Arabidopsis seedlings and pea seeds with
increased sugar levels (Osuna et al., 2007; Weigelt
et al., 2009). Up-regulated gene expression related to
cytokinin and brassinosteroid functions as well as cell
proliferation reveals positive regulation of growth and

cell proliferation due to assimilate supply (Rosche
et al., 2002, 2005; Hartig and Beck, 2006; Li et al., 2007;
Weigelt et al., 2009). Other members include Early
flowering4 and flavonol synthase, which are inducible
by Suc and nitrogen depletion (Lillo et al., 2008). The
transcription factor ABI5 is potentially involved in
ABA signaling and transcriptionally activated in re-
sponse to sugars (Arroyo et al., 2003). Notably, co-
regulation ofABI5 together with storage protein genes,
as observed in HOSUT10 grains, suggests a positive
response to sugars and points to a key role of ABI5 in
metabolic signaling of prolamin gene expression in
wheat grains.

Another cluster of deregulated genes with striking
oscillations (Fig. 4, C and D) reveals a pattern that
is inverse to that observed in the clusters shown in
Figure 4, A and B. Such members include 9-cis-
epoxycarotenoid dehydrogenase, a key enzyme of
ABA synthesis found to be down-regulated in pea
embryos accumulating excess sugars (Weigelt et al.,
2009), and cytokinin-O-glycosyltransferase, which in-
activates cytokinins and causes growth retardation
when overexpressed in maize (Pineda Rodo et al.,
2008). Three other members encode Myb- and bZIP-
like transcription factors, whereas four are related to
trehalose and SnRK1 pathways, with potential in-
volvement in the regulation of carbohydrate metab-
olism (Lunn et al., 2006; Radchuk et al., 2006). In
Arabidopsis, trehalose-6-phosphate synthase and a
SnRK1 subunit rapidly decreased upon Suc feeding
(Osuna et al., 2007). It could be that in wheat grain
development, such gene products (Fig. 4, C and D)
modulate and/or counterbalance the effect from in-
creased carbon flux or sugar and as such function as
negative regulators of Suc signaling.

In summary, the analysis of specific clusters (Fig. 4)
leads to the conclusion that overexpression of HvSUT1
on the one hand stimulates grain protein accumulation
but partially deregulates the metabolic status of wheat
grains. This is accompanied by an inverse oscillatory
behavior of gene expression of positive and negative
regulators related to assimilate supply and sugar
signaling. As such, metabolic alterations can be effec-
tively balanced by different signaling components
(Fig. 4, C and D), which together have the capacity to
adjust grain storage metabolism throughout develop-
ment in response to metabolic alterations. Alternating
stimulation of positive and negative regulation due to
HvSUT1 expression may cause such an oscillatory
pattern of gene expression and show the high flexibil-
ity of wheat grain storage metabolism.

MATERIALS AND METHODS

Generation of Transgenic Wheat Plants

The HvSUT1 cDNA (1,894 bp; accession no. AJ272309) was fused to the

HorB1 promoter (550 bp; accession no. X87232) and the HorB1 terminator

(1,663 bp; accession no. FN643080). The HorB1P::HvSUT1:HorTconstruct was

cloned into binary vector pPZP200 (Hajdukiewicz et al., 1994). Plant trans-
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formation was carried out either by particle bombardment of immature wheat

(Triticum aestivum) embryos (HOSUT10) coated with the plasmids pJFBar and

HorB1::HvSUT1/pPZP200 in equimolar ratios as described by Varshney and

Altpeter (2001) or by Agrobacterium tumefaciens-mediated gene transfer using

plasmid HorB1::HvSUT1/pPZP200 (HOSUT20 and -11) largely following the

protocol of Hensel et al. (2009).

Plant Growth Conditions

Seeds of winter wheat (cv Certo) were germinated in greenhouses (20�C) in

trays with substrate mix (www.klasmann-deilmann.de/) for 2 weeks, fol-

lowed by 8 weeks of incubation in vernalization chambers (4�C/4�C, 8-h/16-h

day/night regime). Plantlets were stepwise adapted to an 18�C/14�C, 16-h/

8-h day/night regime (SON-T-Agro 400 high-pressure sodium bulbs with

25,000 lux) in 2.5-L pots containing cultivation substrate (substrate 2; www.

klasmann-deilmann.de/). Fertilization of greenhouse plants was conducted

as described by Hensel et al. (2009). To create field-related conditions, plants

were grown in soil beds under glass without supplemental light or temper-

ature regulation fromOctober to July. Soil bed plants were fertilized with 0.3%

Hakaphos blau (www.compo.de/) once a week. Field trials were performed

on a 106-m2 area at IPK Gatersleben, designed as a 43 4 Latin square, with 200

plants per line and single planting with 0.2-m distance. Nitrogen fertilization

was performed as recommended by Agrolab (www.agrolab.de).

For mRNA expression studies and metabolite measurements, immature

seeds were collected 6 to 34 DAF from the first four emerged spikes per plant,

separated into maternal and filial fractions, and frozen at 280�C.

Nucleic Acid Isolation and Hybridization

High-quality genomic DNAwas prepared from 150 mg of leaf material as

described by Palotta et al. (2000). Fifteen micrograms of total DNA was

digested with HindIII or EcoRI. DNA gel-blot analysis was performed as

described by Hensel et al. (2009). PCR primers to prove transgenic HvSUT1

integration and copy number were 5#-GCCGGGCGGTCGCAGCTCGC-

GTCTA-3# and 5#-GCTGCTGAAATTTCACCATCCATTC-3# (accession no.

AM055812).

Gene Expression Analysis by Quantitative
Real-Time PCR

Total RNA was isolated using phenol-chloroform extraction as described

by Heim et al. (1993) and treated with Turbo DNase I (Invitrogen). First-strand

cDNA was synthesized with oligo(dT) primer and SuperScript III reverse

transcriptase (Invitrogen). Real-time PCR from three biological replicates was

performed using 23 SybrGreen PCR Mastermix on an ABI Prism 7900HT

Sequence Detection System (Applied Biosystems). A total of 109 genes from

the Affymetrix GeneChipWheat Genome hybridization results (Supplemental

Table S1) that obviously showed altered gene expressionwere selected. Primer

design and reaction parameters were as described by Czechowski et al.

(2005). Amplification efficiency was assessed with the LinRegPCR program

(Ramakers et al., 2003). Determined DDct-values from “transgenics” were

related to that of “wild-type” plants at respective stages. Wheat actin (acces-

sion no. AB181991) was used as housekeeping gene for normalization. Primer

sequences are given in Supplemental Table S4.

Determination of Suc, Starch, Proteins, Total Carbon and
Nitrogen, and Suc Uptake Studies

Starch and Suc were determined as described by Weigelt et al. (2009). Total

carbon and nitrogen in dried wheat flour were determined with the Vario EL

Elementar analyzer (www.elementar.de), and protein content was calculated

from percentages of total nitrogen by multiplication by conversion factor 5.7

for wheat grains (Sosulski and Imafidon, 1990). Protein fractions albumin/

globulin and gliadin were sequentially extracted as described by Wieser

(1997). Extracted wheat protein fractions were quantified using the colori-

metric Pierce BCA Protein Assay (Thermo Scientific). Bovine serum albumin

and gliadin from wheat (G3375; Sigma-Aldrich) were used as standards.

Glutenin fractions were determined from the difference of total protein and

albumin/globulin/gliadin fractions. In vitro Suc uptake was determined as

described by Wardlaw et al. (1995).

Statistical analyses were performed with Student’s t test or, alternatively,

with the Wilcoxon rank-sum test with Sigma-Stat software (www.systat.com/).

Determination of ABA

ABAwas extracted from plant material and analyzed according to Miersch

et al. (2008) with the following modifications. Fresh material (10–500 mg) was

homogenized with 10 mL of methanol and appropriate amounts (1 ng of

standard per 5 mg of plant material) of [2H6]cis,trans-ABA as internal

standard. Homogenates were filtered, placed on columns filled with 3 mL

of DEAE-Sephadex A25 (Amersham Pharmacia Biotech; Ac2 form; methanol),

followed by washing with 3 mL of methanol and 3 mL of 0.1 M acetic acid in

methanol. Fractions were eluted with 3 mL of 1 M acetic acid in methanol and

3 mL of 1.5 M acetic acid in methanol, combined, evaporated, and separated by

preparative HPLC (Eurospher 100-C18, 5 mm, 2503 4 mm; www.knauer.net/)

using a gradient of 40% to 100%methanol in 0.2% (v/v) aqueous acetic acid in

25 min. The fraction at retention time 10 to 12 min was collected, evaporated,

derivatized into pentafluorobenzyl esters, and analyzed by GC-negative

chemical ionization-MS. Retention times of pentafluorobenzyl esters were as

follows: [2H6]cis,trans-ABA, 17.70 min; cis,trans-ABA, 17.78 min. Fragments

with mass-to-charge ratio 269 (standard ABA) and mass-to-charge ratio 263

(ABA) were used for quantification.

Transcript Profiling by 55k Microarray Analysis

Total RNAwas isolated as described by Radchuk et al. (2007), and integrity

and concentration were examined on the Agilent 2100 Bioanalyzer using the

RNA 6.000 LabChip Kit (www.agilent.com). Five micrograms of total RNA

was used to prepare double-stranded cDNA (SuperScript II; www.invitrogen.

com) primed with oligo(dT) containing a T7 RNA polymerase promoter site.

cDNAwas purified by phenol-chloroform extraction before in vitro transcrip-

tion using the in vitro transcription labeling kit (www.affymetrix.com) to

synthesize copy RNA. Unincorporated nucleotides were removed using the

RNeasy kit (Qiagen). Copy RNA was fragmented and hybridized to the

Affymetrix GeneChip Wheat Genome array according to the manufacturer’s

instructions. The array was scanned with a third generation Affymetrix

GeneChipScanner 3000. Affymetrix GeneChip data representing approxi-

mately 55,000 transcripts with complete Wheat Genome coverage were

extracted from fluorescence intensities and scaled in order to normalize data

for interarray comparison using the MicroArray Suite software package MAS

5.0 (Affymetrix). Data quality control, normalization of raw data, estimation of

signal intensity, average expression values, and P values was as described by

Sreenivasulu et al. (2008).

Metabolite Profiling by GC-MS

Frozen filial preparations from developing grain tissue were extracted

using conventional methanol/chloroform extraction. A conventional polar fra-

ction was prepared by liquid partitioning into water-methanol, and a 0.5-mL

fraction was dried and derivatized for GC-MS profiling (Lisec et al., 2006;

Erban et al., 2007). GC coupled to electron impact ionization/time-of-flightMS

was performed using an Agilent 6890N24 gas chromatograph with splitless

injection connected to a Pegasus III time-of-flight mass spectrometer (www.

leco.de/). Metabolites were quantified using at least three specific mass

fragments. GC data preprocessing and compound identification were per-

formed using TagFinder software (Luedemann et al., 2008) and mass spectral

and retention time index collection of the Golm metabolome database (Kopka

et al., 2005). Six biological replicates of each sample were analyzed by GC

coupled to electron impact ionization/time-of-flight MS, and numerical

processing was performed as described previously (Van Dongen et al., 2009).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Hierarchical clustering using Euclidian distance

and complete linkage.

Supplemental Table S1. Subset of sequences with altered gene expression

between HOSUT10 and wild-type grains.

Supplemental Table S2.Quantitative real-time PCR analysis of a subset of

109 sequences with clear annotations.
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Supplemental Table S3. Metabolite profiling based on GC-MS.

Supplemental Table S4. List of primers used for quantitative real-time

PCR; results are given in Supplemental Table S3.
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