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Summary 

 

 
 

Plant roots serve important functions in water and nutrient uptake, and in anchoring 

above-ground plant organs in the soil. In addition, roots take over an important part in 

the developmental program of plants by synthesizing phytohormones, which 

modulate shoot development and play key roles in biotic or abiotic stress responses. 

All these root functions are embedded within a certain lifespan of a given root, which 

is determined by the progress of root aging. On the one hand, root aging is an 

important agronomy trait, because it associates with root activities such as nutrient 

uptake. On the other hand, root aging also contributes to global carbon cycling, 

because turnover of aging roots results in carbon input from the biotic carbon pool 

into the soil carbon pool. Despite the importance of root aging (or senescence) in 

plant performance and ecological functions, the mechanisms determining and 

regulating root senescence have remained unknown. To better understand this 

developmental process, the present thesis monitored hydroponically-grown barley 

plants over a period of 53 days and investigated senescence processes in seminal 

roots at the morphological, physiological and molecular level. 

In a first step, microscopic investigations in seminal roots captured the progression of 

cortical senescence and root browning, which have been previously described as 

phenotypical markers of root senescence. Both of these two morphological events 

were first observed at 39 days after germination, which temporally coincided with 

arrested root elongation and root mass at day 39-46. 

The second part of the thesis took physiological measurements that were associated 

with phenotypical root senescence. Root activity, as determined by nitrate uptake 

capacity, declined remarkably after day 39. Such reduction of root activity did not 

result from depletion of assimilates. Protein degradation, as indicated by the 

upregulation of peptidases and accumulation of urea and certain amino acids, 

suggested protein catabolism allowing roots to re-utilize nitrogenous sources. In 

addition, among 13 quantified elements, especially phosphorus (P) and zinc (Zn) 

contents in seminal roots declined after day 39, suggesting remobilization to shoots. 

These observations reinforced the idea that the biological processes captured in 

seminal roots resembled those observed during leaf senescence and thus are under 

control of a developmental program. Remarkably, a prominent and sharp abscisic 
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acid (ABA) peak appeared at day 39, which is proposed as a trigger for root 

senescence, since ABA is known to accelerate senescence processes also in leaves. 

To identify molecular regulators of seminal root senescence, transcriptome profiling 

was conducted separately for the apical root zone (ARZ) and basal root zone (BRZ). 

Gene ontology analysis indicated an enrichment of genes involved in transcriptional 

or posttranslational regulation before day 39, which then switched over to genes 

participating in protein catabolism and in the synthesis of tryptamine and serotonin, 

which were previously shown to play a regulatory role in leaf senescence, and indeed 

accumulated also here in seminal roots. Moreover, from day 39 on transcripts related 

to redox processes accumulated strongly, indicative for enhanced oxidative stress 

responses. In parallel, transcripts became enriched, which are involved in cytokinin 

degradation and ABA biosynthesis and which act as transcriptional regulators. 

Among the latter were several transcription factors from the NAC-, WRKY- and AP2- 

type families that may represent promising candidates for regulating seminal root 

senescence. 

The present study represents the first comprehensive study on root senescence. It 

identified promising candidates for root senescence at the morphological 

(degradation of cortical cells), physiological (tryptamine, serotonin) and at the 

molecular level (ROS-related genes and transcription factors) that appear to act in a 

temporally coordinated manner. Based on these observations, it is concluded that the 

degenerative process in aging seminal roots underlie a genetically determined 

program that can be assigned to root senescence. 
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Zusammenfassung 

 

 
 

Pflanzenwurzeln erfüllen wichtige Funktionen bei der Wasser- und 

Nährstoffaufnahme und bei der Verankerung oberirdischer Pflanzenorgane im Boden. 

Darüber hinaus übernehmen Wurzeln eine wichtige Rolle im Entwicklungsprogramm 

von Pflanzen, indem sie Phytohormone synthetisieren, die die Entwicklung von 

Trieben modulieren und eine Schlüsselrolle bei biotischen oder abiotischen 

Stressreaktionen spielen. Alle diese Wurzelfunktionen sind innerhalb einer 

bestimmten Lebensdauer einer gegebenen Wurzel eingebettet, die durch den 

Fortschritt der Wurzelalterung bestimmt sind. Auf der einen Seite ist die 

Wurzelalterung ein wichtiges agronomisches Merkmal, weil sie sich mit 

Wurzelaktivitäten wie der Nährstoffaufnahme in Verbindung setzen lässt. Auf der 

anderen Seite trägt die Wurzelalterung auch zum globalen Kohlenstoffkreislauf bei, 

da der Umsatz von alternden Wurzeln dazu führt, dass Kohlenstoff aus dem 

biotischen Kohlenstoffpool in den Kohlenstoffpool des Bodens eingespeist wird. Trotz 

der Bedeutung der Wurzelseneszenz bei der Pflanzenleistung und den ökologischen 

Funktionen sind die Mechanismen, die die Wurzelalterung bestimmen und regulieren, 

unbekannt. Um diesen Entwicklungsprozess besser zu verstehen, wurden in der 

vorliegenden Arbeit über einen Zeitraum von 53 Tagen hydroponisch gewachsene 

Gerstenpflanzen untersucht und Seneszenzprozesse in Samenwurzeln auf 

morphologischer, physiologischer und molekularer Ebene untersucht. 

In einem ersten Schritt wurden mit Hilfe mikroskopischer Untersuchungen an 

Samenwurzeln das Fortschreiten von kortikaler Seneszenz und Wurzelbräunung 

ermittelt, die zuvor als phänotypische Marker der Wurzelseneszenz beschrieben 

wurden. Beide morphologischen Ereignisse wurden zuerst 39 Tage nach der 

Keimung beobachtet, was zeitlich mit der festgestellten Wurzelverlängerung und der 

Wurzelmasse am Tag 39-46 zusammenfiel. 

Im zweiten Teil der Arbeit wurden physiologische Messungen vorgenommen, die mit 

einer phänotypischen Wurzelalterung assoziiert waren. Die Wurzelaktivität, bestimmt 

durch die Nitrataufnahmekapazität, ist nach Tag 39 merklich zurückgegangen. Eine 

solche Verringerung der Wurzelaktivität resultierte nicht aus der Erschöpfung von 

Assimilaten. Der durch die Hochregulierung von Peptidasen und die Akkumulation 

von Harnstoff und bestimmten Aminosäuren angezeigte Proteinabbau, lässt  auf 

einen Proteinkatabolismus schließen, der es den Wurzeln erlaubt, stickstoffhaltige 
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Quellen wiederzuverwenden. Außerdem sanken unter 13 quantifizierten Elementen, 

insbesondere der Phosphor (P) - und Zink (Zn) -Gehalt in Samenwurzeln nach Tag 

39, was die Remobilisierung dieser Elemente in die Triebe nahe legt. Diese 

Beobachtungen unterstützen die Hypothese, dass die biologischen Prozesse, die in 

Samenwurzeln nachgewiesen wurden, denen ähnelten, die während der 

Blattseneszenz beobachtet wurden, und somit unter der Kontrolle eines 

Entwicklungsprogramms stehen. Bemerkenswerterweise erschien am Tag 39 ein 

prominenter und scharfer Abscisinsäure-Peak (ABA), der als Auslöser für die 

Wurzelalterung vorgeschlagen wird, da bekannt ist, dass ABA Seneszenzprozesse 

auch in Blättern beschleunigt. 

Um molekulare Regulatoren der Samenwurzel-Seneszenz zu identifizieren, wurde 

das Transkriptom-Profiling getrennt für die apikale Wurzelzone (ARZ) und die 

Basalwurzelzone (BRZ) durchgeführt. Die Analyse zeigte eine Anreicherung von 

Genen, die am Tag 39 in die transkriptionelle oder posttranslationale Regulation 

involviert waren, die im Folgenden auf Gene übergingen, die am Proteinkatabolismus 

und an der Synthese von Tryptamin und Serotonin beteiligt sind. Für diese Gene 

wurde gezeigt, dass sie eine Rolle bei der Blattseneszenz spielen 

Darüber hinaus gab es ab dem Tag 39 eine starke Akkumulation von Transkripten, 

die sich auf Redoxprozesse beziehen lassen, was auf verstärkte oxidative 

Stressantworten hindeutet. Parallel dazu wurden Transkripte angereichert, die am 

Cytokininabbau und der ABA-Biosynthese beteiligt sind und als 

Transkriptionsregulatoren wirken. Unter den letzteren waren mehrere 

Transkriptionsfaktoren aus den Familien der NAC-, WRKY- und AP2-Typen, die 

vielversprechende Kandidaten für die Regulierung der Samenwurzel-Seneszenz 

darstellen könnten. 

Die vorliegende Studie stellt die erste umfassende Studie zur Wurzelalterung dar und 

identifizierte vielversprechende Kandidaten  für die Wurzelseneszenz auf der 

morphologischen (Abbau von kortikalen Zellen), metabolischen (Tryptamin, Serotonin) 

und der molekularen Ebene (ROS-verwandte Gene und Transkriptionsfaktoren), die 

zeitlich koordiniert zu wirken scheinen. Auf der Grundlage dieser Beobachtungen 

wird der Schluss gezogen, dass der degenerative Prozess in alternden 

Samenwurzeln einem genetisch determinierten Programm unterliegt, das der Wurzel- 

Seneszenz zugeordnet werden kann. 
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1 Introduction 

 

 
 

1.1 Definitions of aging, senescence and programmed cell death 
 

The term “senescence” derives from latin “senescere”, which describes the final 

stage during aging of a cell, a tissue or an organism (Thomas, 2013). It is defined as 

a highly controlled sequence of biochemical and physiological degenerative 

processes, whereby nutrients are recycled from older organs to mostly younger 

tissues of the plant before cell death sets in (Thomas and Stoddart, 1980). This 

degenerative process is reversible as long as plant organs stay physiologically active, 

for instance leaves start yellowing due to chlorophyll degradation but re-green upon 

external or internal stimuli, such as nitrogen (N) supplementation or cytokinin (CK) 

production, respectively (Thomas et al., 2003). At the tissue level, senescence 

usually ends up with cell death (Pegadaraju et al., 2005). Therefore, senescence 

partially overlaps with programmed cell death (PCD), which refers to a cell biological 

process in which cells promote their own death through the activation of self- 

destruction systems  (Can and Amasino, 1997). It has been even proposed that 

senescence qualifies as a bone fide occurrence of PCD (Noodén et al., 1997). 

Compared to senescence, aging describes a time-dependent process from 

germination of a plant or the initiation of an organ until a certain developmental stage 

or its death (Gerbner et al., 1980). In the present study, aging is used whenever the 

biological process can’t be well assigned to senescence or PCD. 

To properly differentiate between senescence, aging and PCD, the core concepts are 

revisited for some of their characteristics. First, reversibility of senescence is widely 

observed after endogenous cytokinin production or exogenous cytokinin application, 

after nitrogen resupply or after removal of sink organs (Crafts-Brandner and Egli, 

1987; Gan and Amasino, 1995; Gupta et al., 2000; Schildhauer et al., 2008). In 

contrast, PCD typically occurs in individual cells after damage, under extreme stress, 

such as pathogen attack, or it is associated with pollen incompatibility, aleurone 

death in barley, or formation of tracheary and sieve tube elements (Beers, 1997; 

Reape et al., 2008). During the present study, no report could be found that shows 

reversibility of PCD. Furthermore, nutrient remobilization has not been reported in the 

context of PCD. By contrast, nutrient remobilization has been defined as the major 

physiological purpose of plant senescence to enhance the utilization of endogenous 

resources (Fischer and Gan, 2007). 
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Nevertheless, senescence and PCD are related in a temporal manner, since the 

initial phase of degradation processes, esp. including those of chlorophyll, is 

reversible and considered as senescence, while the second, irreversible phase 

terminates with PCD (Thomas et al., 2003). Physiological and molecular evidence 

agrees with such definitions, since DNA laddering, a hallmark of PCD, can only be 

detected at very late stages while chlorophyll degradation is initiated long before 

(Delorme et al., 2000). In the present study, PCD is regarded only as the very final 

stage of tissue senescence, while aging is used to describe the recorded, age- 

dependent events as long as they cannot be properly assigned to senescence or 

PCD. 

 
1.2 Leaf senescence in plants 

 

Leaf senescence is a highly regulated and organized developmental process during 

which macromolecules of the mature green leaf tissue are remobilized for further use 

by the plant (Zentgraf et al., 2010). Leaf senescence is a genetically controlled 

biological process, since at least more than 800 genes are up-regulated during leaf 

senescence (Gepstein et al., 2003; Guo et al., 2004; Buchanan‐Wollaston et al., 
2005). These genes are named senescence-associated genes (SAGs). 
Leaf senescence can be described by several highly robust markers that can be 

examined at different levels. At the phenotypic level, senescence expresses in leaf 

yellowing due to a decline of the chlorophyll concentration, which serves as a widely 

used physiological marker. Leaf senescence can also be visualized by an increase of 

trypan blue- or Evans blue-stained leaf areas, which is indicative for the disintegration 

of plasma membranes leading to an uncontrolled efflux or cellular metabolites and 

constituents (Kim et al., 2009; Zhou et al., 2011). Another prominent marker for leaf 

senescence is the breakdown of rubisco, because rubisco is the most abundant N- 

containing protein in C3 plants and thus a major N source in leaves for re- 

translocation of N to sink organs (Kokubun et al., 2002; Bohner et al., 2015). 

Exogenous application of serotonin and melatonin, which are well known as a pineal 

hormones in mammals, delayed leaf senescence possibly by reducing the 

endogenous abscisic acid (ABA) level and increasing endogenous cytokinin (CK) 

levels (Kang et al., 2009; Wang et al., 2013; Zhang et al., 2017). Overexpression 

tryptophan decarboxylase, the gene encoding the rate-limiting enzyme for the 

biosynthesis of serotonin and melatonin, increased the concentrations of serotonin 
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and melatonin, which subsequently delayed leaf senescence (Kang et al., 2009; 

Byeon et al., 2014). Another report showed that overexpression of tryptophan 

decarboxylase in rice resulted in the accumulation of serotonin, stunted growth and 

low fertility (Kanjanaphachoat et al., 2012). By what mode of action tryptophan 

decarboxylase regulates plant growth and senescence is still not clear. 

At the molecular level, the cysteine protease gene AtSAG12 is most widely used as 

transcriptional marker, as its expression is tightly induced by leaf senescence at a 

relatively late developmental stage but not by other external factors that promote leaf 

senescence, such as dark or ethylene treatment (Noh and Amasino, 1999). 

Expression analyses of orthologous genes to AtSAG12 in other species, including 

soybean, oilseed rape or creeping bentgrass, confirmed a similar transcriptional 

regulation as in Arabidopsis (Noh and Amasino, 1999; Otegui et al., 2005; Xu et al., 

2008). 

The progression of leaf  senescence is affected by various internal and external 

factors  (Figure  1.1).  Cytokinin  and  ethylene  are  among  the  best  documented 

endogenous  factors  delaying  or  accelerating  leaf  senescence,  respectively.  In 

general, the concentration of leaf cytokinins drops before the onset of senescence 

(Noodén et al., 1990). An increase in leaf cytokinins, either brought about by applying 

cytokinins to the shoot  (Richmond and Lang, 1957; Nooden et al., 1979)  or by 

genetically modulating cytokinins biosynthesis, e.g. via expression of an isopentenyl 

transferase gene under control of a SAG12 promoter (Gan and Amasino, 1995; Ori et 

al., 1999), delays leaf senescence. Ethylene can induce leaf senescence, however, 

only during a certain phase of leaf development (Grbić and Bleecker, 1995; Jing et al., 

2002). In Arabidopsis, induction of leaf senescence by ethylene involves upregulation 

of  the  gene  ETHYLENE  INSENSITIVE2  (EIN2),  which  is  a  central  signaling 

component required for all ethylene responses. EIN2 elevates its downstream target 

ETHYLENE  INSENSITIVE3  (EIN3),  and  EIN3  induces  via  miR164  repression 

ORE1/NAC2 (Oh et al., 1997; Li et al., 2013). Another phytohormone promoting leaf 

senescence is  ABA. Its  level  increases  in senescing leaves  and  several  SAGs, 

including NAC transcription factors, were induced by exogenous ABA application 

(Weaver et al., 1998; Christiansen et al., 2011). However, the role of ABA in leaf 

senescence is not as well established as that of CK or ethylene. Among the external 

factors, nutrient supply plays a major role. In particular nitrogen withdrawal from the 

medium accelerates leaf senescence (Egli et al., 1978), and as long as leaves are 
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only chlorotic, senescence can be reversed via nitrogen resupply (Schildhauer et al., 

2008). Another prominent external factor that induces leaf senescence is drought, 

which usually decreases yield and diminishes seed set and seed filling (Munné- 

Bosch et al., 2001; Brevedan and Egli, 2003). Delaying leaf senescence by 

expression of an isopentenyltransferase gene driven by a stress- and maturation- 

induced promoter resulted in remarkable drought tolerance in tobacco (Rivero et al., 

2007). 
 
 

 
 

Figure 1.1 Model of the regulatory network leading to leaf senescence and cell death in plant leaves. 
Scheme taken from (Lim et al., 2007). 

 
 

The regulatory network for leaf senescence is highly complex, since it is controlled by 

many factors and at multiple layers, including epigenetic, transcriptional as well as 

post-translational regulation. Among the major transcriptional regulators, individual 

members of the WRKY-, AP2-, NAC- and C2H2-type transcription factor (TF) families 

have been shown to regulate leaf senescence (Lim et al., 2007; Woo et al., 2013). 

For example, overexpression of WRKY53 accelerated leaf senescence, while its 

suppression by RNAi or the gene knockout delayed leaf senescence. The putative 

target genes of WRKY53 include several other WRKYs and other SAGs (Miao et al., 

2004). Another well investigated leaf senescence regulator in Arabidopsis is ORE1 

(ANAC092), which controls the expression of at least 170 genes, and 48% of them 
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are known as SAGs (Balazadeh et al., 2010). Both WRKY53 and ORE1 have been 

described as early regulators of leaf senescence. 

When internal and external factors are integrated into the regulatory network of leaf 

senescence, downstream processes including the breakdown of macromolecules 

and remobilization of nutrients are initiated, which are displayed by the decline of 

chlorophyll concentration and the degradation of rubisco for the relocation of N 

(Figure 1.1). This process also involves autophagy since several autophagy-related 

genes, including AtAPG9 and AtATG18a, take part in the regulatory network of leaf 

senescence (Hanaoka et al., 2002; Xiong et al., 2005). 

 
1.3 Plant roots and their turnover 

 

Plant roots serve important functions in water and nutrient uptake, and in anchoring 

above-ground plant organs in the soil (Marschner, 2011). In addition, roots take over 

an important part  in the developmental program of plants by synthesizing 

phytohormones including cytokinins (CKs), abscisic acid (ABA) and strigolactones 

(SLs), which modulate shoot development and play key roles in biotic or abiotic 

stress responses (Cornish and Zeevaart, 1985; Lachno and Baker, 1986; Letham, 

1994; Dun et al., 2009). Despite of their importance, plant roots have not received 

much attention in crop breeding programs so far. Therefore, improving grain yield 

and quality by focusing on targeted breeding of root traits has been highlighted as 

“the second green revolution” in the 21st century (Lynch, 2007). 

To better understand physiological processes and the molecular  regulation 

underlying important root functions, numerous scientific achievements have been 

made in recent decades, such as uncovering genes involved in root gravitropism, 

drought tolerance, lateral root initiation or root-microbe interactions and their 

contribution to plant performance (Morita, 2010; Lavenus et al., 2013; Uga et al., 

2013; Poole, 2017). Compared to the significant advance made in the understanding 

of such root-mediated plant traits, root aging and the determination of the lifespan of 

a root have remained poorly characterized. Elucidating the process of root aging and 

its determinants is not only important for breeding more efficient crop varieties, but 

also for providing a new ecological perspective on global carbon fixation. Plant roots 

make a large contribution to the pool of soil organic carbon (C) by releasing exudates 

or abandoning root tissue during root turnover (Gill and Jackson, 2000; Badri and 

Vivanco, 2009). A more than 10 years’ experiment with maize estimated that at least 
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18% of root-bound C were finally transformed into soil organic C, while in case of C 

from the stalk residues it was only about 10% (Barber, 1979). At the global scale, 

plant roots are a major factor allocating C from the biotic pool to the soil pool, which 

contains 3 times more C than the biotic pool or the atmospheric pool (Lal, 2004). 

Therefore, root turnover and root aging are crucial processes in global C allocation to 

soils. In agricultural plant production systems, a better understanding of root aging is 

also required to economize fertilizer inputs, because a longer lifespan of roots allows 

maintaining a high level of nutrient uptake especially after flowering when root activity 

usually drops (Eshel and Beeckman, 2013). Hence, breeding cultivars with high vigor 

at late developmental stages and enhanced root activity during grain filling has 

become one of the breeding goals for rice in China (Cheng et al., 2004). In recent 

years, research related to root aging has received more attention, which is indicated 

by an increased number of publications addressing the turnover, lifespan, dynamics 

or aging of roots. However, definitions and mechanisms describing the biological 

events leading to root aging or senescence as a developmentally regulated process, 

which may be linked with nutrient remobilization or other beneficial metabolic 

processes supporting the development and maturation of seeds still remain unclear. 

 
1.4 Cereal root types differ in anatomy and physiology 

 

With regard to their development, roots are categorized into embryonic and 

postembryonic roots. Embryonic roots are formed originally from the embryo and are 

defined in graminaceous species as seminal roots, while postembryonic roots 

emerge after germination and include nodal roots. In maize, embryonic roots include 

one central primary root and a variable number of seminal roots, while postembryonic 

roots consist of nodal or crown roots and a few whorls of shoot-borne, so-called 

brace roots (Hochholdinger et al., 2004; Hochholdinger and Tuberosa, 2009; York 

and Lynch, 2015). Most other graminaceous species, such as wheat or barley, do not 

form a primary root but rather several seminal roots of similar age and emergence. In 

contrast, the root system of dicotyledonous plant species is relatively simple, since it 

is built from one primary root with continuously emerging lateral roots, which are 

postembryonic roots (Figure 1.2). 
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Figure 1.2 Root types of monocots and dicots. (A) The root system of maize includes one primary 
root (PR), several seminal roots (SR) and several whorls of crown roots (CR). (B) Example of 
different whorls of stem-borne roots in maize. (C) A comparison of the root system between maize 
and Arabidopsis. Pictures are taken from (Hochholdinger et al., 2004; Hochholdinger and 
Zimmermann, 2008; Hochholdinger and Tuberosa, 2009). 

 
 

Even within the same root type, roots consist of tissues of different root age, which is 

a consequence of the developmental gradient established along a root axis. Taking 

postembryonic, nodal roots from barley as an example, the first nodal root initiates 

early during the juvenile growth phase. This process is followed by continuous 

emergence of nodal roots from newly established tillers. Finally, the gradually 

increasing nodal root system consists of roots that vary in their length from a few 

centimeters to more than 1 meter (Figure 1.3A). Inspecting a single root over its 

lifespan shows that an age gradient exists in longitudinal direction due to continuous 

cell division and elongation at the apex (Figure 1.3B). Age-dependent root gradients 

become more complex as soon as lateral roots of higher orders start emerging. 

Taken together, a root system consists of several age-dependent gradients along 

individual roots of different types and orders, which makes it difficult to investigate 

root aging processes in whole root systems. 

A B C C 
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Differences between seminal and nodal roots become also evident at the anatomical 

level. In maize, the proportion of xylem vessels relative to the total stele area is 

significantly higher in seminal roots than in primary or crown roots, and the proportion 

of the stele area relative to the total root area is significantly higher in the crown roots 

(Figure 1.4A). In barley, seminal roots possess a thickened stele with a single large 

axile vessel and 6-8 xylem groups all bounded by a thick-walled endodermis, while 

neither the endodermis nor the stelar tissues are thickened in nodal roots which 

harbor 12-16 xylem groups (Figure 1.4B). These diverse root anatomies imply that 

different root types might differ in root functions. 
 

 

 

Figure 1.4 Anatomy of different 
root types in cereals.  (A) 
Transverse sections of the 
proximal parts of  20 mm long 
roots of 
maize: 
seminal 

different root types in 
primary root (PR), 
root  (SR)  and  crown 

root (CR). Scale bars = 200 μm. 
(B) Schematic comparison of 
transverse sections of a seminal 
root (left) and nodal root (right) 
in barley. Pictures have been 
taken from (Jackson, 1922; Tai 
et al., 2015). 

A B 
Figure 1.3 Root developmental stages and age-related gradient within a root type. (A) Nodal root 
system from a single barley plant at the age of 46 days. The nodal root system has been divided into 
6 groups according to their developmental stage. (B) Tissue age distribution along the axes of primary 
and lateral roots of Vicia faba 8 days after planting. Pictures A and B have been taken from the 
present study and (Vetterlein and Doussan, 2016), respectively. 
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Not only root anatomy but also physiological and molecular properties differ among 

root types of the same species (Valenzuela-Estrada et al., 2008; Lynch, 2013). For 

instance, root developmental programs differ between root types. A transcriptome 

study in rice revealed a significant enrichment of expressed genes associated with 

phytohormones and secondary cell wall metabolism in crown roots relative to seminal 

roots (Gutjahr et al., 2015). Under local supply of nitrate to maize, transcriptome 

studies revealed that pericycle cells of crown roots displayed the largest number of 

significant changes in gene expression when compared with other root types. This 

was interpreted as a prerequisite for the exceptionally large architectural plasticity of 

crown roots (Yu et al., 2016). Moreover, nutrient and water uptake capacities differ 

among root types. Based on the determination of nitrate uptake kinetics in maize, it 

has been shown that crown roots have a greater maximum influx rate, while seminal 

roots have a higher substrate affinity (York et al., 2016). In hydroponically-grown 

barley, hydraulic conductivity of cortical cells in the transition zone was significantly 

higher in nodal roots compared to seminal roots, which coincided with higher 

expression of PIP2- and TIP-type aquaporin genes involved in water transport. These 

results implied that nodal roots might be more efficient in water uptake than seminal 

roots (Knipfer et al., 2011). 

In view of these important anatomical and physiological differences among root types, 

it is important to note that the investigation of root aging processes requires targeting 

of individual and defined root types whenever precise characterization is wanted. 

 
1.5 Root aging in dependence of shoot development and source-sink relations 

 

In ecological and agronomic studies, root dynamics is a widely used term to describe 
root growth processes over time, and in many cases, root dynamics has been used 
to assign root longevity or even senescence. By employing mini-rhizotrons, root 

dynamics has been expressed in terms of the formation of total root area (cm2 m-2), 

total root length (m m-2) or root density (number of roots m-2) over the lifespan of a 
plant. In case of wheat, barley or maize, all these dynamic root parameters increased 

as long as the plants were in their juvenile growth phase (Heeraman et al., 1993; 

Asseng et al., 1998; Liedgens et al., 2000). The time point of declining root dynamics 

was closely associated with flowering time, i.e. the transition of plants from vegetative 

to generative growth (Gregory et al., 1978; Merrill et al., 1996; Pietola and Alakukku, 

2005; Pietola, 2005; Zhang et al., 2009; Kato and Okami, 2010). As shown in rice, 
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not only phenotypic parameters, but also physiological parameters such as root 

oxidation activity (Zhang et al., 2009) or root cytokinin concentrations (Yang et al., 

2002) declined after heading. Moreover, estimating root N uptake capacity by a 

mathematical modeling approach suggested its decline when flowering starts 

(Guilbaud et al., 2015). The coincidence between flowering and the decline of root 

dynamics is best explained by altered source-sink relationships, since the formation 

of seeds creates a sink for assimilates, which outcompetes roots and decreases their 

provision with assimilates. The shortage of assimilates may induce a regulatory 

switch in roots that turns on a senescence program and decreases root dynamics. 

Compared with studies integrating over the whole root system, split-root studies 

provide another perspective, which uncouples the link between flowering time and 

root dynamics. Growing roots of wheat or barley in a split hydroponic culture showed 

that water uptake capacity of seminal roots increased until day 40, before a sharp 

decrease set in (Krassovsky, 1926). When primary roots of maize were grown in 

sand and separately guided into a cylinder containing a 33P-labeled phosphorus 

source, the shoot 33P content reached its maximum at day 40, followed by stagnant 
values thereafter, which indicated that P uptake capacity of the primary root was 
almost completely lost after day 40 (Fusseder, 1987). By employing triphenyl- 
tetrazolium  chloride  reduction  as  a  parameter  to  represent  root  activity  in  age- 

classified grape roots, it has been found that root activity decreased constantly from 

the 1st until the 6th week (Comas et al., 2000). As plants remained in their vegetative 
growth phase in the above-mentioned time frame, it appears that flowering was not 
the driving force for root degradation processes in these cases. 

Noteworthy, mini-rhizotron-based approaches poorly differentiate between different 

root types, especially in case of graminaceous species, and risk to disregard that 

individual root types have distinct root ages and physiological properties (Zobel, 

1992). Therefore, focusing on one specific root type is important when aging 

processes are to be monitored over the lifespan of a plant. 

 
1.6 The current state of phenotypic, physiological and molecular studies 

provides an incomplete view of root aging 

 
Anatomical studies have indicated that root aging frequently starts with the 

degradation of cortical cell layers. This so-called cortical senescence is considered a 

phenotypic or morphological event of root senescence, because it represents tissue 
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degradation, or even cell death, and leads to the final stage of the lifespan of a root. 

Cortical senescence was first identified in wheat and barley about half a century ago 

(Holden, 1975). In this study, dyes, such as acridine orange, were employed to stain 

nuclei and thereby to discriminate living, i.e. stained from dead cells. Surprisingly, 

cortical cell death set in already one week after germination, raising the question 

whether this reflects a purely developmentally regulated process. Although these 

observations were confirmed in wheat, barley, oat, rye and maize, their interpretation 

in the sense of a developmentally regulated program remained open (Deacon and 

Mitchell, 1985; KIRK and Deacon, 1986; Fusseder, 1987; Liljeroth, 1995). A more 

detailed study on cross sections from five weeks-old wheat roots revealed that 

degradation started in outer cortical cells, followed by those in the middle and by 

inner cortical cells. Moreover, this radial gradient progressed shoot-ward along the 

root axis (Bingham, 2007). 

Cortical  senescence  can  be  induced  by  distinct  external  factors.  For  instance, 

hypoxia or waterlogging induce ethylene biosynthesis in roots, which induces cell 

death in cortical cells and causes cortical senescence (Justin and Armstrong, 1991; 

He et al., 1996). This is believed to be an adaptive process for better facilitating 

oxygen diffusion in roots under hypoxia (Armstrong, 1980). Nutritional factors, like 

low nitrogen or phosphorus provision, also induce cortical senescence (Drew et al., 

1989;  Fan  et  al.,  2003),  which  suggests  that  cortical  senescence  is  subject  to 

regulation  by  internal  and  external  stimuli.  Reactive  oxygen  species  (ROS)  are 

believed to be a trigger of cortical senescence (Bouranis et al., 2003; Yamauchi et al., 

2011).  Apart  from  ROS,  the  characterization  of  molecular  processes  triggering 

cortical senescence is still poor. Transcriptome analysis revealed that 223 genes 

significantly changed their expression levels after inducing cortical senescence in 

primary roots of maize by ethylene. In this study, genes involved in ethylene signaling, 

cell wall modification and proteolysis were highlighted (Takahashi et al., 2015). 

Compared to cortical senescence, root browning is another phenotypic marker that 

may indicate root senescence, since newly formed roots are white but turn brownish 

when they age. This phenotypic change is widely used in ecological studies when 

root turnover is investigated (Heeraman et al., 1993; Comas et al., 2000; Hishi and 

Takeda, 2005; Konôpka et al., 2006). In Eucalyptus pilularis and Pinus banksiana, 

root browning was associated with condensed tannin accumulation in cortical cell 

walls  and  decaying  epidermis  and  cortex,  leaving  a  dead,  tannin-filled  sheath 
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surrounding an intact and living stele (McKenzie and Peterson, 1995). In a 

physiological investigation, brown roots showed lower respiration rates and lower 

nitrate uptake capacities compared to white roots (Baldi et al., 2010). These studies 

indicated that root browning is correlated with declining physiological root functions. It 

is noteworthy that root aging is not the only factor that causes root browning, other 

factors such as low soil water content, metal toxicity or high soil temperature also 

enhanced root browning (Rogers, 1940; Bartsch, 1987; Rahman et al., 2005). So far, 

a comprehensive understanding of root aging is still lacking. Neither root cortical 

senescence nor root browning has been causally linked to root aging. 

At the physiological level, nutrient uptake capacity has been widely utilized as a 

marker for root aging or senescence, but most results are difficult to interpret in the 

context of root aging processes. Actually, most of these uptake studies were 

conducted over a period of 1-3 hours with detached short root segments, instead of 

examining intact roots over a short time period, which is a standard when determining 

uptake capacities (Bouma et al., 2001; Volder et al., 2005). Biosynthesis of phenols 

might be another physiological marker for root aging, since soluble phenol 

concentrations significantly increased with increasing root order (Adams and 

Eissenstat, 2015). To date, robust physiological markers of root aging or senescence 

haven’t been identified. 

At the molecular level, a cysteine protease of red clover, Tp-cp8, was found to be up- 

regulated in roots under both, root aging and stress conditions, such as defoliation or 

shading (Webb et al., 2010). Overexpression of cytokinin oxidase genes in 

Arabidopsis, leading to cytokinin deficiency in roots, increased primary root length, 

lateral root number and the number of dividing cells in the apical root zone (Werner et 

al., 2003). Interestingly, cytokinin-depleted barley lines displayed less root browning 

than wild-type roots at later developmental stages, which may be indicative for 

delayed root senescence (Mrízová et al., 2013). However, to what extent cytokinin 

depletion may affect other root senescence markers has not been investigated yet. 

 
1.7 Aim of the thesis 

 

As described above, it still remains open how to define root senescence and how to 

set it apart from root aging. In particular the following questions remain to be 

addressed: i) How to dissect senescence-related processes in complex root systems, 

which consist of diverse root types? ii) How do root senescence-related processes 
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develop in relation to leaf senescence? iii) Can physiological and molecular markers 

be identified that describe root senescence? iv) What are the molecular determinants 

that regulate root senescence? 

The goal of the present thesis was to characterize root aging processes at the 

morphological, physiological and molecular level and to examine their nature and 

progression in the context of organ senescence. For this purpose, a hydroponic 

culture system was used for the cultivation of barley plants to facilitate the access to 

defined root types. In order to reduce the complexity of the investigated root system, 

seminal roots instead of the whole root system were chosen as target organs. Over a 

period of 53 days, roots samples were taken weekly and independently from apical 

and basal root zones for the examination of tissue age- and plant age-related 

markers. The timeline of the present study was based on the appearance of cortical 

senescence and root browning, since these two phenomena were most evident and 

typical for degenerative processes in roots. These two processes were recorded 

together with other parameters, such as root biomass and total root length (chapter 

3.1). Within the time frame of these degenerative processes, an uptake experiment 

with 15N-labeled nitrate was conducted to describe root activity (chapter 3.2). To 

address the question to what extent these root aging processes depend on shoot 

development and assimilate delivery, chlorophyll concentrations were determined in 

individual leaves together with shoot meristem development and related to sugar 

concentrations of seminal roots (chapter 3.1, chapter 3.2). 

Two fundamental differences that distinguish senescence and root aging are 

reversibility and nutrient remobilization (see above). The present study could not 

investigate the reversibility of root senescence due to limited knowledge of which 

internal or external factors may determine root senescence. Therefore, root samples 

were profiled for phytohormones, which may regulate root senescence as they do in 

leaf senescence. In addition, nutrient remobilization was also investigated in order to 

differentiate senescence and aging. 

In chapter 3.3 of this thesis, plant age-dependent changes in the root transcriptome 

were recorded. GO term analysis was used to identify major processes 

characterizing distinct root developmental phases, and the expression pattern of 

putative marker genes was verified by qRT-PCR. On the basis of transcriptome 

studies, putative senescence-related metabolites were determined by MS-based 

analysis (chapter 3.4). 
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Chapter 4 of this thesis discusses all major results and findings in the context of 

previous work related to root aging or root senescence-related processes. This 

chapter integrates over the most relevant data to discern whether the recorded data 

reflect a genetically determined developmental process, which may even involve 

nutrient remobilization. The discussion further extends into the plant nutritional and 

agronomic dimension of root senescence. 
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2 Materials and methods 
 

2.1 Plant culture and sampling 
 

Barley (golden promise) seeds were germinated on wet filter paper for 5 days under 

dark condition at 4°C. Then germinated seeds were cultured on the soft plastic 

needles with half-strength nutrient solution which is in absence of iron for 7 days. 

Plants were finally grown in the full nutrient solution (2 mM Ca(NO3)2, 0.5 mM K2SO4, 

0.5 mM MgSO4, 0.1 mM KH2PO4, 0.1 m MKCl, 1 μM H3BO3, 2.5 μM MnSO4, 0.5 μM 
ZnSO4, 0.2 μM CuSO4, 0.01 μM (NH4)6Mo7O24 and 0.1 mM Fe-EDTA) under long 

day condition (16 h light/ 8 h dark, light intensity 250 μmol m-2 sec-1; 20°C/ 18°C 
light/dark, 70% humidity) and nutrient solutions were renewed every 3 days. 

In order to distinguish organ age- and plant age-dependent markers, barley seminal 

roots were harvested as two fractions: the apical root zone (ARZ), which contains the 

tissue between root cap and the 1st 1mm lateral root, and, the basal root zone (BRZ), 

which consists of the remaining part after ARZ removal of the seminal roots. Ideally, 

the newly generated ARZ should not hold organ age-dependent but only plant age- 

dependent information. This is due to the logic that new ARZ has the same organ 

age, thus organ age-dependent information should be the equal between new ARZs, 

and the gradual altered expressions of genes between ARZs are suspected to 

correlate with plant age since it’s accordingly increasing. 

Experimental materials were collected weekly, i.e. at 18, 25, 32, 39, 46 and 53 days 

after germination: individual leaves of the main tiller were harvested and frozen in 

liquid nitrogen; the root system was first washed by 1mM CaSO4  for 1 min and 

quickly wiped by paper tissue, then the apical root zone (ARZ), basal root zone (BRZ), 

whole  seminal  roots  (non-fractionated)  as  well  as  the  whole  nodal  roots  were 

separately harvested and frozen in liquid nitrogen.  For microarray and hormone 

quantification, ARZ and BRZ were separately analyzed. For all the physiological 

analysis, non-fractionated seminal roots were analyzed. 

 
2.2 Total seminal root length and root mass quantification 

 

At each harvest, 15 plants were taken for the total seminal root length measurement. 

Individual seminal root length from each plant was measured by ruler, sum data of 

individual seminal root length within each plant was taken as one biological replica of 
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total seminal root length. After seminal root length measurement, seminal roots, 

nodal roots and the whole shoots were dried in 65°C for 5 days and weighted to get 

their dry mass. 

 
2.3 Staining and light microscopy 

 

Root apical zone observation: fresh sampled seminal root tips were checked under 

VHX-5000 digital microscopy (Keyence Corporation) weekly. 

Anatomical examination: Barley seminal roots were incubated with 0.25 % (w/v) 

Evans blue aqueous solution for 15 min at room temperature under vacuum condition. 

Stained roots were washed three times (10 min each) with distilled water on the 

shaker and then 4 different segments along with seminal roots with the length of 0.5 - 

1 cm were collected. These 4 different segments are defined as: 5 cm under the 

hypocotyl, 20 cm under the hypocotyl, the position of the first 1 mm lateral root 

emerged and root meristem, respectively. All these segments were embedded in 4% 

agar and sliced by vibratome (Carl Zeiss) and photographed by light microscopy 

(Carl Zeiss). 
 

2.4 15N uptake performance for seminal root 

 
Nitrogen influx was examined every 7 days. The whole root system (including 
seminal and nodal roots) was washed in 1mM CaSO4 solution for 1 min, seminal 

roots were spatially separated from nodal roots and then incubated for 20 min in full 

nutrient solution containing 0.5 mM 15NO3 (98% 15N), nodal roots were also 
incubated for 20 min but with another pot containing non-labeled N full nutrient 
solution. After rinsing the seminal and nodal roots in 1mM CaSO4 for 1 min 

separately, plants were separated into seminal root, nodal roots and the whole shoot. 

All these organs were freeze-dried and subjected to 15N determination by isotope 
ratio mass spectrometry (NU Instruments, http://www.nu-ins.com). 

 

2.5 Chlorophyll concentration measurement 
 

Chlorophyll was extracted and quantified as described (Porra et al., 1989). 1.8 ml 

dimethylformamide (DMF) was added to 10 - 25 mg grinded leaf samples and 

incubated at 4°C for 1 day. Absorbance at 647nm and 664nm were collected by 
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spectrophotometer. Chlorophyll concentration was calculated by both chlorophyll a 

and b (μg mg-1): 1.8*(7.04*Abs664 + 20.27*Abs647)/ FW. 
 

2.6 Elemental analysis 
 

For element analysis, grinded plant tissues were dried at 65°C for 5 days. About 2 

mg dry materials were subjected to ICP-MS analysis. 

Total nitrogen was quantified by EA-MS. 
 

2.7 Sugar and amino acids analysis 
 

Soluble sugars were determined according to the literature (Hajirezaei et al., 2000; 

Ahkami et al., 2009). Briefly, 50 mg frozen root material was homogenized in liquid 

nitrogen, dissolved in 0.75 ml of 80% (v/v) ethanol and incubated at 80°C for 60 min. 

Crude extracts were centrifuged at 14,000 rpm at 4ºC for 5 min and the upper phase 

was concentrated in a speed vacuum concentrator (Christ, RVC 2-33 IR, Germany) 

at 45°C for 180 min. The pellet was re-suspended in 0.3 ml HPLC-grade water and 

shaken for 15 min at 4°C for the measurement. 

For the measurement of free amino acids, the same extracts as used for sugar 

analysis were used. To detect primary and secondary amino acids, a fluorescing 

reagent AQC (6-aminoquinolyl-N-hydroxysuccinimidylcarbamate) was used. ACQ 

was dissolved in 3 mg ml-1 of acetonitrile and incubated at 55°C for 10 min. Ten µl of 

sugar extracts were derivatized in a cocktail containing ´10 μl of the fluorescing 

reagent ACQ, 80 μl of a 0.2 M boric acid buffer (pH 8.8) in a final volume of 100 μl. 

The solution was incubated at 55°C for 10 min. Separation of soluble amino acids 

was performed on a newly developed UPLC-based method using Ultra pressure 

reversed phase chromatography (Acquity H-Class, Waters GmbH, Germany). UPLC 

system consisted of a quaternary solvent manager, a sample manager-FTN, a 

column manager and a fluorescent detector (PDA eλ Detector). The separation was 

carried out on a C18 reversed phase column (ACCQ Tag Ultra C18, 1.7 µm, 2.1x100 

mm) with a flow rate of 0.7 ml per min and duration of 10.2 min. The column was 

heated at 50°C during the whole run. The detection wavelengths were 266 nm for 

excitation and 473 nm as emission. The gradient was accomplished with four 

solutions prepared from two different buffers purchased from Waters GmbH (eluent A 

concentrate and eluent B for amino acid analysis, Waters GmbH Germany). Eluent A 
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was pure concentrate, eluent B was a mixture of 90 % LCMS water (The Geyer 

GmbH, Germany) and 10 % eluent B concentrate, eluent C was pure concentrate 

(eluent B for amino acid analysis) and eluent D was LCMS water (The Geyer GmbH, 

Germany). The column was equilibrated with eluent A (10 %) and eluent C (90 %) for 

at least 30 minutes. The gradient was produced as follow: 0 min 10% A and 90 %C / 

0.29 min 9.9 % A and 90.1 % C / 5.49 min 9 % A, 80 % B and 11 % C / 7.1 min 8 % 

A, 15.6 % B, 57.9 % C and 18.5 % D / 7.3 min8 % A, 15.6 % B, 57.9 % C and 18.5 % 

D / 7.69 % 7.8 % A, 70.9 % C and 21.3 % D / 7.99 min 4 % A, 36.3 % C and 59.7 % 

D / 8.68 min 10 %A, 90 % C / 10.2 min 10 % A and 90  % C. 
 

2.8 Urea quantification 
 

About 5mg milled freeze-dried sample are mixed with 350 µl 10 mM formic acid 
together with 2 small metal beans. Shaking the mixture overhead in 4℃ for 10 min 
followed by 13200 rpm centrifuge at 4°C for 15 min. Supernatant is transferred to a 

new 1.5 ml Eppi then keep in -20℃ for at least 2 hours in order to make sugars down. 
For analysis, 50 µl room temperature warmed extracts is transferred into a new 1.5 
ml Eppi then mixed with 1000µl Color development reagent. The new mix is 

incubated at 99°C for 15 min, shaking 750 rpm. Samples are immediately incubated 

on ice for 5 min then keep in dark at room temperature until measurement. The 

absorption is determined at 540nm with the Photometer. Standard curve by using 

pure urea with different dilutions are conducted with samples in parallel. 

 

Buffer preparation: 

Stock acid reagent: (stored in dark at 4 °C, storable for up to ½ year) 

0.25 g ferric chloride hexahydrate (FeCl3.6H2O MW=270.30g/mol) 

7.5 ml MQ water 

5.0 ml ortho-phosphoric acid (H3PO4 MW=98g/mol) 
 
 

Mixed acid reagent: (stored in dark at 4 °C, storable for up to ½ year) 

40 ml MQ water 

10 ml concentrated H2SO4 (MW=98.08g/mol) 
30 µl Stock acid reagent 

 

Stock color reagent A: (stored in dark at 4 °C, storable for up to ½ year) 
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200 mg diacetylmonoxime (toxic, C4H7NO2, MW=101.1g/mol) 

10 ml MQ water 
 

Stock color reagent B: (stored in dark at 4 °C, storable for up to ½ year) 

50 mg thiosemicarbazide (toxic, CH5N3S, MW=91.14g/mol) 

10 ml MQ water 
 
 

Mixed color reagent: (stored in dark at 4 °C, storable for up to ½ year) 

3.5 ml Stock color reagent A 

3.5 ml Stock color reagent B 

43.0 ml MQ water 
 
 

Color development reagent: (always prepare fresh up to ½ day before you start, 

this reagent should also keep in dark and on ice when you are using) 

1: 1: 1 =MQ water: Mixed color reagent: Mixed acid reagent (v: v: v) 
 

2.9 Catalase activity measurement 
 

Catalase  activity  measurement  is  based  on  oxygen  electrode  method  with  the 
 machine from Hansatech Instruments. Briefly, 200 μL 4℃ pre-cooled PBS solution (PH=6.6) was added to 30 mg grinded root fresh samples, then add 200 μL 4℃ pre- cooled PBS solution (PH=6.6) for each tube. At 4℃, shake the mixture at 1400r for 20 min. Centrifuge, 4℃, 10000 g for 15 min. Transfer the supernatant into a new tube. 

Set up the oxygen electrode by proper calibration as described by the handbook. 

Transferring 2 ml 50 mmol/L H2O2 to the oxygen electrode chamber followed by 

adding 40 μL extracted solution. Close the chamber and start recording data, the 

measurement should at least lasts for 2 min. Choosing the O2 production curve 

between 0 min – 2 min to get total amount of O2. Catalase Activity = (200μL / 40μL) x 

Oxygen / 2 min / FW 

 
2.10 Phytohormone measurements 

 

Methods for phytohormone quantification is describe as literatures (Kojima et al., 

2009; Kermode, 2011). In brief, 10-30 mg freeze dried samples were extracted by 1 x 

1 ml 0.5 % FA in H2O/MeOH 30/70 (4 °C) add 2 steel ball´s, vortex 30 sec. Add 15 
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min ultrasonic bath (4 °C). The mixtures were shaking overhead for 1h (4  °C) 

followed by centrifuge 10 min 4 °C 14.000 rpm, transfer supernatant to a new 2 ml 

Eppi. Repeat the extraction and combine the supernatants and evaporate the MeOH 

with vacuum centrifuge ca. 20 - 30 min = 0.6 ml left in the Eppi. Extract again by 1 x 1 

ml 0.5 % FA in H2O (4 °C), vortex 30 sec. Add 15 min ultrasonic bath (4 °C). Extract 

with overhead shaking for 1h (4 °C) then centrifuge 10 min 4 °C 14.000 rpm, transfer 

supernatant and combine in the 2 ml Eppi. Add internal standard in 200 µl MeOH and 

evaporate MeOH with vacuum centrifuge ca. 15 min = 1,6 ml left in the Eppi. The 

extracted solutions then subjected for sample cleaning. Cleaned samples were then 

subjected to UPLC-MS analysis for hormone quantification. 

 
2.11 Tryptophan, tryptamine and serotonin measurements 

 

Extraction and analysis of tryptophan, tryptamine and serotonin was described in 

literatures but with some modifications (Cao et al., 2006; Kang et al., 2009). Root 

samples were grinded in liquid nitrogen. About 50-70 mg fresh sample was extracted 

with 300 μl 100% methanol. Solutions were centrifuged and supernatants were 

evaporated with vacuum centrifuge. Resolve the dried material by adding 60 μl 25% 

methanol. Quantify metabolites by subjecting the samples for UPLC-MS analysis. 

 
2.12 Microarray analysis 

 

About 100 mg fresh root samples (both apical root zone and basal root zone) of all 6 

time points (day 18, 25, 32, 39, 46, 53) were subjected to RNA extraction, each time 

point had 3 biological replications. RNA was extracted using a Plant Mini RNA kit 

(Qiagen, Hilden, Germany) following the manufacturer's protocol.  RNA  was 

quantified using the NanoDrop ND-1000 (Peqlab, Erlangen, Germany) and the 

quality of extracted RNA was verified with a Bioanalyzer 2100 (Agilent Technologies, 

Santa Clara, CA, USA). RNA was labeled through the application of a low-input 

QuickAmp Labeling kit (Agilent Technologies). The labeled cRNA samples were 

subsequently purified using RNeasy Mini Spin columns (Qiagen), and 600 ng of Cy 

3-labeled, amplified cRNA were hybridized, following the manufacturer's protocol, to 

a custom-synthesized 60k Barley Microarray (Agilent Technologies). The quantified 

feature text file was first subjected for quality checks using the Agilent QC chart tool 

and the resulting data were analyzed using Gene Spring 12.0 software (Agilent 
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Technologies). After quantile normalizing and baseline transformation to median of all 

samples, the probe sets (genes) were filtered by coefficient of variation < 50%, 

followed by moderated unpaired t-tests and Benjamini-Hochberg corrections. Probe 

sets that passed the P-value cut-off of ≤0.05 were defined as significant expressed 

genes. 

Within the GO analysis, redundant GO terms are widely exist because transcripts are 

multifunctional. These redundant GO terms could be eventually narrow down to more 

specific biological processes without significantly reduced gene numbers. Therefore, 

to simplify these redundant GO terms and display more specified biological process, 

the lowest hierarchy GO terms of individual branch were chosen. 

 
2.13 Quantitative RT-PCR 

 

The methodology of qPCR is performed as described (Schmittgen and Livak, 2008). 

List of primer sequences for RT-PCR: 
 
 

 Primer Forward Primer Reverse 
HvUBC TCTGCTTTCAATCTGCTCGC CTCCGTATCATCCCATGGCA 
HvNAC005 CCATGTGAACAGCAGCGGCAAC CCGACGTTGAGGCTGGTGAATC 
HvNAC027 ACGGCTACGTGAACCACGACAC CAAGCTGCCGCTGGATCTCTTC 
HvPap‐14 TACGCCTTCCAGTACATCGC CGTCCTCATACCCGTCGATG 
HvPap-15 TGATGAACGCTGTGGCAAAC TACATGGCCCGTTGTAGATTCC 
HvPap‐17 AGCTGCGTGTGCATTTATCATG GCGGTGAAATATGCAACCCA 
HvNCED1 CCAGCACTAATCGATTCC GAGAGTGGTGATGAGTAA 
HvNCED2 CATGGAAAGAGGAAGTTG GAAGCAAGTGTGAGCTAAC 

 
 

2.14 Phylogenetic analyses 
 

Amino acid sequence alignments were performed using the ClustalW module in the 

MEGA (Molecular Evolutionary Genetics Analysis) 6.0 program (Tamura et al., 2013). 

Neighbor-joining trees and bootstrap analyses were also conducted using MEGA 6.0, 

and the following parameters were selected: model, p-distance; bootstrap, 1000 

replicates; and gap/missing data, pairwise deletion. NCBI accession numbers of 

individual proteins are listed within the phylogenetic tree. 
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3 Results 
 

3.1 Phenotypical characterization of seminal root aging 
 

3.1.1 ley plant development and seminal root growth 

To monitor the onset and progression of the aging process in roots over time, barley 

plants  were  cultivated  hydroponically  for  about  2  months.  Seminal  roots  were 

spatially separated from later emerging nodal roots, and shoots, seminal and nodal 

roots were harvested at days 18, 25, 32, 39, 46 and 53. Tillering started approx. at 

day 25 (Figure 3.1). At day 53 plants were at growth stage 36 (GS36) and had 

developed 6 visible nodes (Figure 3.1). A timely start of plant sampling was required 

to catch early senescence processes in roots, as from day 25 on the first leaf of the 

main tiller became chlorotic (Figure 3.2A). The seminal roots proliferated until day 39 

but  then  turned  brown,  indicating  the  appearance  of  root  browning,  a  root 

senescence marker that formerly used in literatures (see introduction 1.6). In contrast, 

nodal roots started to develop from day 18 on and strongly proliferated until day 46. 

Then, also nodal roots turned brown while their biomass was still increasing until day 

53 (Figure 3.1, Figure 3.2B). 

According to their development individual leaves of the main tiller gradually turned 

yellow over time (Figure 3.2A). At the whole-main-tiller level, chlorophyll degradation 

proceeded in a stepwise manner starting for leaf 1 being completely chlorotic at day 

32, while every subsequent leaf became fully chlorotic approx. one week later. Thus, 

at final harvest, four leaves of the main tiller were completely chlorotic (Figure 3.2A), 

while the whole shoot phenotype that was dominated by the leaves of younger tillers 

still appeared to be green (Figure 3.1). 

From  day  18  on,  biomass  of  nodal  roots  increased  exponentially  over  time, 

suggesting this trend continued also after day 53 (Figure 3.2B). In contrast, seminal 

root biomass increased linearly between day 18 and day 46 and then levelled off, 

while seminal root elongation begun to stagnate on day 39 (Figure 3.2C). A closer 

look at the apical zone of the seminal roots revealed that after day 32 some of the 

seminal root tips degraded – similar to the phenotype shown in Figure 3.3. On day 39, 

almost 20% of the seminal root tips were degraded and this value increased up to 80% 

at the last harvest (Figure 3.2D). At the whole plant level, root-to-shoot biomass ratio 

showed a gradual decrease until day 39, followed by a slight increase afterwards, 

which suggested that up to day 39 plants invested more assimilates in tiller formation 
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while after day  39 the root-to-shoot biomass ratio slightly increased due to the 

exponential growth of nodal roots (Figure 3.2E). Taken together, these data indicate 

that seminal root development underwent a transition around day 39, when they 

started turning brown, did not continue elongating and degradation of apical zone set 

in. 

 
Figure 3.1 Visual 
development of shoots, 
seminal and nodal roots 
from day 18 to day 53 after 
germination. The root 
system has been 
separated into seminal 
(left) and nodal roots 
(right). Inserts show node 
elongation of the main tiller 
at day 46 and day 53. 
Each image represents 
one representative plant. 
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Figure 3.2 Quantitative analysis for barley 
shoot and root development from day 18 to 
day 53 after germination. (A) Chlorophyll 
concentrations of individual leaves of the 
main tiller. (B) Dry mass of the nodal root 
system. (C) Dry mass of the seminal root 
system and the total seminal root length. 
(D) Proportion of degraded apical zone of 
seminal roots. (E) Dry mass based root to 
shoot ratio. Error bars indicate  mean 
values ± SE. For graph (A) - (D), n=5. For 
graph (E), n=15. Different letters indicate 
significant differences according to LSD, 
p<0.05. 
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3.1.2 eminal root structure and anatomy over time 

To investigate whether macroscopic or cell structural changes were responsible for 

the arrested elongation and root tip decay of seminal roots, barley seminal roots were 

subjected to light microscopy. As a reference for shoot development, spike 

development of the main tiller was inspected in parallel. 

At day 25, spike of the main tillers had entered the double rage stage. With regard to 

the apical root zone, the diameter of root tips appeared to increase between day 

18/25 and day 32. Root tips were smooth and whitish before day 32 but turned brown 

with dark spots on the surface afterwards. Finally, the outer cell layers were 

degrading so that only the stele with the vascular system remained (Figure 3.3). 

More detailed changes in tissue and cell structure were examined in radial root 

sections that were taken at four positions along the seminal root axis: i) 5 cm below 

the hypocotyl, ii) 20 cm below the hypocotyl, iii) at the position where the first lateral 

root had emerged to a maximum length of 1 mm, and iv) at the apical meristem. 

Evans blue staining indicated that already on day 18, epidermal cells in the most 

basal root section were partially leaky (Figure 3.4). Epidermal cell decay proceeded 

acropetally and on day 39 epidermal cell death had reached the root tips. In contrast, 

radial sections at the other three positions showed intact tissue structures at the first 

three time points (Figure 3.4). On day 39, epidermal, exodermal and cortical cells 

were partially degraded at the position in the basal root zone. Degradation of the 

other root cells proceeded acropetally and reached the apical zone (Figure 3.4). 

Taken together, this structural analysis indicated that epidermal cells partially lost 

integrity quite early during root development, whereas disintegration of the root tissue 

was mainly caused by the loss of cortical cells. 
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   Day 53 100x Day 46 100x Day 39 100x 

Day 53 50x Day 46 100x Day 39 100x 

Day 32 100x Day 25 100x Day 18 100x 

Figure 3.3 Developmental 
stages of the apical shoot 
meristem and the seminal 
root tip at harvested time 
points. Shoot meristems from 
the main tiller were 
photographed. 100x and 
200x indicates microscopic 
magnification. 

Day 18 200x Day 25 200x Day 32 200x 
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Figure 3.4 Structural changes in seminal roots over time. Seminal roots of hydroponically-grown barley 
plants were stained with Evan’s blue. Roots were sectioned at four positions: i) 5 cm below the 
hypocotyl, ii) 20 cm below the hypocotyl, iii) at the position where the first lateral root had emerged to a 
maximum length of 1 mm, and iv) at the apical meristem. Each image shows a representative sample. 
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3.2 Physiological characterization of seminal root aging in barley 
 

3.2.1 acterization of seminal root activity during aging 

Nitrogen uptake capacity was chosen as an indicator of root activity, because nutrient 
uptake is one of the fundamental functions of roots that require a proper physiological 
status. In a set of separate plants, in which seminal roots were spatially separated 

from nodal roots, seminal roots were exposed for a period of 20 min to 15N-labelled 
nitrate solution with the same concentrations of all other elements. Between day 18 

and day 39 nitrate uptake capacity was constantly at approx. 3 μmol nitrate g-1 DW 

min-1 , before a significant drop set in after day 39 (Figure 3.5A). Likewise, 15N 
translocation was almost stable or increasing until day 39, before it also decreased 

after day 39 (Figure 3.5B). Obviously, this drop in 15N translocation was a direct 
consequence of the change in nitrate uptake capacity. These observations indicated 

that the physiological activity of barley seminal roots significantly dropped after day 

39. 

 

Figure 3.5 Plant age-dependent 
nitrate uptake capacity of seminal 
roots and root-to-shoot 
translocation of nitrogen. 1 mM K- 
15NO was  supplied  as  the  N 
source for the 20 min uptake 
experiment and the 
concentrations of all the other 
elements were maintained as 
non-labelled hydroponic solution. 
This uptake experiment was only 
done for barley seminal roots 
based on spatially separated root 
types. (A) nitrogen uptake 
capacity of barley seminal root 
during aging. (B) nitrogen 
translocation of barley seminal 
root during aging. At day 18, n = 
5. From day 25 to day 53, n = 6. 
Error bars indicate mean values ± 
SE. Different letters indicate 
significant differences according 
to LSD test (p<0.05). 

3 
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3.2.2 lant age-dependent changes in sugar levels of seminal roots 

To address the question whether the drop of root activity was a consequence of 

energy depletion in seminal roots, sugar levels of seminal roots were analyzed 

because they represent the major assimilates required to produce ATP and redox 

equivalents and to sustain root activity. Glucose and fructose concentrations followed 

a highly similar pattern over time that was characterized by a sharp initial decline 

from day 18 to day 25 before values became stable at an approx. 2 fold lower level 

(Figure 3.6). 

 
 

Figure 3.6 Sugar profiles of 
barley seminal roots over time. 
Seminal roots and leaves were 
harvested weekly from day 18 
until day 53, when the main tiller 
had 4 chlorotic leaves (Figure 
1A). n = 5. Error bars indicate 
mean values ± SE. Different 
letters indicate significant 
differences according to LSD 
test (p<0.05). 
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In contrast, sucrose concentrations, which were similar to the sum of glucose and 

fructose together, remained relatively stable throughout the whole growth period, 

before a slight decrease was recorded at day 53 (Figure 3.6). Considering that these 

changes in sugar levels were highly distinct from root growth and root activity, which 

showed a transition point at day 39 (Figure 3.2, Figure 3.3), this analysis implied that 

seminal roots were not depleted of energy until the final harvest and that energy 

depletion was not the cause for the decreasing root activity. 

 

3.2.3 Plant age-dependent changes in catalase activity of seminal roots 

Since the timeline based sugar concentrations of the seminal roots implied that 

energy depletion was not the reason for the decreasing root activity, hydrogen 

peroxide (H2O2) was proposed as a cause since it was widely identified to play 

important role in triggering leaf senescence and casing cell death in varies organs 

(Van Breusegem and Dat, 2006; Bieker et al., 2012; Lee et al., 2012). The 

methodology of H2O2 quantification has not been established in the lab, therefore, 

catalase activity was taken as an indicator of H2O2 stress since the rise of catalase 

activity went along with rising H2O2 levels, because catalase is required for the 

detoxification of H2O2 (Djanaguiraman et al., 2009; Mhamdi et al., 2010). During early 

seminal root development, catalase activity was at a low level of approx. 4 nmol O2 

ml-1   mg-1   FW.  However,  after  day  39  catalase  activity  steeply  increased  and 

eventually reached to 16 nmol O2 ml-1 mg-1 FW, which was almost 4 times more 
(Figure 3.7). Considering that catalase activity mostly reflects hydrogen peroxide 
(H2O2) level, it was expected that also H2O2 concentration increased after day 39. 
This data indicated barely seminal roots might face oxidative stress at late stages 

which might subsequently reduce root activity such as 15N uptake capacity. 

 
Figure 3.7 The catalase activity of seminal 
roots over time. Catalase activity was 
referred to the O2 emission from H2O2 

solution based on oxygen electrode method. 
Seminal roots  and leaves were harvested 
weekly from day 18 until day 53, when the 
main tiller had 4 chlorotic leaves (Figure 1A). 
n = 5. Error bars indicate mean values ± SE. 
Different letters indicate significant 
differences according to LSD test (p<0.05). 
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3.2.4 Plant age-dependent profiles of mineral nutrient in seminal roots of barley 
During leaf senescence, elements like nitrogen (N), potassium (K), phosphorus (P), 

sulfur (S), molybdate (Mo), copper (Cu) and zinc (Zn) are remobilized from old leaves 

to developing organs that act as a sink (Himelblau and Amasino, 2001). To 

investigate whether roots undergo a similar process during root aging, seminal roots 

of barley were subjected to EA-MS (for N) and IPC-MS (for the other elements) 

analysis. While nutrient concentrations in roots and shoots provided information on 

the nutritional status of the respective organs, seminal root contents additionally 

inform about the nutrient pool size in the seminal roots. 

Nitrogen concentration in seminal root dry matter remained highly constant at 5% and 

dropped only slightly to 4.7% on day 53 (Appendix 1). Thus, as evident from seminal 

root, N content in seminal roots increased with the increase of root biomass (Figure 

3.2C, Appendix 1). Many other essential elements such as S, Cu as well as Mo which 

are reported to be remobilized during leaf senescence didn’t show the decrease of 

their pools during root aging, indicating that their nutritional status in seminal roots 

remained largely unaffected by plant age (Appendix 1). In contrast, P concentration 

of the seminal roots decreased gradually from day 18 onwards. However, root P 

content still increased until day 39 due to the increase of root biomass, but then 

gradually dropped although seminal root biomass was still increasing (Figure 3.2C, 

Figure 3.8A, Figure 3.8B). Within the whole experimental procedure, P 

concentrations  of  both  roots  and  shoots  were  above  the  critical  level  that  was 

recorded as 4 mg g-1 dry weight in barley (Reuter, 1997), which indicated P supply of 

the hydroponic solution is sufficient and the drop of root P pool was not likely due to 

deficiency (Appendix 1). Thus, the decrease of P pool may be indicative for P 

remobilization out of the seminal root P pool that set in at day 39. Among all the other 

nutrients, only Zn showed a highly similar pattern as P which indicated the possible 

remobilization of Zn during root aging too (Appendix 1, Figure 3.8C, 3.8D). K content 

showed a slightly similar pattern as P and Zn, but it was decreased at day 46 

compare with day 39 of P and Zn (Appendix 1). Considering K is a highly movable 

element in plant tissue which is easily leaches from tissues, especially in aging 

tissues since cells lose their integrity (Tukey Jr, 1970; Orlando Filho, 1985), and the 

tissue degradation did observed in larger extent after day 46 (Figure 3.4), such late 

stage reduction of K pool was considered as the leakage to surround environment. 
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To  summarize,  physiological  data  indicated  P  and  Zn  but  not  other  measured 

elements were remobilized during root aging. 
 
 

 
 

Figure 3.8 Plant age-dependent changes of phosphorus and zinc. The concentrations and contents of 
nitrogen (A-B) and Zn (C-D) of the seminal roots, respectively. Seminal roots and leaves were 
harvested weekly from day 18 until day 53, when the main tiller had 4 chlorotic leaves (Figure 3.2A). 
At day 18, n = 5, from day 25 to day 53, n = 6. Error bars indicate mean values ± SE. Different letters 
indicate significant differences according to LSD test (p<0.05). 

 
 

3.2.5 Plant age-dependent profiles of urea and amino acids in seminal roots of 
barley 

In Arabidopsis, urea has been characterized as an early metabolic marker for leaf 

senescence (Bohner et al., 2015). Urea derives either from root uptake or from 

protein and DNA degradation (Zonia et al., 1995; Kojima et al., 2006; Witte, 2011). In 

the present experiment, urea concentrations in seminal roots increased by a factor of 

3 between day 18 and day 39, and then remained a rather constant level of 16-17 

µmol g-1 DW (Figure 3.9). For comparison, urea concentration of leaf number 1-6 of 

Arabidopsis rose from 7 to 17 µmol g-1 DW during leaf senescence (Bohner et al., 

2015). These two datasets generated from two aging organs, Arabidopsis leaves and 

barley seminal roots, showed similar pattern and even similar absolute values during 

organ aging. Due to the absence of urea from the hydroponic solution (see materials 
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and methods), the increase of urea in seminal roots was most likely indicative for 

enhanced protein and/or DNA degradation during later stages of root development. 
 
 
 
 

 
 

 
 
 

To further verify the possibility of protein degradation, barley seminal root samples 

were subjected to amino acids analysis. At least some amino acids have also been 

characterized as degradation forms of N-rich macromolecules that are remobilized 

during leaf senescence (Guiboileau et al., 2010). Here, the identified amino acids 

were classified into 3 different groups due to their pattern changes within the time 

course. The first group included cysteine, lysine, tyrosine, arginine, glycine and 

phenylalanine. Concentrations of all of these amino acids increased, and most of 

them increased after day 39 (Figure 3.10). Within this group, lysine, tyrosine and 

phenylalanine showed similar patterns as found in leaf senescence of Arabidopsis, 

while arginine and glycine displayed different patterns between root and shoot since 

their concentrations decreased during leaf senescence (Bohner et al., 2015). The 

second group contains another six amino acids including proline, GABA, serine, 

aspartic acid, glutamic acid and asparagine were decreasing during seminal root 

aging, and in general, mainly dropped after day 39 (Figure 3.11). The concentrations 

of serine, aspartic acid, glutamic acid and asparagine displayed similar patterns as 

observed in leaf senescence of Arabidopsis. In contrast, proline and GABA were 

slightly increased in leaf senescence but downregulated in root aging (Bohner et al., 

Figure 3.9 Plant age-dependent changes in urea concentrations in seminal roots of barley. Seminal 
roots and leaves of hydroponically-grown plants were harvested weekly from day 18 until day 53, 
when the main tiller had 4 chlorotic leaves (Figure 3.2A). n=5. Error bars indicate mean values ± SE. 
Different letters indicate significant differences according to LSD test (p<0.05). 
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2015). The amino acids of the third group showed very slight changes during root 

aging, these are: histidine, glutamine, isoleucine, valine, threonine, leucine and 

alanine (Figure 3.12). Interestingly, histidine, isoleucine, valine, threonine and leucine 

were accumulated during leaf senescence of Arabidopsis, while the concentrations of 

glutamine and alanine were decreased in leaf senescence (Bohner et al., 2015). 

Taken together, concentrations of most amino acids showed the transitioning at day 

39 (either decrease or increase), and those elevated amino acids might indicate the 

start of protein degradation. Many amino acids showed different patterns between 

leaf senescence and root aging, indicated the degeneration process might be 

different between these two processes. 
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Figure 3.10 The profiles of up regulated amino acids of barley seminal roots over time. Seminal 
roots and leaves of hydroponically-grown plants were harvested weekly from day 18 until day 53, 
when the main tiller had 4 chlorotic leaves (Figure 3.2A). n=5. Error bars indicate mean values ± 
SE. Different letters indicate significant differences according to LSD test (p<0.05). 
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Figure 3.11 The profiles of down regulated amino acids of barley seminal roots over time. Seminal 
roots and leaves of hydroponically-grown plants were harvested weekly from day 18 until day 53, 
when the main tiller had 4 chlorotic leaves (Figure 3.2A). n=5. Error bars indicate mean values ± SE. 
Different letters indicate significant differences according to LSD test (p<0.05). 
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Figure 3.12 The other amino acids’ profiles of barley seminal roots over time. Seminal roots and 
leaves of hydroponically-grown plants were harvested weekly from day 18 until day 53, when the main 
tiller had 4 chlorotic leaves (Figure 3.2A). n=5. Error bars indicate mean values ± SE. Different letters 
indicate significant differences according to LSD test (p<0.05). 
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3.2.6 Plant age-dependent profiles of major phytohormones in seminal roots 

To investigate possible roles of phytohormones in the regulation of seminal root 

aging especially whether there could be a plant age-dependent regulation, seminal 

roots were separated from nodal roots and divided into two fractions: an apical root 

zone (ARZ), consisting of root tissue between root cap and the 1st 1mm lateral root, 

and a basal root zone (BRZ), consisting of all the rest part of the seminal roots 

including all the lateral roots. Both fractions were then subjected to the analysis of 

phytohormones by UPLC-MS/MS. 

Salicylic acid (SA) has been described as a positive regulator of leaf senescence, 

since it accumulates during leaf senescence and mutant plants such as npr1 and 

pad4 defective in SA-signaling reduced the expression of SAG12 as well as delayed 

leaf senescence (Morris et al., 2000). From day 18 to day 53, SA concentration 

increased by more than 3 times in both ARZ and BRZ (Figure 3.13A, 3.13B). This 

steady but slight/moderate increase in SA levels has been observed also in 

Arabidopsis and appears to be related to root aging (Morris et al., 2000). In 

comparison, auxin (IAA) was demonstrated as a negative regulator of leaf 

senescence, since elevated endogenous IAA by overexpression YUCCA6 which is a 

rate-limiting enzyme for IAA biosynthesis, displayed prolonged leaf longevity and 

decreased the expression of several SAG genes including SAG12, NAC1 and NAC6 

(Kim et al., 2011). In ARZ, IAA concentration increased from day 18 to day 32 by a 

factor of 2 and decreased from day 39 on to the initial level. The same age- 

dependent pattern was also observed in basal root fractions, even though with less 

pronounced changes (Figure 3.13C, 3.13D). The IAA pattern of root aging is in 

agreement with the finding in Coleus leaf senescence since IAA was also declined 

with increasing leaf age (Dela Fuente and Leopold, 1968). Among all hormones, 

cytokinins (CKs) have the strongest effect on retardation of leaf senescence (Gan, 

2008). Three ribosylated forms were detected in the root fractions: trans-zeatin- 

riboside (tZR), which is the transport form of the most active cytokinins, cis-zeatin- 

riboside (cZR) and isopentenyladenin-riboside (iPR), which both represent transport 

forms or precursors of less active cytokinins (Heyl et al., 2006). Non-ribosylated 

active CKs were apparently below the detection limits. In general, cytokinin 

concentrations were much higher in the ARZ than in the BRZ (Figure 3.13E, 3.13F), 

which related to the fact that root apical meristem is a major tissue of CKs 

biosynthesis. In the ARZ, iPR and tZR were at a constant level between day 18 and 
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day 39, before their levels dropped drastically after day 39 down to 5-10-fold lower 

levels. A similar pattern was also observed in the basal root parts, but again, these 

changes were less pronounced (Figure 3.13E, 3.13F). Remarkably, also cZR showed 

here an initial increase just before day 39. This may be indicative for the conversion 

of cytokinins biosynthesis from the highly active tZR to the leass active form cZR. 

Among all measured phytohormones, ABA levels showed the most pronounced 

changes during the growth period. In both root fractions, ABA concentrations 

remained at a stable low level from day 18 – 32, but then showed a sudden increase 

at day 39 by a factor of 7-10. At day 46 and 53 ABA levels had returned to initial 

levels. (Figure 3.13G, 3.13H). Taken together, in particular cytokinins and ABA, and 

to a weaker extent auxin, displayed a transition-like pattern at day 39, which indicated 

a plant- or root age-dependent change in hormonal signaling. 
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Figure 3.13 The hormone profiles of apical root zone (ARZ) and basal root zone (BRZ) over time. 
Seminal roots and leaves of hydroponically-grown plants were harvested weekly from day 18 until 
day 53, when the main tiller had 4 chlorotic leaves (Figure 3.2A). (A) and (B): salicylic acid profiles 
in both root fractions overtime. (C) and (D): auxin profiles in both root fractions overtime. (E) and 
(F): cytokinins profiles in both fractions over time. (G) and (H): abscisic acid profiles in both 
fractions overtime. Error bars indicate mean values ± SE. Different letters indicate significant 
differences according to LSD test (p<0.05). n=5. 
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3.3 Plant age-dependent transcriptome analysis of seminal roots in barley 
 

3.3.1 -supervised clustering of gene expression data 

To investigate root aging at the transcriptome level, root segments were taken from 

the apical root zone (ARZ) and from the basal root zone (BRZ) at different time points, 

i.e. 18, 25, 32, 39, 46 and 53 days after germination. Extracted RNA was reversed to 

cDNA then subjected to transcriptome analysis using a custom-made 60K barley 

microarray. The expression values of individual genes at day 18 were taken as 

references for calculating changes in gene expressions at later time points. Genes 

with adjusted p-values < 0.05 were defined as significantly up- or downregulated and 

expression levels were displayed by their log2-fold change (log2FC). To obtain an 

overview on gene expression changes, non-supervised clustering analysis was 

conducted for both root fractions. 

In total, 26617 genes in ARZ and 22486 genes in BRZ were significantly changed at 

least at one time point within the time course. In the ARZ, the two largest groups 

contained 10792 or 9433 transcripts that continuously decreased (cluster 1) or 

increased (cluster 2), respectively. Interestingly, the majority of genes in these two 

groups showed most obvious changes at or after day 39 (Figure 3.14). The third and 

fourth largest group of ARZ genes displayed a transition pattern with a transient 

decrease (cluster 3) or transient increase (cluster 4) at day 39 or 32 and contained 

3663 or 2565 genes, respectively (Figure 3.14). Most transcripts of cluster 4 showed 

a sharp increase by log2FC of 2-7 at day 32. Majority of these transcripts maintained 

their expression at relatively high levels compared with day 18. 164 genes showed no 

prominent pattern was clustered as another cluster. 

In the BRZ fraction, similar clusters were found compare with ARZ fraction. 

Continuously decreasing or increasing transcripts again formed the two largest 

clusters, with 7529 or 7380 transcripts, respectively. Compared with the 

corresponding two clusters in the ARZ, approx. 3000 transcripts less assembled in 

these two clusters of the BRZ were found (Figure 3.15). The third biggest cluster in 

the BRZ contained 4902 genes of sharp increasing transcripts at day 32 and thus 

contained almost the double number of transcripts than the corresponding cluster 4 in 

the ARZ. The cluster showed transient downregulation was again enriched in BRZ 

with 1667 genes, which contains about only 50% of the corresponding cluster in ARZ. 
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Interestingly, 1008 genes showed peaking pattern at day 39 were clustered as the 

last cluster (Figure 3.15). 
 
 
 
 

 
 
 

 
Taken together, non-supervised clustering analysis identified that continuously up- or 

downregulated genes form the two largest clusters and thus represent the most 

abundant plant age-dependent patterns of gene expression in apical and basal root 

zones. In the ARZ, these clusters were followed by two similarly sized clusters of 

transiently down-  or  upregulated  genes.  By  contrast,  in  the  BRZ  the  transiently 

downregulated gene cluster was much smaller in favor of the transiently upregulated 

gene cluster. It was thus anticipated that especially the transiently regulated genes 

discriminate better between the biological processes involved in root ageing in these 

two types of root tissue. 

Figure 3.14 Non-supervised clustering for 26617 significant expressed genes during root aging in 
apical root zone (ARZ). Gene expression values at each time point represent the mean value of 
three biological replications. 
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3.3.2 Cluster based gene ontology analysis in the aging process of barley 
seminal roots 

To describe functional processes encoded by the genes assembled in the individual 

clusters, gene ontology (GO) analysis was performed. GO terms with a p-value < 

0.05 were defined as significantly enriched. Detailed GO terms are shown in 

Appendix 2. 

In the ARZ, the cluster 1 which contained 10792 genes and identified as continuously 

downregulated cluster showed enrichment of 28 GO terms (Appendix 2.1). Within this 

downregulated cluster, the enriched “nucleobase biosynthetic process (GO: 

0046112)” and “DNA replication initiation (GO: 0006270)” indicated the stagnant or 

slowdown of cell division/ metabolic activity over root aging. Other downregulated GO 

terms such as “cellulose biosynthetic process (GO: 0030244)”, “cell wall biogenesis 

(GO: 0042546)” and “fatty acid biosynthetic process (GO: 0006633)” together implied 

the degeneration of cell components, since cellulose is one of the basic components 

of cell wall and plant membrane lipids are primarily composed by fatty acids (Millar et 

al., 2000; Pérez et al., 2002). The GO term “removal of superoxide radicals (GO: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.15 Non-supervised clustering for 22486 significant expressed genes during root aging in 
basal root zone (BRZ). Gene expression values at each time point represent the mean value of three 
biological replications. 

- 47 -  



 

 

0019430)” indicated the decline of the capability of the root tissue in removing 

superoxide radicals, which in another way means the increase of oxidase stress. 

Many other enriched GO terms in the cluster 1 of ARZ such as “L-serine biosynthetic 

process (GO: 0006564)” was indicative of the downregulation of the biosynthesis of 

serine, which indeed was the case since the concentration of serine was declined 

during root aging (Figure 3.11). The cluster 2 which has 9433 genes and identified as 

continuously upregulated cluster, contained 7 GO terms (Appendix 2.2). Within this 

cluster, the enriched “oxidation-reduction process (GO: 0055114)” was indicative of 

enhanced oxidation stress, especially at late stages of the root development since 

most of the genes in this cluster elevated their expressions after day 39. The GO 

term “regulation of transcription, DNA-templated (GO: 0006355)” implied this 

degenerative process involved the regulation at transcription level. Interestingly, “zinc 

II ion transmembrane transport (GO: 0071577)” was also enriched, indicated the zinc 

II ion is transported from one side of a membrane to the other. The cluster 3 with 

3663 genes which showed a downregulation expression pattern at day 39 resulted 

with one GO enriched, “transmembrane transport (GO: 0055085)”, which indicated 

the upregulation of solute transport during root aging (Appendix 2.3). The cluster 4 

which was consisted of 2565 genes and showed obvious upregulation at day 32, 

enriched with “protein phosphorylation (GO: 0006468)”, “phosphatidylserine 

biosynthetic process (GO: 0006659)” and “regulation of transcription, DNA-templated 

(GO: 0006355)”, which implied the regulation at transcription and post-transcription 

levels (Appendix 2.4). In this cluster, the enrichment of “L-phenylalanine metabolic 

process (GO: 0006558)” correlated with the accumulation of phenylalanine (Figure 

3.10). The smallest cluster contained 164 genes resulted with the enrichment of 

“glucosylceramide catabolic process (GO: 0006680)”, which was indicative of 

glucosylceramide breakdown (Appendix 2.5). 

In BRZ, some GO terms were identified again in the corresponding clusters as in 

ARZ. These GO terms include “cellulose biosynthetic process” (GO: 0030244) and 

“DNA replication initiation” (GO: 0006270) in the gradually decreased cluster 

(Appendix 2.6), “regulation of transcription, DNA-templated” (GO: 0006355), “zinc II 

ion transmembrane transport” (GO: 0071577) and “asparagine biosynthetic process” 

(GO: 0006529) of the gradually increased cluster (Appendix 2.7), “protein 

phosphorylation” (GO: 0006468) and “L-phenylalanine catabolic process” (GO: 

0006559) in the day 32 transition cluster (Appendix 2.8). Also, some new GO terms 
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were enriched. For example, “lignin catabolic process (GO: 0046274)” was newly 

enriched in cluster 1in comparison of the cluster of ARZ, which indicated the 

accumulation of lignin during root aging (Appendix 2.6). 

The cluster based GO enrichment displayed the degeneration-like process during 

root aging such as downregulation of cell division, cellulose biosynthetic process and 

fatty acid biosynthetic process. In parallel, the upregulation of transmembrane 

transport of Zn is indicative of remobilization of resources which is widely observed in 

leaf senescence. Even such cluster based GO analysis revealed some events shared 

by leaf senescence, it’s necessary to keep it in mind that the genes belong to the 

same GO but have different expression patterns might be clustered into different 

clusters which lead to the possible fact that these GO terms couldn’t be enriched. In 

another point, genes involve in the enriched GO are expected to be altered within the 

same timeframe. Therefore, time point based GO term analysis was also performed 

to provide an alternative point of view. 

 

3.3.3 Time point based gene ontology analysis in the aging process of barley 
seminal roots 

The alternative approach was chosen for GO term analysis by focusing on 

significantly expressed genes at each individual time point. For genes significantly 

expressed in the ARZ at day 25, no significant GO term was obtained, indicating that 

this tissue was still in a similar developmental or physiological stage as at day 18 

(Figure 3.16). At day 32, the largest group of the enriched genes belonged to the GO 

term “regulation of transcription, DNA-templated” (217 genes) and “protein 

ubiquitination” (32 genes), which indicated substantial regulatory changes at the 

transcriptional and post-/translational levels (Figure 3.16). The third largest group, “L- 

phenylalanine metabolic process”, enriched 11 out of 28 genes and coincided with 

elevated phenylalanine concentrations found at day 39 (Figure 3.10, Figure 3.16). 

The GO term “acetyl-CoA biosynthetic process from acetate” implied that fatty acid 

biosynthesis was altered at this time point, since acetyl-CoA is heavily involved in 

fatty acid synthesis in plastids. Interestingly, even after day 32, the GO term 

“Regulation of transcription, DNA-templated” was still overrepresented at day 39 or 

day 46 with 8 or 74 more genes, respectively, than at day 32, indicating that altered 

gene regulation became even more important after day 32. At day 39, the terms 

“Protein kinase C-activating G-protein coupled receptor signaling pathway”, “defense 
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response to fungus” and “L-methionine salvage from methylthioadenosine” appeared, 

which implied a conversion of signaling and metabolic processes in the ARZ. At day 

39, enrichment of 5 genes in the GO term “Defense response to fungus” may indicate 

that either roots were indeed exposed to fungal pathogens, which was not visually 

evident. Or, root degradation processes may have set in that resembled those 

observed in leaves, where genes belonging to fungal pathogen responses are also 

upregulated during senescence (Robatzek and Somssich, 2001; Xiao et al., 2004). 

At days 46 and 53, transcripts from oxidation-related processes became most 

abundant in ARZ (Figure 3.16). Moreover, the category “oxidation-reduction process” 

almost doubled its number of significantly altered transcripts from day 46 to day 53, 

indicating that the ARZ was subjected to higher oxidative stress. The enrichment of 

genes belonging to the term “transport” at day 46 and “ATP hydrolysis coupled proton 

transport” at day 53 definitely indicated an enhanced need for inter- or intracellular 

compartmentalization processes including those involved in the remobilization of 

resources, such as assimilates and mineral elements. At day 46, this was 

accompanied by gene expression changes in the “pentose phosphate shunt”, 

indicating that roots provided additional NADPH as intracellular energy carrier. 

Enriched “S-adenosylmethionine biosynthetic process” indicated the possible 

biosynthesis of polyamines and ethylene since an S-adenosylmethionine is an 

intermediate for these metabolites (Wi et al., 2006). Based on 5 out of 5 genes the 

GO term “sulfate reduction” was also overrepresented, which implied an enhanced 

need for the reduction of sulfate, maybe to deliver reduced sulfur to SAM 

biosynthesis. 146 out of 284 genes of the “ribose phosphate metabolic process” were 

significantly enriched at day 53, implying significant changes in chemical reactions or 

pathways involving ribose phosphate such as the synthesis or degradation of 

nucleotides and nucleic acids. The GO terms “nicotinamide nucleotide metabolic 

process”, “electron transport chain”, “pyruvate metabolic process” and “fructose 6- 

phosphate metabolic process” suggested biological changes in mitochondrial 

respiration, which is known to be upregulated during leaf senescence or other stress 

conditions (Ho et al., 2016; Kokáš et al., 2016). The GO term “negative regulation of 

transcription, DNA-templated” may be related to the degradation of DNA or 

nicotinamide nucleotides, as mentioned above, which in leaves serves for the 

recycling of organically-bound N. The enrichment of genes in “L-serine biosynthetic 

process” went along with the serine concentration profile that decreased at day 53 to 
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approx. 20% compared to day 18. Interestingly, genes involved in “photosynthesis, 

light reaction” were enriched with 9 out of 9 genes in this GO term. This may deserve 

more detailed investigation. 

In the BRZ, GO term categories and dynamics were highly similar to those in the 

RAZ. Enrichment of genes from the GO term “response to water” may have been due 

to the fact that especially towards day 53 plant water consumption was so high that 

upper, i.e. basal  root zones were no longer continuously submerged in nutrient 

solution and may then have experienced slight drought stress (Figure 3.17). Like in 

the RAZ, day 25 and 39 were characterized by GO terms, which reflect changes in 

transcriptional or post/translational regulation as well as signaling processes; these 

included “regulation of transcription, DNA-templated”, “protein ubiquitination”, “protein 

phosphorylation” and “protein kinase C-activating G-protein coupled receptor 

signaling pathway”. The term “exocytosis” at day 32 might also indicate signal 

transduction events or reflect the need for protein export processes. Like in RAZ, “S- 

adenosylmethionine biosynthetic process” and “L-phenylalanine metabolic process” 

were also enriched at day 32. Notably, from day 46 to 53, the most dominant 

transcripts belonged to oxidation-reduction-related  processes.  The 

overrepresentation of the two terms “cell growth” (9 out of 11 transcripts) at day 46 

and “microtubule-based process” (87 out of 184 transcripts) at day 53 may go back to 

tissue degradation, disorganization of cell structures and suspended root elongation, 

which were observed in this growth phase (Figure 3.2C, Figure 3.3, Figure 3.4). 

Taken together, GO term analysis of altered transcripts in the ARZ and BRZ 

displayed a highly similar dynamic regulation of developmental and physiological 

processes. Most importantly, these processes indicated that seminal root aging in 

barley could be roughly divided into two distinct phases: i) day 18 – day 39, when 

major biological events build on an altered regulation at transcript and protein levels, 

and ii) day 46 – day 53, when major biological events were dominated by oxidation- 

reduction-related processes that are indicative for oxidative stress. 
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Figure 3.16 Significantly overrepresented GO terms in the apical root zone (ARZ) during root aging. 
Seminal roots were harvested weekly from day 18 until day 53 and fractionated into ARZ and BRZ 
for microarray analysis. For each date, overrepresented GO terms are indicated in rectangles with 
GO term number, name, adjusted p-value and the number of transcripts that were significantly 
altered relative to the number of genes in this category. 
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Figure 3.17 Significantly overrepresented GO terms in the basal root zone (BRZ) during root 
aging. Seminal roots were harvested weekly from day 18 until day 53 and fractionated into 
ARZ and BRZ for microarray analysis. For each date, overrepresented GO terms are 
indicated in rectangles with GO term number, name, adjusted p-value and the number of 
transcripts that were significantly altered relative to the number of genes in this category. 
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3.3.4 Mapman-based gene expression analysis for the categories “transcription 
factor”, “development” and “protein degradation” 

As by GO term analysis, the major biological event in the first phase of root aging 

(day 18 – day 39) was an enhanced regulation at transcript and protein levels. To 

specify these regulation-related transcripts further, transcriptome data were 

processed by the Mapman software, which provides detailed information of individual 

regulation modules (Thimm et al., 2004). 

At day 25, both root zones displayed only slight changes in the transcriptional 

regulation of transcription factors, when compared to day 18. However, from day 32 

on the number of de-regulated transcription factors increased, and upregulation of 

transcription factors largely dominated over downregulation (Figure 3.18A). Notably, 

fold-change values altered more drastically in the BRZ, possibly because this fraction 

containing older root tissues responded earlier than the RAZ. When the module 

“transcription factor” was dissected into individual TF families, AP2-, WRKY- and 

NAC-type families turned out as most outstanding groups (Figure 3.18B). More 

detailed expression patterns and gene annotations of these three TF families are 

visualized in the heat map (Appendix 3). 

Among these three families, NAC TFs are best understood in leaf senescence. In the 

barley NAC family, HvNAC005 was found to be up-regulated in leaves by ABA 

treatment  (Christiansen  et  al.,  2011).  Over-expression  of  HvNAC005  resulted  in 

precocious leaf senescence (Christiansen et al., 2016). A close homolog, HvNAC027, 

was also proposed as a potential leaf senescence regulator (Christiansen et al., 

2011). The barley 60K microarray, which was used in this experiment, contained a 

probe for HvNAC005 (probe name: CUST_3522_PI404877155) and revealed that 

HvNAC005 was up-regulated after day 39 (Appendix 4). However, the microarray 

contained no probe for HvNAC027. To compare plant age-dependent regulation of 

HvNAC005 and of HvNAC027 in roots, specific primers were designed for these two 

barley genes. Transcript levels of HvNAC005 increased continuously with the most 

prominent increase (> 2-fold change) starting at day 39 (Figure 3.19A). This result 

was  similar  to  that  found  in  the  microarray  analysis  (Appendix  4).  HvNAC027 

displayed a slightly distinct expression pattern with more gradual up-regulation in 

particular in the ARZ over time. Transcript levels of HvNAC027 increased by more 

than 400 times at day 53 relative to day 18 (Figure 3.19B). 
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Figure 3.18 Mapman analysis of significantly altered transcription factors in the apical and basal root 
zones during root aging. Seminal roots were harvested weekly from day 18 until day 53 and 
fractionated into ARZ and BRZ for microarray analysis. Blue and red colored squares indicate fold- 
change values for down- and up-regulated genes, respectively. (A) Gene expression changes of all 
transcription factors over time. (B) Gene expression changes of members from individual transcription 
factors families over time. 
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Taken together, gene expression analysis of TFs indicated a transition point with 

mainly downregulated genes at day 32. This transition in TF regulation was highly 

prominent in the ARZ and to a lower extent in the BRZ. 
 
 

 
 
 

 
 
 
 

To visualize the dynamics in root development at the molecular level, the gene 

expression module “cellular response” was analyzed in more detail. Genes belonging 

to the terms “cell division” and “cell cycle” showed largely constant mRNA levels in 

both root tissues from day 18 until day 46, while pronounced differences were most 

prominent in the last harvest. In contrast, the module “development” showed a steady 

Figure 3.19 Relative expression levels of HvNAC005 and HvNAC027 in the apical and basal root 
zones during root ageing. Seminal roots were harvested weekly from day 18 until day 53 and 
fractionated into ARZ and BRZ for qPCR analysis. Expression values were normalized by using the 
ubiquitin-C gene as internal standard. Relative transcript levels of A, HvNAC005 and B, HvNAC027. 
Error bars indicate mean values ± SE. n = 5. 
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increase in the number of differentially expressed transcripts especially from day 32 

on in both root tissues (Figure 3.20). 
 
 

 
 
 

 
 

Gene expression changes in the module “protein degradation” was also visualized by 

Mapman, since protein degradation is a prominent process during leaf senescence 

(Yoshida, 2003) and, indeed, some amino acids accumulated also here at later 

stages of root development (Figure 3.10). A first obvious change in the expression of 

protein degradation-related transcripts was observed at day 32. The next most 

significant expression change happened at day 53 in either tissue (Figure 3.21). In 

general, these expression changes occurred earlier in the BRZ than in the ARZ, 

which implied that protein degradation set in earlier in the BRZ. 

To gain more specified information about protein degradation, expression levels of 

three cysteine protease, HvPap14, HvPap15 and HvPap17, were monitored via 

qPCR. Transcript levels of all three proteases became upregulated over time, 

especially at or after day 39. HvPap14 displayed relatively slight changes, within 

Figure 3.20 Mapman enrichment analysis for cell development in ARZ and BRZ over time. Seminal 
roots were harvested weekly from day 18 until day 53 and fractionated into RAZ and BSR for 
microarray analysis. Colors of blue and red indicated the degree of fold change for down and up- 
regulation respectively. 
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factor 2-5, compared with the other two cysteine proteases in either root fraction. 

HvPap15 mRNA levels started increasing at day 32 in both tissues and became up- 

regulated by > 50 times during root aging. The cysteine protease HvPap17,  a 

putative homologue of AtSAG12 (Díaz-Mendoza et al., 2014), was up regulated by > 

1000 times in ARZ (Figure 3.22). Taken together, transcriptome and qPCR analysis 

indicated elevated protein degradation from day 32 on and maintained at a high level 

thereafter. 
 
 
 

 
 
 

 

Figure 3.21 Mapman enrichment analysis for protein degradation in ARZ and BRZ over time. 
Seminal roots were harvested weekly from day 18 until day 53 and fractionated into ARZ and BRZ 
for microarray analysis. Blue or red color indicates degree of fold-changes for down- or up-regulated 
genes, respectively. 
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Figure 3.22 Relative expressions of HvPap14, HvPap15 and HvPap17 in ARZ and BRZ over 
time. Seminal roots were harvested weekly from day 18 until day 53 and fractionated into ARZ 
and BRZ for qPCR analysis. Expression values were normalized using the ubiquitin-C gene as 
internal standard. Bars indicate mean values ± SE. n = 5. 
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3.3.5 Expression analysis of hormone-related genes during root aging 

To investigate changes in the regulation of phytohormone metabolism and 

homeostasis, hormone-related genes were extracted from the transcriptome dataset, 

clustered according to their expression profiles and displayed in the form of heat 

maps. 

Regarding genes  related to ABA metabolism, especially two transcripts became 

drastically upregulated at day 32 in the ARZ and BRZ and maintained expression at 

relatively high level thereafter (Figure 3.23): 9-cis-epoxycarotenoid dioxygenase 2 

(HvNCED2, probe: CUST_12472_PI399408534), which encodes the enzyme 

catalyzing the rate-limiting step in ABA biosynthesis, and 9-cis-epoxycarotenoid 

dioxygenase-like gene, also named viviparous-14 protein (VIP-14, probe: 

CUST_17284_PI404877155). 
 
 
 

 
Figure 3.23 Heatmap visualization of expression levels of ABA-related genes during root aging. 
Seminal roots were harvested weekly from day 18 until day 53 and fractionated into apical and basal 
root zones for microarray analysis. Blue or red color indicates degree of fold-changes for down- or 
up-regulated genes, respectively. Expression values of LEA, ABF, ABF1, HvNCED2 and VIP-14 are 
indicated. 

 
 

Moreover, another set of genes had elevated mRNA levels from day 18 on, including 

a homolog of the ABA response element-binding factor (ABF, probe: 

CUST_14346_PI404877155), the ABA response element binding factor 1 (ABF1, 
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probe: CUST_14847_PI399408534) and a gene encoding a late embryogenesis 

abundant protein (LEA, probe: CUST_25138_PI399408534). Proteins encoded by 

these three genes have been confirmed as ABA-induced proteins (Galau et al., 1986; 

Kobayashi et al., 2005). Furthermore, two genes became strongly downregulated in 

the ARZ from day 25 on, these were orthologues of 2 Triticum aestivum CCD-B4 

genes which named as CCD-B4-1 (probe: CUST_7745_PI399408534) and CCD-B4- 

2 (probe: CUST_11294_PI404877155). CCD genes, known as carotenoid cleavage 

dioxigenases, belong to NCED/CCD family, but are not considered to play important 

roles in ABA biosynthesis compare with AtNCED2, 3, 5, 6, and 9 in Arabidopsis 

(Lefebvre et al., 2006). 

To verify the expression patterns of some of these ABA-related genes, specific 

primers were selected for HvNCED genes (Seiler et al., 2011). It is worth noting that 

there were two HvNCED genes (HvNCED1 and HvNCED2) identified in barley 

according to the paper of Christiane Seiler, but only HvNCED2 had a probe on the 

microarray (Seiler et al., 2011). qPCR analysis confirmed the result found in the 

microarray, in that HvNCED1 and HvNCED2 showed strong upregulation at day 32 in 

the ARZ and BRZ, and their expressions were maintained at high levels afterwards 

(Figure 3.24, Figure 3.25). Taken together, transcriptome data confirmed a strong up- 

regulation of ABA biosynthesis-related genes in both root tissues at day 32, which 

was accompanied by enhanced expression of ABA-induced genes. 
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Figure 3.24 Relative expressions of HvNCED1 in both fractions over time. Seminal roots were 
harvested weekly from day 18 until day 53 and fractionated into ARZ and BRZ for qPCR 
analysis. Expression values were normalized using the ubiquitin-C gene as internal standard. 
Error bars indicate mean values ± SE. n = 5. 

 
 
 
 
 

 
 
 

Figure 3.25 Relative expressions of HvNCED2 in BRZ over time. Seminal roots were harvested 
weekly from day 18 until day 53 and fractionated into ARZ and BRZ for qPCR analysis. Expression 
values were normalized using the ubiquitin-C gene as internal standard. Error bars indicate mean 
values ± SE. n = 5. 

 
 
 
 
 

The CK-related transcripts were roughly separated into two groups: downregulated 

and upregulated genes. In the down-regulated group, CK-type A response regulator 

1-like gene (CKAR-1, probe: CUST_13498_PI399408534) was most prominent as 

mRNA levels decreased in both tissues, which suggested a possible decline in CK 
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signaling. Among the upregulated genes, a CK oxidase gene (CKX, probe: 

CUST_8238_PI404877155) and a CK dehydrogenase gene (CKX2, probe: 

CUST_11028_PI399408534) showed highly elevated transcript levels at day 32 

which remained high thereafter (Figure 3.26). Expression changes in these three CK- 

related genes implied that CK concentrations might decrease from day 32 on. 
 
 

 
 
 
 

Figure 3.26 Enrichment analysis for CKs related transcripts in ARZ and BRZ over time. Seminal roots 
were harvested weekly from day 18 until day 53 and fractionated into ARZ and BRZ for microarray 
analysis. Colors of blue and red indicated the degree of fold change for down and up-regulation 
respectively. Expression values of CKX, CKX2 and CKAR-1 are indicated. 

 
 
 

Expression analysis for ethylene-related genes yielded a large amount of transcripts 

that were up-regulated at day 32, including ethylene responsive transcription factor 6 

(ERTF6, probe: CUST_8342_PI404877155) and ethylene responsive element 

binding factor 3 (ERBF3, probe: CUST_21373_PI399408534). Moreover, three 

homologs of 1-aminocyclopropane-1-carboxylate oxidase, encoding ACC oxidase 

catalyzing the last step in ethylene biosynthesis, were up-regulated at day 32 and 

kept high levels throughout (ACCO1, probe: CUST_8846_PI404877155; ACCO2, 

probe:  CUST_18658_PI404877155;  ACCO3,  probe:  CUST_32632_PI399408534). 

Interestingly, these 5 genes grouped in the same cluster in the ARZ and BRZ, 
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indicating their co-regulation over time (Figure 3.27). Oppositely, two probed showed 

but actually represented the same gene that strongly downregulated in ARZ: iron 

deficiency-specific clone 2 (ISD2, probe: CUST_742_PI399408534). ISD2 resembles 

that of 2-oxoglutarate-dependent dioxygenase and induced under iron deficiency 

(Okumura et al., 1994). The reason of the downregulation of ISD2 in ARZ needs 

more detailed study. 

Taken together,  evaluation of those genes that showed most dramatic changes 

during root aging indicated that ethylene biosynthesis was elevated from day 32 on. 
 
 
 
 

 
 
 

Figure 3.27 Enrichment analysis for ETH related transcripts in ARZ and BRZ over time. Seminal 
roots were harvested weekly from day 18 until day 53 and fractionated into ARZ and BRZ for 
microarray analysis. Colors of blue and red indicated the degree of fold change for down and up- 
regulation respectively. Expression values of ERTF6, ERBF3, ACCO1, ACCO2 and ACCO3 are 
indicated. 

 
 
 

Among the GA-related genes, GA 2-oxidase is considered to play an important role in 

the regulation of plant growth through the reduction of endogenous levels of bioactive 

GAs (Sakamoto et al., 2001). Two genes encoding putative GA 2-oxidases showed 

outstanding  upregulation  in  both  root  tissues  from  day  32  on:  GA2-O1,  probe: 
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CUST_757_PI404877155,   and   GA2-O2,   probe:      CUST_34128_PI399408534. 

Another GA 2-oxidase-like gene showed rather slight upregulation at day 39 followed 

by higher expression level afterwards (GA2-O3, probe: CUST_19936_PI399408534) 

(Figure 3.28). Taken together, in particular the two GA oxidase genes responded in a 

way that indicates that enhanced GA degradation set in at day 32. 
 
 

 
 

Figure 3.28 Enrichment analysis for GA related transcripts in ARZ and BRZ over time. Seminal 
roots were harvested weekly from day 18 until day 53 and fractionated into ARZ and BRZ for 
microarray analysis. Colors of blue and red indicated the degree of fold change for down and up- 
regulation respectively. Expression values of GA2-O1, GA2-O2 and GA2-O3 are indicated. 
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Figure 3.29 Enrichment analysis for auxin related transcripts in ARZ and BRZ over time. Seminal 
roots were harvested weekly from day 18 until day 53 and fractionated into ARZ and BRZ for 
microarray analysis. Colors of blue and red indicated the degree of fold change for down and up- 
regulation respectively. Expression values of AUX-IP1, AUX-IP2, AUX-TP, AUX-EC and IAA-amido 
synthetase are indicated. 

 
 

Auxin-related genes were also divided into two groups according to their expression 

patterns: the first group displayed up regulation of mRNA levels at late stages, such 

as indole-3-acetic acid-amido synthetase gene (IAA-amido synthetase, probe: 

CUST_25920_PI399408534), which encodes an enzyme that conjugates auxin to 

amino acids to reduce the endogenous bioactive auxin level. One of the auxin efflux 

carrier proteins was also identified in this group, as it showed elevated expression 

from day 32 on (AUX-EC, probe: CUST_19209_PI404877155). The second group 

included genes with downregulated transcript levels at late stages, such as putative 

auxin transport protein (AUX-TP, probe: CUST_4361_PI404877155) and two auxin- 

induced protein-like genes (AUX-IP1, probe: CUST_22339_PI399408534; AUX-IP2, 

probe: CUST_8120_PI399408534). All these above-mentioned genes were identified 

in both, the ARZ and BRZ except for AUX-EC, which was only significantly expressed 

- 66 -  



 

 

in ARZ (Figure 3.29). This might indicate that AUX-EC is mainly functional in the 

apical root zone. 

 
To gain an overview of the hormone metabolism, key genes involved in hormone 

biosynthesis/ degradation/ oxidation/ transport were annotated and grouped in Table 

3.1. Age-dependent expression patterns of these genes are shown in Figure 3.30. 

For these genes, expression levels slightly changed at day 25 relative to day 18. 

However, these genes displayed a transition pattern at day 32, with a log2FC change 

from  2  to  7  (Figure  3.30).  Notably,  these  altered  gene  expression  levels  were 

maintained from day 32 to day 53, supporting their involvement in the changes 

starting at day 32. As genes from different phytohormone classes shared this type of 

regulation, age-dependent changes in hormone regulation appeared to be 

coordinated. 

 
 
 

Table 3.1 Identified genes involve in hormone biosynthesis, degradation, oxidation 

and transport 
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Figure 3.30 Heatmap visualization of expression levels of hormone-related genes during root aging. 
Seminal roots were harvested weekly from day 18 until day 53 and fractionated into apical and basal 
root zones for microarray analysis. Blue or red color indicates the degree of fold-changes for down- 
or up-regulated genes, respectively. Numbers in colored squares stand for the log2-fold change 
(log2FC) values relative to day 18. 

 
 

3.3.6 Expression analysis of element transporters during root aging 

The expression levels of genes encoding transporters for essential mineral elements 

were monitored over time. Since boron (B) concentrations were relatively stable and 

root B contents didn’t indicate that B was remobilized during root aging (Appendix 1), 

the expression levels of B transporters were taken as reference for the other 

elements. As P and Zn showed different time-dependent changes in root contents, 

and N remobilization was a prominent event during leaf senescence, focus was 

placed on these three elements. 
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During root aging, expression levels of B transporters were largely stable in both, the 

ARZ and BRZ (expression levels varied between -1 and 1 log2FC), except for the last 

harvest when transcript levels of most B transporters went down  (Figure  3.31). 

These expression data were in agreement with root B concentrations or contents, 

which implied that there was no B remobilization from roots to sink organs during 

seminal root aging. A comparable result was obtained for nitrate transporters in the 

BRZ, as most N transporters showed no significant change (-1 < log2FC< 1) from day 

18 to day 53 (Figure 3.32). By contrast, in the ARZ, there was a strong 

downregulation of most nitrate transporters already at day 25 (Figure 3.32). Two 

nitrate transporters made a clear-cut exception to the other nitrate transporters, as 

they displayed strong up-regulation of their mRNA levels at day 32 in both, the RAZ 

and BSR (probe: CUST_142347_PI403524517, CUST_166139_PI403524517). 

These two genes deserve more attention in future investigations. In summary, the 

prominent downregulation of most nitrate transporters in the ARZ compared to the 

BRZ may imply decreasing uptake activity in the apex of seminal roots. 
 
 
 
 

 
 

 

Figure 3.31 Expression analysis of genes encoding boron transporters during root aging. Seminal 
roots were harvested weekly from day 18 until day 53 and fractionated in apical and basal root zones 
for microarray analysis. Blue or red color indicates the degree of fold-changes for down- or up- 
regulated genes, respectively. Numbers in the colored squares stand for log2-fold changes (log2FC) 
relative to the expression levels at day 18. 
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Figure 3.32 Expression analysis of genes encoding nitrate transporters during root aging. Seminal 
roots were harvested weekly from day 18 until day 53 and fractionated in apical and basal root 
zones for microarray analysis. Blue or red color indicates the degree of fold-changes for down- or 
up-regulated genes, respectively. Numbers in the colored squares stand for log2-fold changes 
(log2FC) relative to the expression level at day 18. 
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Compare with B and N transporters, many P and Zn transporters showed up 

regulation within the time course, especially after day 39 (Figure 3.33, Figure 3.34). 

For these up-regulated P and Zn transporters, all of them displayed even higher 

expression levels at late stages. For the up-regulated Zn transporters, they mainly 

elevated their expression levels at day 39 in BRZ, which is one or two weeks earlier 

than their up-regulations in ARZ. Similar phenomenon could also be found for P 

transporters. Such event might due to the fact that BRZ contains older tissue and 

when senescence started the resources such as P and Zn should be remobilized 

earlier in BSR  compare with the remobilization in ARZ. Taken together, the up 

regulation of these P and Zn transporters indicated P and Zn might be remobilized 

during root senescence. 
 
 
 

 
 
 

Figure 3.33 Expression analysis of genes encoding phosphate transporters during root aging. 
Seminal roots were harvested weekly from day 18 until day 53 and fractionated in apical and 
basal root zones for microarray analysis. Blue or red color indicates the degree of fold-changes 
for down- or up-regulated genes, respectively. Numbers in the colored squares stand for log2-fold 
changes (log2FC) relative to the expression level at day 18. 
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3.4 Analysis of plant age-dependent marker, tryptophan decarboxylase, and the 
potential roles of its up- and downstream metabolites, typtophan, typtamine 
and serotonin in root aging 

To identify plant age-dependent genes, ARZ was harvested weekly and samples 

were subjected to microarray based transcriptome analysis. The logic of identifying 

Figure 3.34 Expression analysis of genes encoding zinc transporters during root aging. Seminal roots 
were harvested weekly from day 18 until day 53 and fractionated in apical and basal root zones for 
microarray analysis. Blue or red color indicates the degree of fold-changes for down- or up-regulated 
genes, respectively. Numbers in the colored squares stand for log2-fold changes (log2FC) relative to 
the expression level at day 18. 
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plant age-dependent regulators was demonstrated previously (see materials and 

methods 2.1). The data of average seminal root length during root aging displayed a 
 
 

 
 
 

 
 
 

linearly root elongation between day 18 and day 39 (Figure 3.35A). Moreover, the 

weekly generated new root segments were longer than the ARZ before day 39 

indicating these ARZs were newly generated (Figure 3.35B). Therefore, genes 

displayed gradual up- or downregulation in ARZ before day 39 were assigned as 

plant age-dependent regulators. 

Figure 3.35 The elongation of seminal root. Seminal roots and leaves of hydroponically-grown 
plants were harvested weekly from day 18 until day 53, when the main tiller had 4 chlorotic leaves 
(Figure 3.2A). Average seminal root length were calculated as the mean value of total seminal root 
length (A) and average length of newly formed tissue was subtracted between two nearby average 
seminal root length (B). n=15. 
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By applying the criteria that plant age-dependent genes should be gradually up- or 

downregulated with factor 1 (log2FC) from day 25 on until day 39 in ARZ, 20 genes 

fulfill the demands (Table 3.2). 7 genes belong to the group of gradually upregulated 

and the other 13 genes consist of the gradually downregulated group. The criteria 

then strengthened that among these 20 genes, they must showed up- or 

downregulation started from day 18, which finally fulfill the demand of the plant age- 

dependent genes. This sorting procedure resulted with 2 genes satisfied as plant 

age-dependent genes, which were tagged with the probe number 

CUST_108866_PI403524517 and CUST_40150_PI403524517, respectively (Table 

3.2). CUST_108866_PI403524517 correspond to the Harvest assembly ID 35_30956, 

which showed 100% identity to a barley gene, HORVU7Hr1G010870 (IPK barley 

database number), and 89% identity to barley tryptophan decarboxylase gene (ID: 

AB162960.1). The other probe which showed gradually downregulated got no hint 

from NCBI (https://www.ncbi.nlm.nih.gov/ ) or IPK barley blast (http://webblast.ipk-  

gatersleben.de/barley_ibsc/). Therefore, further investigation was only focused on the 

upregulated gene, HORVU7Hr1G010870. 
 

 
 

 

Table 3.2 Gradual up- or downregulated genes between day 25 and day 39 in ARZ. Seminal roots 
were harvested weekly from day 18 until day 53 and fractionated in apical and basal root zones for 
microarray analysis. Blue or red color indicates the degree of fold-changes for down- or up- 
regulated genes, respectively. Numbers in the colored squares stand for log2-fold  changes 
(log2FC) relative to the expression level at day 18. 
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Since the Harvest assembly ID, 35_30956, showed 100% identity to 

HORVU7Hr1G010870 gene, thus HORVU7Hr1G010870 was taken as the 

correspondent gene as identified by microarray. By a blast based on NCBI database, 

the translated amino acids sequence of the full CDS of HORVU7Hr1G010870 

showed 100% query cover and 89% identity to two full CDS of barley tryptophan 

decarboxylase genes (Accession: AB162960.1, AB162961.1), which got the highest 

scores among all the named sequences. Therefore, HORVU7Hr1G010870 was 

identified as a tryptophan decarboxylase (TDC) gene in barley. This gene was named 

as HvTDC for short. To better visualize the evolution relationships between TDC 

genes among species, a phylogenetic analysis was performed across 

monocotyledonous and dicotyledonous plants. 
 
 
 

 
 

 

Figure 3.36 Phylogenetic tree of tryptophan decarboxylase across species. Different color indicated 
different sub-groups, numbers indicated the similarity between sequences. 
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Relationships among the target gene orthologue sets were examined in arbitrarily 

rooted neighbour-joining phylogenies of protein sequences. Comparison among 

sequences from monocot and dicot plants identified at least three separate clades of 

TDC genes. In this case, a likely barley TDC protein encoded by 

HORVU7Hr1G010870 and named as HvTDC, appeared as a close homologue to 

Aegilops tauschii aromatic-L-amino-acid decarboxylase protein which is a big 

enzyme family include TDC proteins (Figure 3.36). HvTDC had 89% sequence 

identity with the TDC gene of barley subspecies spontaneum. These phylogenetic 

relationships among different TDC genes across species provided the baseline 

information for their subsequent functional characterization. 

In plants, tryptophan is first catalyzed into tryptamine by tryptophan decarboxylase 

(TDC), followed by the catalysis of tryptamine by tryptamine 5-hydroxylase (T5H) to 

synthesize serotonin (Schröder et al., 1999). TDC plays a rate-limiting role for 

serotonin biosynthesis. Exogenous application and transgenic approaches identified 

serotonin as a negative regulator in leaf senescence probably due to its ROS 

scavenging ability (Kang et al., 2009). To address the question whether serotonin 

was accumulated due to the gradual upregulation of HvTDC, serotonin as well as its 

precursors, tryptophan and tryptamine, were quantified by UPLC-MS/MS. 

During root aging, tryptophan showed slight but significant increase from day 18 to 

day 39, followed by clear accumulation thereafter (Figure 3.37A). Similar pattern was 

also observed in tryptamine as it also displayed obvious elevation after day 39 

(Figure 3.37B). However, serotonin behaved different compare with tryptophan and 

tryptamine, since it was under the detection limits at day 18 but further increased to 

approxi. 60 p mol g-1 FW at day 39. The concentration of serotonin was almost tripled 

at day 53 compare with day 39 (Figure 3.37C). The gradual accumulation of 

serotonin correlated with the gradually upregulation of HvTDC which indicated 

HvTDC and serotonin might involve in root aging process. 
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Figure 3.37 Plant age-dependent dynamics of tryptophan, tryptamine and serotonin. Seminal roots 
and leaves were harvested weekly from day 18 until day 53, when the main tiller had 4 chlorotic 
leaves (Figure 3.2A). (A) Tryptophan concentration in seminal roots during root aging. (B) 
Tryptamine concentration in seminal roots during root aging. (C) Serotonin concentration in seminal 
roots during root aging. n=5. Error bars indicate mean values ± SE. Different letters indicate 
significant differences according to LSD test (p<0.05). 
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4 Discussion 
 

4.1 Several phenotypic, physiological, and molecular processes during root 

aging are reminiscent of leaf senescence 

 
In plant sciences, leaf senescence is an intensively studied topic (until 2017 > 20.000 

papers published on this topic; acc. to google scholar). In contrast, root senescence 

has remained unknown despite its importance for plant performance and ecological 

functions. The present work set out to i) assign root degenerative process to either 

root aging or root senescence, ii) characterize degenerative processes in roots at the 

phenotypical, physiological and molecular level and iii) identify potential markers that 

regulate this processes. 

In the present study, several lines of evidence indicated that plant age-dependent 

changes in recorded root parameters are reminiscent of those observed in senescing 

leaves: 

i) After chloroplast degradation, the loss of plasma membrane integrity is often 

referred to as the initial phase of leaf senescence. Disintegration of the plasma 

membrane during leaf senescence has frequently been monitored by electrolyte 

leakage or histological staining procedures (Guo and Crawford, 2005; Kim et al., 

2009; Coll et al., 2010). In the present study, microscopy of root tissues after Evans 

blue staining showed that from day 39 on, tissue degradation began in cortical and 

epidermal cells of basal root segments before it expanded along the seminal root axis 

(Figure 3.4). A possible physiological consequence of uncontrolled membrane 

permeability may be seen in the decline in root K concentrations, presuming that this 

loss reflected K leakage from outer root cells into the hydroponic medium (Appendix 

1). 

ii) Another typical physiological process during leaf senescence is protein 

degradation. Most prominently, rubisco is among the first proteins to be degraded 

during leaf senescence for nutrient recycling, mainly of N (Yoshida, 2003; 

Hörtensteiner, 2009). In particular cysteine proteases are strongly engaged in protein 

turnover (Bhalerao et al., 2003; Gepstein et al., 2003; Parrott et al., 2010). Many 

cysteine proteases showed remarkable up-regulation at both, transcript and protein 

activity levels, when leaf senescence set in (Wagstaff et al., 2002; Martínez et al., 

2007). These cysteine proteases are highly relevant for the progression of tissue 

senescence, as shown by suppression of the cysteine protease gene  BoCP5 in 
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broccoli, which delayed senescence (Eason et al., 2005). In the present investigation, 

protein degradation became evident also in roots. Transcriptome studies showed that 

protein degradation-related transcripts, including those of several cysteine proteases, 

were highly upregulated (Figure 3.21, Figure 3.22). For instance, the barley cysteine 

protease HvPap17, a putative ortholog of AtSAG12, was upregulated by more than 

1000 times. Such a remarkable upregulation was also observed for AtSAG12 mRNA 

levels during leaf senescence (Bohner et al., 2015). At the physiological level, 

metabolites representing degradation forms of proteins and nucleic acids, such as 

urea, accumulated in senescing root tissue (Figure 3.9). Moreover, amino acids that 

typically accumulate in senescing leaves, such as lysine, tyrosine, phenylalanine or 

tryptophan (Bohner et al., 2015), also accumulated in a plant age-dependent manner 

in roots (Figure 3.10, Figure 3.37). Moreover, altered phenylalanine metabolic 

process was significantly enriched by GO term analysis in both ARZ and BRZ (Figure 

3.16, Figure 3.17). Therefore, protein degradation was definitely a prominent process 

in roots during the time course of plant aging that went along with progressing leaf 

senescence (Figure 3.2A). 

iii) Physiological responses to hydrogen peroxide accumulation and oxidative stress, 

such as the onset of catalase or peroxidase activities, as typically seen in senescing 

leaves (Zimmermann et al., 2006), were also observed in roots. Between day 39-46, 

seminal roots showed a strong increase in catalase activity (Figure 3.7), which was 

accompanied by an upregulation of genes belonging to the GO terms “oxidation- 

reduction process” and “response to oxidative stress”, which refer to plant defense 

responses to oxidative stress (Figure 3.16, Figure 3.17). 

Considering that loss of membrane integrity, protein degradation and oxidative stress 

responses all became most prominent from day 39 on, it appears that around day 39 

there was a coordinated change in root processes at the tissue, enzymatic and gene 

expression level. Such a coordinated change at multiple levels is not expected, if 

roots just underwent aging. It is thus tempting to speculate that around day 39 plants 

initiated a developmental program in seminal roots that is reminiscent of leaf 

senescence. 
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4.2 Root senescence is unlikely under control of the shoot 

 

 

A decline in root dynamics mostly occurs during plant transition from the vegetative to 

the generative phase. At flowering, source-sink relationships undergo a major change 

as newly forming seeds generate sink activity. This may lead to energy depletion in 

roots and concomitant decline in root activity (Comas et al., 2005). In the present 

study, the uptake capacity for 15N-labeled nitrate was determined in intact seminal 

roots of barley over a period of 6 weeks. Setting off from a stable level from day 18 to 

39, nitrate uptake capacity steadily declined thereafter (Figure 3.5A). Interestingly, 

the timeline of this decline is in strong agreement with another study conducted in 

hydroponically-grown barley, in which water uptake capacity of seminal roots 

declined after 40 days of growth (Krassovsky, 1926). Similarly, seminal roots of 

maize were also reported to be active in the uptake and translocation of 33P-labelled 

phosphate up to a plant age of 30-40 days (Fusseder, 1987). These findings 

corroborate the conclusion that the embryonic root system in cereals is functionally 

important only during the early stages of plant development (Hochholdinger et al., 

2004). An early loss of physiological activity in seminal roots became also evident 

from taking morphological root parameters, as total seminal root length was arrested 

from day 39 on (Figure 3.2C). However, this morphological and physiological 

transition at day 39 in seminal roots did not correlate with a developmental transition 

in the shoot, which most evidently begins at flowering. In fact, at day 39 developing 

barley spikes were just in the double-ridge stage, which is still far before flowering 

time and thus far ahead of creating an assimilate sink (Figure 3.3). These 

observations indicated that seminal root senescence was uncoupled from the 

development of the shoot apical meristem and in particular from flowering time. 

Root activity relies on assimilate delivery from the shoot, because sugar catabolism 

provides the energy required to energize nutrient uptake processes (Radin et al., 

1978; Eveland and Jackson, 2011). In wheat, leaf pruning, which generally reduces 

sugar delivery to roots, reduced root growth but did not affect the progression of root 

cortical senescence (Lascaris and Deacon, 1991). A similar observation was made 

by pruning the canopy of grape plants, indicating that suppressed assimilation 

capacity in shoots did not affect the lifespan of roots, which was described by the 

time from root emergence to the onset of root browning (Comas et al., 2000). These 

experiments indicated that senescence processes in roots may not directly depend 
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on assimilate delivery from shoots. In the present study, root senescence processes 

were monitored in parallel with root sugar concentrations, which did not coincide at a 

temporal scale. In fact, a decrease of glucose and fructose concentrations was 

observed already at day 25, while roots were still elongating for another two weeks 

(Figure 3.2C, Figure 3.6). Thus, neither sugar delivery from shoots nor sugar levels in 

seminal roots can justify the decrease in nitrate uptake capacity or root elongation. 

A major difficulty when comparing senescence processes between leaves and roots 

is that only in leaf senescence a plant age- and a tissue age-dependent component 

can be clearly distinguished. As shown by chlorophyll analysis in individual leaves of 

different developmental stages, chlorophyll degradation in the first true leaf of the 

main tiller started at day 25 and was completed already one week later (Figure 3.2A). 

In the second leaf, chlorophyll degradation began one week later and in the next leaf 

another week later. This pattern of progressing leaf senescence along the main tiller 

axis did not show a particular change at day 39 or shortly before. It is therefore 

unlikely that photo-assimilate supply from leaves or any other leaf-related signal 

triggered the senescence processes observed in roots around day 39. However, this 

conclusion does not exclude a participation of shoot-derived compounds or signals in 

the onset of senescence-related processes in roots, considering that shoot signals 

may require achieving a critical concentration or exceeding a certain threshold to 

trigger defined root responses. Elucidating this question in future experiments will 

require manipulation of leaf senescence processes under parallel examination of the 

roots. 

 
4.3 Cortical senescence and its putative role in nutrient remobilization 

 

In cereals, root cortical senescence has been widely described as an adaptation to 

anoxic conditions in the soil. In compacted or water-saturated soils with poor aeration, 

graminaceous  plants,  such  as  maize,  often  degrade  cortical  root  cells  to  form 

aerenchyma, which conducts air from the above-ground atmosphere into the root 

tissue to improve root respiratory processes. This morphological adaptation has been 

frequently reported in lowland rice growing under water-logged conditions (Parreno- 

de Guzman and Zamora, 2008). Surprisingly, root cortical aerenchyma formation 

(RCA) can also go along with a decrease root respiration and in root P and N 

concentrations  (Saengwilai  et  al.,  2014;  Schneider  et  al.,  2017).  Under  drought 

conditions, maize lines with high RCA formation showed better growth and higher 
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yield than lines with low RCA formation (Chimungu et al., 2015). Root modeling 

indicated that RCA could support growth under P deficiency by 70% in maize and by 

14% in bean, primarily by reducing the P content of root tissue, and secondarily by 

reducing root respiration (Postma and Lynch, 2010; Lynch, 2011). 

While the above-stated hypothesis regards root cortical senescence as an adaptive 
process to environmental stress conditions to reduce metabolic costs for the sake of 
energy efficiency and root foraging, other data suggest that root cortical senescence 

is a programmed developmental process. Approaches using 33P and autoradiography 
showed that the cortical P content in maize roots increased until day 30 followed by a 

drop by more than 50% until day 40, while the shoot 33P content increased 

remarkably after day 30. These data indicated that 33P might be remobilized from the 

root cortex to the shoot (Kraus et al., 1987). In a screening of hundreds of maize 

genotypes, cortical senescence occurred at a root age of 30 to 40 days (Zhu et al., 

2010; Burton et al., 2013). Thus, it is likely that cortical senescence and P 

remobilization might be part of a coordinated biological event. Interestingly, P 

deficiency can lead to earlier root cortical senescence in wheat, maize and common 

bean, which indicates that P remobilization might even be a major physiological 

function of root cortical senescence (He et al., 1992; Elliott et al., 1993; Fan et al., 

2003). 

Similar to P, the majority of root Zn is bound as Zn phytate and deposited primarily in 

the vacuoles of cortical root cells (Van Steveninck et al., 1993; Palmgren et al., 2008). 

In soybean plants, the concentration of Zn in roots was approximately 22 times 

greater than that in the shoots, which indicates the presence of a large reserve of Zn 

in the root tissue (Van Steveninck et al., 1993). At flowering, the root Zn content of 

wheat dramatically dropped by a factor of 5, which implied that Zn was remobilized 

from the root to other tissues (Pearson and Rengel, 1994). The present data also 

displayed a strong decrease in the contents of both, P and Zn, at day 39, which 

temporally coincided with the initiation of cortical senescence (Figure 3.4, Figure 3.8). 

Therefore,  it  is  likely  that  root  cortical  senescence  was  prerequisite  for  the 

remobilization of cortical P and Zn also in barley. 

Phosphorus and Zn remobilization during organ senescence are still poorly 

understood at the molecular level, except for some P transporters that contribute to P 

remobilization. For instance, in Arabidopsis Pht1;5 has been identified as a positive 

regulator for P remobilization from senescing leaves to developing organs, since 
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corresponding knockout lines resulted in reduced P allocation, and overexpression 

lines accumulated two-fold more P in siliques than wild-type plants (Nagarajan et al., 

2011). An upregulation of P transporters during senescence in above-ground plant 

tissues has been described also in Petunia corolla, where approx. 74% of the P was 

remobilized during senescence. This coincided with the upregulation of PhPT1, a 

high-affinity phosphate transporter. By contrast, in the ethylene-insensitive line etr1-1 

only 34% of the P was remobilized, coinciding with a delayed upregulation of PhPT1 

and a delayed onset of senescence (Chapin and Jones, 2009). The expression of P 

transporters was also upregulated when senescence started in rice flag  leaves 

(Jeong et al., 2016). In cell cultures of wild-type rice, a putative P transporter was 

strongly upregulated when cells underwent programmed cell death following infection 

by Acidovorax avenae. There was no significant change in the expression of this 

transporter when programmed cell death was reduced by knock-down of OsNAC4, a 

NAC-type TF that regulates programmed cell death (Kaneda et al., 2009). This 

transgenic approach in rice indicated that P transport and associated with P 

remobilization was initiated before programmed cell death set in. In hydroponically- 

grown rice roots, when low P stress induced the expression of oxidative stress- 

related and protein degradation-related genes in roots, P transporters were 

upregulated in parallel (Li et al., 2010). Evidence for a parallel increase in the 

expression of Zn transporters in aging roots is still lacking. In the present study, P 

and Zn transporters were mainly upregulated at or after day 39, which provides 

evidence that these mineral elements were either subject to de-novo uptake by roots 

or remobilized, as for most of these transporters it is not clear whether they confer a 

cellular import of export function. However, the significant decrease in P and Zn 

contents and concomitant increase in P and Zn transporter expression (Figure 3.8, 

Figure 3.33, Figure 3.34) set in when most senescence-related processes began. 

Moreover, the time point at day 39 coincided also with the beginning of cortical 

senescence (Figure 3.4). Taken together, this temporal coincidence supports the 

view that cortical senescence might be directly associated with P and Zn 

remobilization. 

The view that root cortical senescence is an adaptive trait allowing to reduce 

metabolic costs is based on the temporal coincidence of RCA formation with a 

reduction of root respiration, of root P concentrations (Fan et al., 2003), and the 

formation of a deeper root system (Saengwilai et al., 2014). However, it remains 
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open whether this is associated with reduced metabolic costs for the sake of 

continued, deeper rooting. Generally, the nutrient uptake capacity declines when the 

root system  or root tissue becomes old (Ernst et al., 1989; Baldi et al., 2010). 

Unfortunately, no reports could be found on the dynamics of nutrient uptake 

capacities with respect to the lifespan of the whole root system. In the present split- 

root system, the nitrate uptake capacity could be determined only for seminal roots 

and showed that nitrate uptake was kept at a stable level until day 39, before a sharp 

decline set in (Figure 3.5A). This drop of nitrate uptake capacity coincided with the 

beginning of root cortical senescence (Figure 3.4). This observation supports the 

notion that cortical senescence reduces rather than improves physiological root 

performance. Moreover, when cortical senescence set in at day 39, total seminal root 

length and root biomass became arrested (Figure 3.2C). This observation disagrees 

with the above-mentioned hypothesis that root cortical senescence promotes root 

elongation for soil exploration, which is based on a functional-structural modelling 

approach (Schneider et al., 2017). Moreover, even after cortical senescence had set 

in at day 39, any change in “metabolic costs” did not become apparent, since sugar 

concentrations remained unaffected (Figure 3.6). It is thus concluded that root 

cortical senescence represents a process allowing to improve the utilization of 

endogenous nutrient resources in the root. In support of this notion, Lynch and 

coworkers recently employed their simulation approach to propose that root cortical 

senescence may also serve for nutrient remobilization (Schneider et al., 2017). 

 
4.4 Putative regulatory factors of root senescence 

 

Multiple developmental and environmental signals modulate the onset and 

progression of leaf senescence (Lim et al., 2003). Dissecting the impact of individual 

genes being up- or downregulated during leaf senescence resulted in the 

identification of several transcription factors (TFs), especially from the NAC- and 

WRKY-type families, which represent major regulators of leaf senescence (Woo et al., 

2013). The Arabidopsis gene ORE1 is a NAC-type transcription factor acting as 

positive regulator of leaf senescence (Kim et al., 2009). Expression of ORE1 is 

induced during leaf aging in an ethylene-dependent manner. ORE1 controls the 

expression of at least 170 genes, of which 78 genes are known SAGs (Balazadeh et 

al., 2010). Overexpression of another NAC-type TF, NAP (ANAC029), triggers 

precocious senescence in young leaves, whereas the corresponding knockout line 
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exhibited retarded leaf senescence (Guo and Gan, 2006). NAP regulates leaf 

senescence partially through its direct binding to the promoter of SAG113, a negative 

regulator of the ABA pathway inhibiting stomatal closure, which in turn triggers leaf 

senescence (Zhang and Gan, 2012). Also the Arabidopsis WRKY53 gene has a 

positive role in leaf senescence by targeting various SAGs, such as WRKY30, which 

has been suggested to be involved in ROS signaling (Miao et al., 2004; Scarpeci et 

al., 2013). Moreover, WRKY22, another downstream target of WRKY53, is a positive 

regulator of dark-induced leaf senescence (Zhou et al., 2011). 

Very recently, a study demonstrated that overexpression of OsNAC2 dramatically 

accelerated leaf senescence, whereas its knockdown lines showed delayed leaf 

senescence. The ectopic expression of OsNAC2 lead to an increase in ABA levels by 

directly upregulating the expression of ABA biosynthetic genes (OsNCED3 and 

OsZEP1) while downregulating ABA catabolism (OsABA8ox1) (Mao et al., 2017). 

OsNAC2 is the closest rice orthologue of the barley gene HvNAC003 (Christiansen et 

al., 2011). Interestingly, the expression of HvNAC003 was significantly upregulated at 

day 32 by log2FC 2.35 or 2.91, in the ARZ or BRZ respectively, followed by elevated 

expression levels during seminal root senescence (Appendix 3). Considering the 

temporally confined ABA peak at day 39, it is hypothesized that HvNAC003 functions 

as an inducer of ABA biosynthesis, like its orthologue OsNAC2 does in rice. 

TaNAC29, a NAC-type TF with 92% identity to HvNAC023, provoked an ABA- 

hypersensitive response when overexpressed in Arabidopsis, which was indicative of 

the involvement of TaNAC29 in the ABA signaling pathway (Huang et al., 2015). 

Interestingly, HvNAC023 displayed also a sharp upregulation at day 32, which 

temporally appeared before the ABA peak at day 39 (Appendix 3). Hence, 

HvNAC023 might be involved in the ABA signaling pathway, as it is the case with the 

orthologue TaNAC29 in wheat. The rice ABI5-Like1 (ABL1) gene, a TF involved in 

the regulation of ABA-mediated gene expression, directly binds to the promoter 

region of OsWRKY69 (LOC_Os08g29660) (Yang et al., 2011). Thereby, OsABL1 can 

mediate ABA-dependent stimulation of OsWRKY69 through direct activation. Notably, 

HvWRKY30, the barley orthologue of OsWRKY69 (Mangelsen et al., 2008), was also 

significantly upregulated just before the appearance of the ABA peak, which may 

indicate an involvement of HvWRKY30 in ABA signaling (Appendix 3). 

Besides NACs and WRKYs, also AP2-type TFs showed remarkably altered changes 

in gene expression levels over time (Appendix 3). The role of AP2-type TFs in 
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ethylene-related signaling pathways has been studied intensively in Arabidopsis, but 

due to sequence variation and poor annotation, most of the AP2 genes in barley are 

difficult to classify, not allowing further interpretation. Instead, the present 

transcriptome study revealed strong upregulation of a gene encoding an enzyme 

catalyzing the rate-limiting step of ethylene biosynthesis, namely ACC  oxidase, 

during root senescence. Together with the massive upregulation of  AP2-related 

genes this implies that ethylene might act as a positive regulator of root senescence 

(Figure 3.27, Appendix 3). These TFs and especially those altered before 

appearance of the major root senescence phenotypes, i.e. root browning and cortical 

senescence, may be promising candidates for the regulation of root senescence. 

Abscisic  acid  is  important  in  many  aspects  of  plant  development,  such  as  the 

induction of seed dormancy or the synthesis of seed storage proteins and lipids 

(Nambara and Marion-Poll, 2005). In vegetative tissues, ABA mediates responses to 

drought or salt to prevent water loss by stomatal closure (Xiong and Zhu, 2003). 

Particularly during developmental leaf senescence, after chlorophyll breakdown has 

begun, a dramatic increase in endogenous ABA levels has been observed (Aharoni 

and Richmond, 1978; Zhang et al., 2012). In daylily, the RNA-AFLP profile in ABA- 

treated flowers was similar to that in naturally senescing petals (Panavas et al., 1999). 

Moreover, exogenous ABA treatment has been shown to accelerate leaf and flower 

senescence (Onoue et al., 2000; Lee et al., 2011). These and other studies have 

clearly shown that ABA is a major player in organ senescence. Also in the present 

study, ABA concentrations increased in barley leaves when chlorophyll 

concentrations declined, and ABA levels kept increasing until chlorophyll breakdown 

was complete (for example in leaf number 4; Appendix 5). Surprisingly, a continuous 

induction  of  ABA  levels  was  not  observed  during  root  senescence,  although 

expression levels of two HvNCED genes were strongly upregulated at day 32 (Figure 

3.23, Figure 3.24, Figure 3.25). Instead, a sharp and temporally confined ABA peak 

was detected at day 39, which was preceded and followed by a continuously low 

ABA  level  (Figure  3.13).  Compared  with  ABA,  time-dependent  profiles  of  other 

hormones were different in that auxin and CKs decreased when root senescence set 

in  at  day  39,  while  SA  increased  especially  after  day  39  (Figure  3.13).  This 

exceptional, time-dependent profile of ABA levels in barley roots coincided with the 

onset  of  senescence-related  processes,  such  as  the  initiation  of  root  cortical 
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senescence or root browning or the decline of nitrate uptake capacity, and implied 

that ABA might trigger the initiation of a coordinated senescence program in roots. 

Interestingly, ABA also induces hydrogen peroxide (H2O2) formation in leaves, which 

is a confirmed trigger of leaf senescence (Zimmermann and Zentgraf, 2005). In the 

present study, the ABA peak in roots at day 39 was closely followed by a massive 

increase in the expression of genes belonging to oxidation-reduction-related GO 

terms (Figure 3.16, Figure 3.17). Among these genes were catalase1 and catalase2 

genes (Appendix 6). In addition, catalase activity, which is induced upon H2O2, 

increased from day 46 on (Figure 3.7). This temporal sequence of events, ABA peak 

with subsequent H2O2 formation and oxidative stress responses, implied that ABA 

might trigger senescence processes in roots via H2O2 induction. 

As revealed by transcriptome and metabolite analysis, tryptophan decarboxylase 

(TDC) and its product serotonin were strongly enhanced during root senescence. 

Overexpressing tryptophan decarboxylase, the rate-limiting enzyme of serotonin 

synthesis, increased serotonin concentrations and delayed leaf senescence in rice 

leaves, while its knockdown provoked early senescence (Kang et al., 2009). In 

cassava, two tryptophan decarboxylase genes, MeTDC1 and MeTDC2, were 

upregulated by H2O2 treatment, which pointed to a potential role of serotonin in ROS 

scavenging (Wei et al., 2016). Furthermore, pathogen attack is also associated with 

serotonin accumulation. The rice SL (Sekiguchi lesion) mutant, which is defective in 

serotonin production, displayed increased susceptibility to Bipolaris oryzae infection, 

while this phenotype could be rescued by exogenous serotonin application (Ishihara 

et al., 2008). Interestingly, serotonin also accumulated in trichomes of Cnidoscolus 

texanus, which was supposed to serve as defense against herbivores (Lookadoo and 

Pollard, 1991). A glutamine synthetase1;1 knockout line in rice, which is defective in 

the conversion of ammonium to glutamine, retarded shoot growth and over- 

accumulated ammonium and serotonin in both, leaves and roots. It was thus 

speculated that activation of serotonin biosynthesis is part of the metabolic 

reprogramming, which allows to avoid ammonium toxicity (Kusano et al., 2011). 

Taken together, these above-mentioned studies showed that serotonin can act as a 

negative regulator in senescence-, cell death- or stress-related processes. In the 

present study, the expression of tryptophan decarboxylase in barley was almost 

linearly upregulated in ARZ before day 39, which fell together with the accumulation 

of serotonin (Table 3.2, Figure 3.37). This implied that serotonin might serve similar 
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functions in root senescence as it does in leaf senescence. However, the temporal 

pattern of serotonin accumulation and of the corresponding biosynthesis genes 

indicated that serotonin synthesis is not directly related to the formation of ABA. 

The present work shows that the recorded biological processes in aging seminal 

roots of barley are likely part of a senescence program. In particular the 

transcriptome analysis indicated that the recorded degenerative processes  were 

under the control of a considerable number of TFs especially from the NAC-, WRKY- 

and AP2-type TF families. These TFs were temporally upregulated just before root 

senescence phenotypes appeared (chapter 4.4). Indeed, many orthologs of these 

barley TFs have been identified as prominent regulators of leaf senescence in other 

species, supporting the idea that the degenerative processes monitored in aging 

seminal roots resemble those observed during leaf senescence. Regarding the age 

when roots start senscing, day 39 turned out as a transition point for most of the 

phenotypic and physiological changes, since cortical senescence, arrested root 

elongation, protein degradation, decline of nitrate uptake capacity, initiation of 

nutrient remobilization-related processes as well as the sharp ABA peak were 

collectively observed or altered at this time (chapter 3.1, 3.2). Day 39 was also a 

transition point in the regulation of global gene expression as GO terms describing 

“oxidation-reduction processes” and “responses to oxidative stress” became enriched 

(chapter 3.3.3). Together with the above-mentioned events this indicated the initiation 

of degenerative processes in seminal roots. From a simplified viewpoint, barley 

seminal root development can be divided into two distinct phases: the first phase 

lasts from root emergence to day 39 and can be assigned as growth phase, while the 

second phase after day 39 can be assigned as senescence phase. 
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Appendix1 The concentrations and contents of elements in seminal root during 
root aging 
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Appendix 2.102 Significant enriched GO terms in cluster 1 of 
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Appendix 2.103 Significant enriched GO terms in cluster 2 of 
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Appendix 2.3 Significant enriched GO terms in cluster 3 of ARZ 
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Appendix 2.4 Significant enriched GO terms in cluster 4 of ARZ 
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Appendix 2.5 Significant enriched GO terms in cluster 5 of ARZ 
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Appendix 2.6 Significant enriched GO terms in cluster 1 of BRZ 
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Appendix 2.7 Significant enriched GO terms in cluster 2 of BRZ 
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Appendix 2.8 Significant enriched GO terms in cluster 3 of BRZ 
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Appendix 2.9 Significant enriched GO terms in cluster 4 of BRZ 
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Appendix 2.10 Significant enriched GO terms in cluster 5 of BRZ 
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Appendix 2.11 Significant enriched GO terms in cluster 4 of 
 

 

 

Appendix 3 Significant expressed transcription factors (NAC, WRKY and AP2 
families) in both ARZ and BRZ during root aging 

 
 

 

Appendix table 3.1 Expressions of NAC transcription factor family in AZR over time 
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logFC 

d32 

 
logFC 

d39 

 
logFC 

d42 

 
logFC 

d53 

 
 

ID 

 
Harvest assembly 

ID 

 
 

Putative orthologous 

0.34 0.47 0.52 0.53 0.86 CUST_23467_PI399408534 35_27291 GRAB1 protein (wheat) 

-0.82 -1.16 -0.78 -0.42 0.52 CUST_10542_PI399408534 35_13569 GRAB2 protein (wheat) 

-0.33 0.02 0.25 0.79 2.01 CUST_8981_PI399408534 35_18477 GRAB2 protein (wheat) 

-0.48 -0.12 0.11 0.59 1.80 CUST_15173_PI404877155 Contig9032_s_at GRAB2 protein (wheat) 

-0.09 -0.42 -0.27 -0.21 -0.06 CUST_12000_PI404877155 Contig5723_at HvNAC002 (barley) 

0.57 2.35 2.52 2.43 2.99 CUST_9618_PI404877155 Contig3361_at HvNAC003 (barley) 

1.83 1.79 1.99 3.91 5.62 CUST_9620_PI404877155 Contig3362_at HvNAC004 (barley) 

-0.50 0.26 0.39 1.65 2.71 CUST_3522_PI404877155 Contig14026_at HvNAC005 (barley) 

-0.31 -0.29 -0.38 0.43 2.19 CUST_12495_PI404877155 Contig6233_at HvNAC006 (barley) 

-0.01 0.48 0.73 0.64 0.92 CUST_423_PI404877155 Contig10340_at HvNAC007 (barley) 

0.00 0.80 0.91 1.34 2.75 CUST_15169_PI404877155 Contig9031_at HvNAC008 (barley) 

-0.11 0.30 0.36 0.73 1.52 CUST_1082_PI404877155 Contig11098_at HvNAC013 (barley) 

-0.20 -0.36 0.01 1.00 3.11 CUST_12740_PI404877155 Contig6484_at HvNAC015 (barley) 

-0.07 -0.16 0.04 0.09 0.36 CUST_11552_PI404877155 Contig5241_at HvNAC016 (barley) 

-0.28 -0.48 -0.10 -0.33 1.00 CUST_300_PI404877155 Contig10172_at HvNAC020 (barley) 

1.27 3.49 3.61 5.60 6.90 CUST_3182_PI404877155 Contig13658_at HvNAC023 (barley) 

-1.77 -1.84 -1.73 -1.91 -1.61 CUST_6630_PI404877155 Contig19673_at HvNAC033 (barley) 

-0.11 1.14 1.36 1.02 1.05 CUST_12015_PI404877155 Contig5740_at HvNAC035 (barley) 

-0.31 -0.43 -0.62 -0.66 -0.21 CUST_1626_PI404877155 Contig11856_at HvNAC039 (barley) 

0.37 1.81 1.89 1.58 1.48 CUST_4325_PI404877155 Contig15251_at HvNAC040 (barley) 

0.03 0.62 0.72 0.77 1.06 CUST_3434_PI404877155 Contig13898_at HvNAC048 (barley) 

-0.09 0.18 0.15 0.33 0.45 CUST_22698_PI399408534 35_14840 NAC domain protein (barley) 

-0.07 0.14 0.15 1.69 3.62 CUST_15188_PI399408534 35_27594 NAC domain protein (wheat) 

0.05 1.39 1.58 1.38 1.84 CUST_842_PI399408534 35_405 NAC domain protein (wheat) 
 

-0.11 
 

0.16 
 

0.32 
 

-0.04 
 

0.55 
 
CUST_22610_PI399408534 

 
35_22454 

NAC transcription factor 
(barley) 

-0.06 0.31 0.73 1.53 3.43 CUST_728_PI399408534 35_425 NAC domain protein 48 (rice) 

-0.29 -0.30 -0.07 -0.36 1.12 CUST_15149_PI399408534 35_3855 NAC domain protein 71 (rice) 

-0.45 -0.28 0.08 -0.06 1.15 CUST_788_PI399408534 35_415 NAC domain protein 71 (rice) 

-0.19 0.94 1.17 0.94 0.98 CUST_11316_PI399408534 35_2260 NAC domain protein 74 (rice) 

0.25 1.35 1.42 1.36 0.92 CUST_1388_PI399408534 35_37892 NAC domain protein 74 (rice) 

0.10 1.18 1.05 0.68 0.24 CUST_7857_PI404877155 Contig2318_at NAC domain protein 78 (rice) 
 

0.45 
 

0.80 
 

0.67 
 

1.45 
 

0.23 
 
CUST_20153_PI399408534 

 
35_14941 

NAC transcription factor 
(barley) 

 
-0.55 

 
-1.27 

 
-1.07 

 
-1.21 

 
-0.83 

 
CUST_7018_PI399408534 

 
35_43081 

NAC transcription factor 
(barley) 

 
-0.10 

 
-1.11 

 
-0.68 

 
-1.05 

 
-0.76 

 
CUST_2083_PI399408534 

 
35_23678 

NAC transcription factor 
(barley) 

 
0.80 

 
2.47 

 
2.69 

 
4.59 

 
5.85 

 
CUST_18124_PI399408534 

 
35_5915 

NAC transcription factor 
(barley) 

 
-0.95 

 
-1.38 

 
-1.32 

 
-0.90 

 
-0.27 

 
CUST_20019_PI399408534 

 
35_24730 

NAC transcription factor 
(barley) 

-0.76 -1.06 -1.21 -0.65 0.12 CUST_28257_PI399408534 35_7768 NAC transcription factor 
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       (barley) 

-0.73 -1.37 -1.59 -1.08 0.20 CUST_8899_PI399408534 35_4511 NAC014 gene (barley) 

0.14 0.18 0.22 0.58 0.89 CUST_15193_PI399408534 35_19996 NAC023 gene (barley) 

0.14 0.65 0.64 0.56 0.45 CUST_26733_PI399408534 35_17366 NAC2 protein-like (rice) 

-0.10 0.11 0.68 1.41 3.41 CUST_127_PI399408534 35_498 NAC23 (Sugarcane) 

-0.09 0.28 0.72 1.42 3.49 CUST_33083_PI399408534 35_518 NAC23 (Sugarcane) 

-0.15 0.02 0.15 0.13 0.50 CUST_19097_PI404877155 HZ01D23u_s_at NAC-like protein (rice) 

-0.36 0.77 0.43 0.52 -0.19 CUST_24932_PI399408534 35_6147 NAM -like protein (arabidopsis) 

-0.29 -0.48 -0.51 -0.27 0.63 CUST_28318_PI399408534 35_45754 Nam-like protein 17 (Petunia) 

-0.05 0.99 1.05 0.97 0.51 CUST_7862_PI404877155 Contig2318_s_at nam-like protein 2 (Petunia) 

-0.17 0.69 0.44 0.35 1.21 CUST_17020_PI399408534 35_4213 NAM-related protein 1 (maize) 

0.50 1.82 2.00 1.76 1.76 CUST_10652_PI399408534 35_21150 OsNAC protein-like (rice) 

0.09 -0.30 0.22 1.12 3.15 CUST_12499_PI404877155 Contig6235_s_at OsNAC6 protein (rice) 

-0.53 -0.76 -1.20 -0.52 0.08 CUST_33367_PI399408534 35_16659 Putative OsNAC4 (rice) 

-0.81 -1.15 -1.37 -0.65 -0.12 CUST_4930_PI399408534 35_21369 NAC domain protein (rice) 

-0.66 -0.74 -0.41 0.71 2.77 CUST_32838_PI399408534 35_544 NAC domain protein (rice) 

0.42 0.08 0.02 -0.04 -1.07 CUST_9860_PI404877155 Contig3584_at NAC transcription factor (rice) 

-0.71 0.39 0.50 1.65 2.47 CUST_13637_PI399408534 35_21015 Putative NAM protein (rice) 

-0.53 -0.36 -0.25 0.08 0.93 CUST_14554_PI399408534 35_30327 Putative NAM protein (rice) 

-0.39 0.08 -0.24 0.12 1.02 CUST_24370_PI399408534 35_38789 Putative NAM protein (rice) 

-0.24 0.16 0.32 1.42 3.02 CUST_18119_PI399408534 35_5916 Putative NAM protein (rice) 

0.13 0.10 0.04 0.43 0.78 CUST_19562_PI404877155 rbah54n13_s_at Putative NAM protein (rice) 

-0.42 -0.77 -0.52 0.35 1.60 CUST_16977_PI399408534 35_18187 PutativeNAM protein (rice) 

-0.23 -0.80 -0.80 -0.68 0.00 CUST_13401_PI399408534 35_6587 Putative OsNAC4 (rice) 

-0.18 -0.65 -0.81 -1.09 -1.62 CUST_27795_PI399408534 35_32050 Similarity to NAM (arabidopsis) 
 
 
 
 

 
 

Appendix table 3.2 Expressions of NAC transcription factor family in BRZ over time 
 
logFC 

d25 

 
logFC 

d32 

 
logFC 

d39 

 
logFC 

d46 

 
logFC 

d53 

 
 

ID 

 
Harvest assembly 

ID 

 
 

Putative orthologous 

0.05 0.76 0.34 0.47 0.44 CUST_23467_PI399408534 35_27291 GRAB1 protein (wheat) 

1.06 2.91 2.58 2.55 2.17 CUST_9618_PI404877155 Contig3361_at HvNAC003 (barley) 

2.06 1.91 2.18 3.28 4.89 CUST_9620_PI404877155 Contig3362_at HvNAC004 (barley) 

0.41 0.94 0.94 1.57 1.57 CUST_3522_PI404877155 Contig14026_at HvNAC005 (barley) 

-0.32 0.20 -0.36 0.44 1.42 CUST_12495_PI404877155 Contig6233_at HvNAC006 (barley) 

0.21 0.96 0.69 0.76 0.90 CUST_423_PI404877155 Contig10340_at HvNAC007 (barley) 

0.29 0.96 0.56 0.80 1.29 CUST_15169_PI404877155 Contig9031_at HvNAC008 (barley) 

0.13 0.15 0.06 0.21 0.33 CUST_11552_PI404877155 Contig5241_at HvNAC016 (barley) 

-0.07 -0.16 -0.24 -0.20 1.10 CUST_300_PI404877155 Contig10172_at HvNAC020 (barley) 

1.36 3.68 3.66 5.10 5.74 CUST_3182_PI404877155 Contig13658_at HvNAC023 (barley) 

0.38 1.68 1.19 1.05 1.13 CUST_12015_PI404877155 Contig5740_at HvNAC035 (barley) 

0.38 -0.24 -0.22 -0.81 -0.79 CUST_1626_PI404877155 Contig11856_at HvNAC039 (barley) 

0.43 1.89 1.61 1.49 1.43 CUST_4325_PI404877155 Contig15251_at HvNAC040 (barley) 

0.48 1.05 1.05 1.13 0.99 CUST_3434_PI404877155 Contig13898_at HvNAC048 (barley) 
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0.01 0.75 0.42 0.48 0.41 CUST_22698_PI399408534 35_14840 NAC domain protein (barley) 

0.22 0.45 0.42 1.19 2.18 CUST_15188_PI399408534 35_27594 NAC domain protein (wheat) 

0.38 2.00 1.68 1.60 1.54 CUST_842_PI399408534 35_405 NAC domain protein (wheat) 

0.54 0.77 0.67 0.54 0.57 CUST_22610_PI399408534 35_22454 NAC transcription factor (barley) 

0.06 0.25 0.27 1.16 2.07 CUST_728_PI399408534 35_425 NAC domain protein 48 (rice) 

-0.11 -0.05 -0.17 -0.32 1.10 CUST_15149_PI399408534 35_3855 NAC domain protein 71 (rice) 

0.44 1.64 1.11 1.09 1.15 CUST_11316_PI399408534 35_2260 NAC domain protein 74 (rice) 

0.24 1.54 1.29 0.88 0.81 CUST_1388_PI399408534 35_37892 NAC domain protein 74 (rice) 
 

0.15 
 

0.71 
 

0.46 
 

0.50 
 

0.41 
 
CUST_11383_PI399408534 

 
35_40255 

NAC domain protein 82-like 
(rice) 

0.89 1.73 1.21 0.90 0.73 CUST_7862_PI404877155 Contig2318_s_at nam-like protein 2 (Petunia) 

-0.38 -1.13 -1.41 -1.36 -1.09 CUST_7018_PI399408534 35_43081 NAC transcription factor (barley) 

-0.33 -0.73 -0.81 -0.50 -0.09 CUST_2083_PI399408534 35_23678 NAC transcription factor (barley) 

1.15 2.99 2.87 4.42 4.93 CUST_18124_PI399408534 35_5915 NAC transcription factor (barley) 

-0.50 -1.04 -0.92 -0.81 -0.67 CUST_8899_PI399408534 35_4511 NAC014 gene (barley) 

0.31 0.81 0.67 0.50 0.48 CUST_26733_PI399408534 35_17366 NAC2 protein-like (rice) 

0.12 0.22 0.39 1.23 2.13 CUST_127_PI399408534 35_498 NAC23 (Sugarcane) 

-0.02 0.24 0.34 1.11 2.02 CUST_33083_PI399408534 35_518 NAC23 (Sugarcane) 

0.17 0.47 0.28 0.42 0.57 CUST_19097_PI404877155 HZ01D23u_s_at NAC-like protein (rice) 

0.66 0.40 0.68 0.28 0.46 CUST_24932_PI399408534 35_6147 NAM -like protein (arabidopsis) 

-0.06 0.70 0.34 0.45 0.42 CUST_16694_PI404877155 HF01A04w_s_at nam-like protein 2 (Petunia) 

0.15 0.25 1.79 0.39 1.03 CUST_17020_PI399408534 35_4213 NAM-related protein 1 (maize) 

0.36 1.79 1.49 1.46 1.44 CUST_10652_PI399408534 35_21150 OsNAC protein-like (rice) 

0.12 -0.25 -0.07 0.87 1.92 CUST_12499_PI404877155 Contig6235_s_at OsNAC6 protein (rice) 

-0.19 -0.78 -0.68 -0.71 -1.08 CUST_9860_PI404877155 Contig3584_at NAC transcription factor (rice) 

0.92 1.35 1.48 1.78 1.78 CUST_13637_PI399408534 35_21015 Putative NAM protein (rice) 

0.00 0.74 0.41 1.21 1.78 CUST_18119_PI399408534 35_5916 Putative NAM protein (rice) 

-0.28 -0.33 -0.12 0.42 0.96 CUST_16977_PI399408534 35_18187 Putative NAM protein (rice) 

-0.52 -0.60 -1.06 -0.63 -1.05 CUST_13401_PI399408534 35_6587 Putative OsNAC4 (rice) 

-0.43 -0.67 -0.41 -1.15 -0.89 CUST_27795_PI399408534 35_32050 Similarity to NAM (arabidopsis) 
 
 
 
 

 
 

Appendix table 3.3 Expressions of WRKY transcription factor family in ARZ over time 
 
logFC 

d25 

 
logFC 

d32 

 
logFC 

d39 

 
logFC 

d46 

 
logFC 

d53 

 
 

ID 

 
Harvest 

assembly ID 

 
 

Putative orthologous 

0.75 2.97 3.00 2.89 2.85 CUST_10681_PI404877155 Contig4386_at HvWRKY1 (barley) 

-0.09 0.10 0.26 0.03 0.57 CUST_26661_PI399408534 35_17374 HvWRKY10 (barley) 

-0.01 0.34 0.13 -0.02 0.51 CUST_4774_PI404877155 Contig16040_at HvWRKY10 (barley) 

0.18 -0.99 -1.28 -1.72 -1.33 CUST_34023_PI399408534 35_5370 HvWRKY13 (barley) 

-0.02 -1.26 -1.17 -1.98 -1.55 CUST_2857_PI404877155 Contig13268_at HvWRKY13 (barley) 

0.41 -0.30 -0.33 -0.34 1.00 CUST_24665_PI399408534 35_38750 HvWRKY14 (barley) 

0.08 0.39 0.33 0.08 0.61 CUST_20662_PI399408534 35_31880 HvWRKY15 (barley) 

0.50 1.84 1.56 1.34 0.76 CUST_23349_PI399408534 35_41558 HvWRKY17 (barley) 

0.14 1.96 1.65 1.27 0.58 CUST_5200_PI399408534 35_23506 HvWRKY18 (barley) 

1.23 4.48 3.58 3.91 3.34 CUST_25882_PI399408534 35_3498 HvWRKY19 (barley) 
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0.56 2.66 2.19 1.87 1.24 CUST_288_PI404877155 Contig10167_at HvWRKY19 (barley) 

0.16 2.63 2.68 2.28 1.82 CUST_10684_PI404877155 Contig4387_at HvWRKY2 (barley) 

0.90 4.18 3.63 3.79 3.10 CUST_292_PI404877155 Contig10168_at HvWRKY20 (barley) 

0.54 3.00 3.42 2.94 1.73 CUST_9289_PI399408534 35_30519 HvWRKY22 (barley) 

0.57 3.29 3.03 2.44 1.14 CUST_5003_PI399408534 35_15931 HvWRKY23 (barley) 

0.35 2.59 2.98 1.89 1.07 CUST_7241_PI404877155 Contig21110_at HvWRKY23 (barley) 

0.31 1.47 1.64 0.93 0.48 CUST_19656_PI399408534 35_38900 HvWRKY27 (barley) 

0.75 2.39 2.61 2.48 1.98 CUST_19454_PI399408534 35_4162 HvWRKY28 (barley) 

0.38 -0.06 -0.09 -0.76 -0.83 CUST_31210_PI399408534 35_12329 HvWRKY29 (barley) 

-0.44 1.38 2.38 2.55 2.55 CUST_15438_PI399408534 35_9124 HvWRKY3 (barley) 

0.28 2.64 2.84 1.89 1.04 CUST_28428_PI399408534 35_10252 HvWRKY30 (barley) 

0.73 2.54 2.60 2.54 2.05 CUST_1791_PI404877155 Contig12005_at HvWRKY30 (barley) 

-0.31 2.04 2.49 2.72 2.58 CUST_15828_PI399408534 35_13381 HvWRKY31 (barley) 

-0.08 0.58 1.13 1.26 1.32 CUST_2686_PI399408534 35_4766 HvWRKY32 (barley) 

-0.02 0.50 0.87 1.28 1.38 CUST_4727_PI404877155 Contig15957_at HvWRKY32 (barley) 

-0.15 0.36 -0.02 -0.47 0.32 CUST_615_PI399408534 35_18794 HvWRKY34 (barley) 

-0.40 -0.14 -0.42 -0.66 0.05 CUST_4058_PI399408534 35_49737 HvWRKY34 (barley) 

-0.18 0.21 -0.04 -0.49 0.28 CUST_552_PI404877155 Contig10471_at HvWRKY34 (barley) 

-0.21 -0.05 -0.54 -0.41 -1.38 CUST_16216_PI399408534 35_11153 HvWRKY36 (barley) 

-0.16 -0.64 -0.50 -0.31 0.08 CUST_2943_PI404877155 Contig13375_at HvWRKY39 (barley) 

0.35 1.04 1.21 1.09 0.72 CUST_6969_PI404877155 Contig20450_at HvWRKY4 (barley) 

-0.13 0.20 0.15 0.30 0.82 CUST_28735_PI399408534 35_5543 HvWRKY42 (barley) 

-0.06 0.11 0.08 0.35 0.85 CUST_4579_PI404877155 Contig15657_at HvWRKY42 (barley) 

-0.14 1.29 1.64 0.88 0.95 CUST_25852_PI399408534 35_41493 HvWRKY43 (barley) 

-0.05 -0.06 0.07 0.09 0.36 CUST_13512_PI404877155 Contig7243_at HvWRKY46, SUSIBA2 (barley) 

-0.02 0.61 0.81 0.96 0.68 CUST_30953_PI399408534 35_22133 HvWRKY48 (barley) 

0.10 0.79 0.58 0.92 0.02 CUST_12297_PI399408534 35_10813 HvWRKY49 (barley) 

0.70 2.82 3.57 2.23 1.06 CUST_10702_PI399408534 35_6690 HvWRKY5 (barley) 

-0.37 0.84 1.31 0.24 -0.59 CUST_6135_PI404877155 Contig18462_at HvWRKY5 (barley) 

0.06 2.69 2.47 2.63 2.05 CUST_6105_PI399408534 35_30633 HvWRKY53 (barley) 

0.09 1.73 2.05 1.33 0.55 CUST_24759_PI399408534 35_38742 HvWRKY55 (barley) 

-0.29 -0.26 -0.38 -0.15 0.55 CUST_14016_PI404877155 Contig7798_at HvWRKY7 (barley) 

0.06 0.19 -0.15 0.18 0.48 CUST_23802_PI399408534 35_25080 HvWRKY8 (barley) 

0.06 -0.13 -0.15 0.18 0.40 CUST_7812_PI404877155 Contig23011_at HvWRKY8 (barley) 

-0.06 0.05 0.34 0.22 1.07 CUST_3689_PI399408534 35_24053 HvWRKY9 (barley) 

-0.08 -0.15 0.32 0.04 0.78 CUST_7620_PI404877155 Contig22226_at HvWRKY9 (barley) 

0.81 3.04 2.96 2.88 2.83 CUST_4979_PI399408534 35_15934 Putative WRKY1 (barley) 

-0.58 -1.10 -1.20 -0.99 -0.59 CUST_1832_PI399408534 35_25884 Putative WRKY11 (barley) 

1.24 3.26 2.82 2.39 1.62 CUST_25869_PI399408534 35_3499 Putative WRKY20 (barley) 

0.18 2.08 2.14 1.70 1.79 CUST_13771_PI404877155 Contig7517_at putative WRKY19 (wheat) 

0.31 3.32 3.40 2.53 1.00 CUST_4998_PI399408534 35_15932 Putative WRKY2 (Barley) 

-0.16 1.57 1.53 0.85 0.17 CUST_4987_PI399408534 35_15933 Putative WRKY2 (barley) 

0.35 0.83 1.26 1.06 0.89 CUST_4786_PI399408534 35_23566 Putative WRKY49 (wheat) 

0.87 2.68 2.86 3.26 2.52 CUST_22737_PI399408534 35_22430 Putative WRKY70 (rice) 

-0.49 1.20 1.48 1.83 1.57 CUST_6901_PI404877155 Contig20358_at putative WRKY70 (rice) 
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-0.40 0.95 1.56 2.48 2.10 CUST_11939_PI399408534 35_30409 Putative WRKY70 (Setaria italica) 

-0.07 -0.02 -0.08 0.07 0.44 CUST_19223_PI404877155 rbaal15j13_s_at SUSIBA2 (barley) 

-0.14 -0.47 -0.35 0.11 0.34 CUST_26012_PI399408534 35_20111 WRKY13 (wheat) 
 

-0.30 
 

-0.72 
 

-1.03 
 

-0.17 
 

0.88 
 
CUST_7128_PI399408534 

 
35_25699 

WRKY17 (Brachypodium 
distachyon) 

 
 
 
 

 
Appendix table 3.4 Expressions of WRKY transcription factor family in BRZ over time 

 
logFC 

d25 

 
logFC 

d32 

 
logFC 

d39 

 
logFC 

d46 

 
logFC 

d53 

 
 

ID 

 
Harvest 

assembly ID 

 
 

Putative orthologous 

1.30 4.22 3.66 3.83 3.10 CUST_10681_PI404877155 Contig4386_at HvWRKY1 (barley) 

0.19 0.83 0.54 0.68 0.73 CUST_26661_PI399408534 35_17374 HvWRKY10 (barley) 

0.13 0.87 0.57 0.50 0.58 CUST_4774_PI404877155 Contig16040_at HvWRKY10 (barley) 

-1.12 -1.68 -1.69 -2.53 -2.28 CUST_34023_PI399408534 35_5370 HvWRKY13 (barley) 

-0.81 -1.42 -1.52 -2.55 -1.96 CUST_2857_PI404877155 Contig13268_at HvWRKY13 (barley) 

-1.45 -0.23 -0.72 0.36 0.06 CUST_24665_PI399408534 35_38750 HvWRKY14 (barley) 

-0.04 1.27 0.43 0.63 0.88 CUST_20662_PI399408534 35_31880 HvWRKY15 (barley) 

0.82 2.10 2.08 2.20 1.44 CUST_23349_PI399408534 35_41558 HvWRKY17 (barley) 

0.73 2.96 2.54 2.73 1.71 CUST_5200_PI399408534 35_23506 HvWRKY18 (barley) 

1.96 5.10 4.57 5.06 3.49 CUST_25882_PI399408534 35_3498 HvWRKY19 (barley) 

1.17 3.53 3.32 3.29 2.28 CUST_288_PI404877155 Contig10167_at HvWRKY19 (barley) 

0.41 3.79 2.75 2.83 2.17 CUST_10684_PI404877155 Contig4387_at HvWRKY2 (barley) 

1.85 4.82 4.48 4.92 3.57 CUST_292_PI404877155 Contig10168_at HvWRKY20 (barley) 

-0.78 -0.15 -0.56 -1.32 -1.84 CUST_5579_PI399408534 35_260 HvWRKY21 (barley) 

0.73 3.98 3.02 2.81 2.25 CUST_9289_PI399408534 35_30519 HvWRKY22 (barley) 

0.27 4.44 3.14 3.24 1.86 CUST_5003_PI399408534 35_15931 HvWRKY23 (barley) 

0.74 3.73 2.96 2.41 1.58 CUST_7241_PI404877155 Contig21110_at HvWRKY23 (barley) 

-0.06 1.87 1.26 1.14 0.69 CUST_19656_PI399408534 35_38900 HvWRKY27 (barley) 

1.27 3.15 2.75 2.58 2.29 CUST_19454_PI399408534 35_4162 HvWRKY28 (barley) 

0.04 -0.57 -0.24 -1.03 -1.07 CUST_31210_PI399408534 35_12329 HvWRKY29 (barley) 

0.19 2.74 2.54 2.43 2.54 CUST_15438_PI399408534 35_9124 HvWRKY3 (barley) 

0.66 3.72 3.00 2.35 1.48 CUST_28428_PI399408534 35_10252 HvWRKY30 (barley) 

1.26 3.26 2.95 2.66 2.29 CUST_1791_PI404877155 Contig12005_at HvWRKY30 (barley) 

-0.07 2.93 2.23 2.62 1.85 CUST_15828_PI399408534 35_13381 HvWRKY31 (barley) 

-0.01 0.95 0.82 0.83 0.86 CUST_2686_PI399408534 35_4766 HvWRKY32 (barley) 

0.06 0.87 0.69 0.87 0.82 CUST_4727_PI404877155 Contig15957_at HvWRKY32 (barley) 

-0.17 0.49 0.23 0.33 0.87 CUST_615_PI399408534 35_18794 HvWRKY34 (barley) 

-0.19 0.25 0.00 0.16 0.45 CUST_4058_PI399408534 35_49737 HvWRKY34 (barley) 

-0.18 0.36 0.18 0.37 0.92 CUST_552_PI404877155 Contig10471_at HvWRKY34 (barley) 

-0.08 1.37 0.29 0.72 0.61 CUST_6_PI399408534 35_21548 HvWRKY37 (barley) 

1.02 2.18 1.81 1.62 1.25 CUST_6969_PI404877155 Contig20450_at HvWRKY4 (barley) 

-0.10 0.70 0.34 0.11 -0.25 CUST_34596_PI399408534 35_5307 HvWRKY41 (barley) 

0.47 0.55 0.57 0.51 0.67 CUST_28735_PI399408534 35_5543 HvWRKY42 (barley) 

0.31 0.20 0.26 0.34 0.53 CUST_4579_PI404877155 Contig15657_at HvWRKY42 (barley) 

0.61 2.92 2.08 2.13 1.79 CUST_25852_PI399408534 35_41493 HvWRKY43 (barley) 
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0.12 0.83 0.20 0.58 0.53 CUST_24813_PI399408534 35_8337 HvWRKY45 (barley) 

-0.69 -0.30 -0.76 -0.61 -0.38 CUST_18872_PI399408534 35_17610 HvWRKY46, SUSIBA2 (barley) 

0.02 -0.02 -0.06 0.15 0.27 CUST_13512_PI404877155 Contig7243_at HvWRKY46, SUSIBA2 (barley) 

0.35 0.90 0.83 0.85 0.08 CUST_30953_PI399408534 35_22133 HvWRKY48 (barley) 

-0.20 1.98 0.98 1.08 0.49 CUST_12297_PI399408534 35_10813 HvWRKY49 (barley) 

0.84 2.99 2.79 1.93 0.77 CUST_10702_PI399408534 35_6690 HvWRKY5 (barley) 

-0.03 2.01 1.52 0.98 0.05 CUST_6135_PI404877155 Contig18462_at HvWRKY5 (barley) 

0.15 3.39 2.89 2.88 1.36 CUST_6105_PI399408534 35_30633 HvWRKY53 (barley) 

0.20 2.26 1.78 1.51 0.94 CUST_24759_PI399408534 35_38742 HvWRKY55 (barley) 

0.07 0.64 0.44 0.17 0.03 CUST_26978_PI399408534 35_2987 HvWRKY7 (barley) 

0.15 -0.21 0.03 0.25 0.39 CUST_23802_PI399408534 35_25080 HvWRKY8 (barley) 

0.13 -0.32 -0.10 0.07 0.50 CUST_7812_PI404877155 Contig23011_at HvWRKY8 (barley) 

0.38 0.47 0.47 0.61 0.85 CUST_3689_PI399408534 35_24053 HvWRKY9 (barley) 

1.25 4.05 3.53 3.58 2.89 CUST_4979_PI399408534 35_15934 Putative WRKY1 (barley) 

1.07 3.69 3.33 3.25 2.17 CUST_25869_PI399408534 35_3499 Putative WRKY20 (barley) 

0.62 2.75 2.17 2.09 1.75 CUST_13771_PI404877155 Contig7517_at putative WRKY19 (wheat) 

0.29 3.74 2.96 2.41 1.12 CUST_4998_PI399408534 35_15932 Putative WRKY2 (Barley) 

-0.03 2.79 1.57 1.28 0.25 CUST_4987_PI399408534 35_15933 Putative WRKY2 (barley) 

-0.01 0.41 0.18 0.25 0.47 CUST_17956_PI399408534 35_5928 Putative WRKY40 (wheat) 

0.85 1.97 1.59 1.39 1.14 CUST_4786_PI399408534 35_23566 Putative WRKY49 (wheat) 

1.91 4.77 4.19 4.18 2.86 CUST_22737_PI399408534 35_22430 Putative WRKY70 (rice) 

0.39 3.14 2.89 2.82 1.69 CUST_6901_PI404877155 Contig20358_at putative WRKY70 (rice) 
 

0.61 
 

2.93 
 

2.90 
 

3.31 
 

2.45 
 
CUST_11939_PI399408534 

 
35_30409 

Putative WRKY70 (Setaria 
italica) 

0.10 0.06 0.05 0.29 0.39 CUST_19223_PI404877155 rbaal15j13_s_at SUSIBA2 (barley) 

0.31 -0.02 0.05 0.42 0.36 CUST_26012_PI399408534 35_20111 WRKY13 (wheat) 
 
 
 

 

Appendix table 3.5 Expressions of AP2 transcription factor family in ARZ over time 
 
logFC 

d25 

 
logFC 

d32 

 
logFC 

d39 

 
logFC 

d46 

 
logFC 

d53 

 
 

ID 

 
Harvest 

assembly ID 

 
 

Putative orthologous 

-0.06 -0.81 -0.86 -0.95 -0.73 CUST_25791_PI399408534 35_10361 AP2-like protein (wheat) 
 

0.51 
 

0.66 
 

0.64 
 

0.87 
 

1.12 
 
CUST_25636_PI399408534 

 
35_10376 

AP2-like protein (Brachypodium 
distachyon) 

 
0.53 

 
2.15 

 
1.74 

 
1.30 

 
-0.46 

 
CUST_10562_PI399408534 

 
35_11386 

AP2-like protein (Brachypodium 
distachyon) 

 
-0.26 

 
-0.21 

 
-0.46 

 
-0.24 

 
1.30 

 
CUST_4187_PI399408534 

 
35_12046 

AP2-like protein (Brachypodium 
distachyon) 

-0.26 0.00 -0.18 -0.07 -0.77 CUST_22416_PI399408534 35_14873 HvERF1 (barley) 

0.35 7.00 7.25 5.88 4.56 CUST_21491_PI399408534 35_15343 AP2-like protein (maize) 

0.12 3.23 3.07 2.35 1.88 CUST_21470_PI399408534 35_15344 AP2-like protein (maize) 

1.47 1.96 2.02 3.23 4.82 CUST_21469_PI399408534 35_15346 AP2-like protein (Setaria italica) 

0.75 2.70 2.74 2.35 1.71 CUST_21457_PI399408534 35_15347 HvCBF6 (barley) 
 

0.62 
 

1.90 
 

1.71 
 

1.91 
 

2.13 
 
CUST_21455_PI399408534 

 
35_15349 

AP2-like protein (Brachypodium 
distachyon) 

-0.32 -0.69 -1.00 -1.31 -0.85 CUST_10530_PI399408534 35_15743 AP2-like protein (barley) 

-0.27 -0.02 -0.01 -0.38 -0.89 CUST_10515_PI399408534 35_15744 AP2-like protein (Dasypyrum villosum) 
 

-0.07 
 

0.01 
 

-0.09 
 

0.47 
 

0.80 
 
CUST_8063_PI399408534 

 
35_15804 

AP2-like protein (Brachypodium 
distachyon) 

0.71 0.63 0.94 1.63 2.21 CUST_11715_PI399408534 35_16192 AP2-like protein (maize) 
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0.15 0.43 0.71 0.98 1.69 CUST_11705_PI399408534 35_16193 AP2-like protein (rice) 

0.82 0.64 0.64 1.50 2.76 CUST_11691_PI399408534 35_16194 AP2-like protein (Setaria italica) 

-0.13 1.83 1.61 1.09 0.98 CUST_11670_PI399408534 35_16195 AP2-like protein (rice) 
 

-0.71 
 

-0.83 
 

-0.81 
 

-1.20 
 

-1.80 
 
CUST_68_PI399408534 

 
35_17054 

AP2-like protein (Brachypodium 
distachyon) 

0.08 0.18 0.35 0.51 1.07 CUST_34760_PI399408534 35_17070 AP2-like protein (barley) 
 

-0.48 
 

-0.82 
 

-0.96 
 

-0.91 
 

-1.04 
 
CUST_29402_PI399408534 

 
35_17276 

Spark target of EAT1-B1 (TOE1-B1) 
(wheat) 

-0.49 -0.66 -0.49 -0.63 -0.08 CUST_10317_PI399408534 35_17946 AP2-like protein (wheat) 
 

-0.23 
 

-0.30 
 

-0.27 
 

-0.08 
 

0.52 
 
CUST_11489_PI399408534 

 
35_18391 

AP2-like protein (Brachypodium 
distachyon) 

-0.23 -0.82 -0.81 0.11 0.66 CUST_23688_PI399408534 35_19676 AP2-like protein (wheat) 

0.26 0.18 -0.04 0.51 0.31 CUST_22953_PI399408534 35_20232 AP2-like protein (rice) 

1.02 2.05 1.83 2.11 5.31 CUST_17783_PI399408534 35_20400 AP2-like protein (rice) 

-0.45 -0.64 -0.04 -0.19 -0.30 CUST_13049_PI399408534 35_21072 AP2-like protein (rice) 
 

0.85 
 

1.89 
 

1.86 
 

1.56 
 

1.83 
 
CUST_7581_PI399408534 

 
35_21287 

AP2-like protein (Brachypodium 
distachyon) 

-0.55 -1.15 -1.21 -1.73 -3.31 CUST_26610_PI399408534 35_21853 HvBCBF1 (barley) 

1.56 4.04 3.93 3.16 2.07 CUST_31855_PI399408534 35_23852 HvCBF3 (barley) 
 

-0.81 
 

-1.66 
 

-0.54 
 

-1.49 
 

-0.75 
 
CUST_21171_PI399408534 

 
35_27336 

AP2-like protein (Brachypodium 
distachyon) 

 
-0.21 

 
-0.65 

 
-0.81 

 
-1.13 

 
-1.99 

 
CUST_10085_PI399408534 

 
35_27746 

AP2-like protein (Brachypodium 
distachyon) 

-0.72 -1.71 -2.10 -2.08 -1.51 CUST_14091_PI399408534 35_28072 AP2-like protein (barley) 
 

0.13 
 

-0.09 
 

-0.04 
 

0.45 
 

0.98 
 
CUST_27509_PI399408534 

 
35_2919 

AP2-like protein (Brachypodium 
distachyon) 

-0.31 1.06 0.77 0.19 0.06 CUST_3147_PI399408534 35_30770 HvCBF11 (barley) 

0.61 2.45 2.67 2.20 1.39 CUST_784_PI399408534 35_30843 HvCBF10b (barley) 
 

-0.08 
 

-0.09 
 

0.02 
 

0.22 
 

1.05 
 
CUST_28978_PI399408534 

 
35_31564 

AP2-like protein (Brachypodium 
distachyon) 

 
-0.07 

 
-0.20 

 
-0.32 

 
0.43 

 
0.44 

 
CUST_26674_PI399408534 

 
35_31626 

AP2-like protein (Brachypodium 
distachyon) 

 
0.15 

 
1.77 

 
1.77 

 
1.35 

 
1.17 

 
CUST_26236_PI399408534 

 
35_3452 

AP2-like protein (Thinopyrum 
intermedium) 

0.06 0.16 -0.11 0.29 1.00 CUST_28758_PI399408534 35_39060 AP2-like protein (maize) 

0.37 1.34 1.46 0.89 0.62 CUST_18237_PI399408534 35_39429 AP2 domain CBF protein (wheat) 

0.30 0.70 1.00 0.85 0.31 CUST_26647_PI399408534 35_41404 AP2-like protein (barley) 

0.06 -0.05 -0.04 0.23 0.87 CUST_14827_PI399408534 35_41882 AP2-like protein (rice) 

-0.03 -0.43 -0.57 -0.65 -1.63 CUST_32814_PI399408534 35_4932 HvCBF7 (barley) 

1.39 5.60 5.62 4.87 3.23 CUST_20709_PI399408534 35_5832 HvCBF1 (barley) 
 

0.19 
 

0.22 
 

0.14 
 

0.24 
 

0.87 
 
CUST_5456_PI399408534 

 
35_6844 

AP2-like protein (Brachypodium 
distachyon) 

0.39 0.39 0.29 0.49 1.64 CUST_28904_PI399408534 35_7703 AP2-like protein (barley) 
 

0.10 
 

0.36 
 

0.42 
 

0.37 
 

-1.21 
 
CUST_25041_PI399408534 

 
35_8313 

AP2-like protein (Brachypodium 
distachyon) 

1.21 2.70 2.63 2.24 1.27 CUST_24795_PI399408534 35_8339 AP2-like protein (rice) 

0.22 0.22 0.09 0.70 0.89 CUST_8091_PI399408534 35_8945 AP2-like protein (rice) 

-0.04 1.34 1.50 0.99 0.86 CUST_554_PI404877155 Contig10472_at AP2-like protein (wheat) 

0.05 -0.42 -0.73 -0.76 -1.54 CUST_1434_PI404877155 Contig11552_at HvCBF7 (barley) 

-0.12 -0.78 -0.76 0.15 0.68 CUST_2537_PI404877155 Contig12940_at AP2-like protein (wheat) 
 

-0.19 
 

-0.16 
 

0.06 
 

0.59 
 

2.34 
 
CUST_5813_PI404877155 

 
Contig17873_at 

AP2-like protein (Brachypodium 
distachyon) 

1.68 4.09 3.86 3.04 2.01 CUST_6519_PI404877155 Contig19472_at HvCBF3 (barley) 

0.69 0.52 1.09 1.94 3.10 CUST_6647_PI404877155 Contig19699_at AP2-like protein (Setaria italica) 
 

0.10 
 

-0.40 
 

-0.57 
 

-0.56 
 

-0.94 
 
CUST_6985_PI404877155 

 
Contig20485_at 

AP2-like protein (Brachypodium 
distachyon) 
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0.75 -0.34 0.46 0.43 1.84 CUST_8294_PI404877155 Contig24555_at AP2-like protein (maize) 
 

0.68 
 

1.80 
 

2.19 
 

2.08 
 

2.32 
 
CUST_8338_PI404877155 

 
Contig2470_s_at 

AP2-like protein (Brachypodium 
distachyon) 

0.50 1.38 1.59 0.95 1.88 CUST_8378_PI404877155 Contig2481_s_at AP2-like protein (rice) 

-0.14 0.05 -0.02 -0.30 -0.37 CUST_10149_PI404877155 Contig3865_at AP2-like protein (barley) 

0.55 1.39 1.54 1.70 1.62 CUST_12926_PI404877155 Contig6636_at AP2-like protein (wheat) 
 

0.02 
 

0.59 
 

0.60 
 

0.65 
 

1.30 
 
CUST_12997_PI404877155 

 
Contig6727_at 

AP2 transcriptional activator DRF1 
(barley) 

 
0.13 

 
0.21 

 
0.19 

 
0.53 

 
0.59 

 
CUST_13292_PI404877155 

 
Contig6987_at 

AP2-like protein (Brachypodium 
distachyon) 

0.24 0.75 0.71 1.11 1.84 CUST_13741_PI404877155 Contig7483_at AP2-like protein (rice) 

0.68 1.62 1.92 1.77 1.88 CUST_13968_PI404877155 Contig7722_at AP2-like protein (barley) 

0.28 0.33 0.44 0.34 -0.15 CUST_14526_PI404877155 Contig8357_at AP2-like protein (barley) 
 

-0.43 
 

-0.94 
 

-0.99 
 

-1.02 
 

-1.27 
 
CUST_14558_PI404877155 

 
Contig8369_at 

Spark target of EAT1-B1 (TOE1-B1) 
(wheat) 

 
-0.28 

 
-0.22 

 
-0.29 

 
-0.06 

 
0.60 

 
CUST_15918_PI404877155 

 
Contig9762_at 

AP2-like protein (Brachypodium 
distachyon) 

0.69 0.47 1.12 2.94 4.86 CUST_16599_PI404877155 HB26N23r_at AP2-like protein (rice) 

0.10 0.25 0.58 1.14 1.95 CUST_16951_PI404877155 HP01H17w_at AP2-like protein (rice) 
 
 
 
 

 

Appendix table 3.6 Expressions of AP2 transcription factor family in BRZ over time 
 
logFC 

d25 

 
logFC 

d32 

 
logFC 

d39 

 
logFC 

d46 

 
logFC 

d53 

 
 

ID 

 
Harvest 

assembly ID 

 
 

Putative orthologous 

-0.05 -0.43 -0.51 -0.53 -0.85 CUST_25791_PI399408534 35_10361 AP2-like protein (wheat) 
 

0.51 
 

2.93 
 

1.84 
 

1.73 
 

0.56 
 
CUST_10562_PI399408534 

 
35_11386 

AP2-like protein (Brachypodium 
distachyon) 

-0.44 -0.37 0.03 -0.58 -1.26 CUST_21498_PI399408534 35_15342 AP2-like protein (rice) 

0.86 8.00 6.96 6.42 5.50 CUST_21491_PI399408534 35_15343 AP2-like protein (maize) 

0.30 4.17 3.23 2.94 2.16 CUST_21470_PI399408534 35_15344 AP2-like protein (maize) 

1.35 2.62 2.12 2.66 3.54 CUST_21469_PI399408534 35_15346 AP2-like protein (Setaria italica) 

1.06 3.14 2.72 2.60 1.76 CUST_21457_PI399408534 35_15347 HvCBF6 (barley) 
 

1.34 
 

2.63 
 

2.48 
 

2.66 
 

2.15 
 
CUST_21455_PI399408534 

 
35_15349 

AP2-like protein (Brachypodium 
distachyon) 

0.05 -0.02 0.02 0.17 0.39 CUST_10627_PI399408534 35_15732 AP2-like protein (wheat) 

-0.20 0.50 0.04 0.03 0.95 CUST_10530_PI399408534 35_15743 AP2-like protein (barley) 

-0.37 0.14 -0.09 -0.42 -0.69 CUST_10515_PI399408534 35_15744 AP2-like protein (Dasypyrum villosum) 
 

0.29 
 

0.34 
 

0.20 
 

0.62 
 

0.71 
 
CUST_8063_PI399408534 

 
35_15804 

AP2-like protein (Brachypodium 
distachyon) 

0.42 1.01 0.95 1.23 1.64 CUST_11705_PI399408534 35_16193 AP2-like protein (rice) 

0.06 0.86 0.21 0.70 0.89 CUST_11691_PI399408534 35_16194 AP2-like protein (Setaria italica) 

0.07 1.76 1.29 1.23 0.44 CUST_11670_PI399408534 35_16195 AP2-like protein (rice) 

0.38 0.35 0.37 0.63 1.10 CUST_34760_PI399408534 35_17070 AP2-like protein (barley) 
 

-0.15 
 

-0.53 
 

-0.60 
 

-0.37 
 

-0.80 
 
CUST_29402_PI399408534 

 
35_17276 

Spark target of EAT1-B1 (TOE1-B1) 
(wheat) 

-0.33 0.33 -0.06 0.46 1.03 CUST_10317_PI399408534 35_17946 AP2-like protein (wheat) 

0.39 0.38 0.71 1.76 2.56 CUST_30696_PI399408534 35_18932 AP2-like protein (rice) 

0.29 -0.82 -0.66 0.21 0.72 CUST_23688_PI399408534 35_19676 AP2-like protein (wheat) 

0.21 1.32 1.79 2.38 5.47 CUST_17783_PI399408534 35_20400 AP2-like protein (rice) 

-0.09 0.44 0.49 1.30 0.73 CUST_13049_PI399408534 35_21072 AP2-like protein (rice) 
 

0.99 
 

2.18 
 

1.96 
 

1.65 
 

1.90 
 
CUST_7581_PI399408534 

 
35_21287 

AP2-like protein (Brachypodium 
distachyon) 
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-0.33 -1.00 -0.96 -1.34 -1.46 CUST_26610_PI399408534 35_21853 HvBCBF1 (barley) 

1.77 4.65 4.42 3.99 3.19 CUST_31855_PI399408534 35_23852 HvCBF3 (barley) 
 

-0.37 
 

-0.82 
 

-0.95 
 

-1.15 
 

-1.88 
 
CUST_10085_PI399408534 

 
35_27746 

AP2-like protein (Brachypodium 
distachyon) 

-1.00 -2.25 -2.14 -2.18 -2.18 CUST_14091_PI399408534 35_28072 AP2-like protein (barley) 
 

0.31 
 

-0.13 
 

0.19 
 

0.66 
 

0.84 
 
CUST_27509_PI399408534 

 
35_2919 

AP2-like protein (Brachypodium 
distachyon) 

-0.29 -0.72 -0.65 -0.53 -0.54 CUST_14012_PI399408534 35_30385 AP2-like protein (rice) 

0.00 1.74 1.08 0.75 0.60 CUST_3147_PI399408534 35_30770 HvCBF11 (barley) 

0.22 3.51 2.68 2.55 2.07 CUST_784_PI399408534 35_30843 HvCBF10b (barley) 

-0.32 0.30 -0.19 0.52 1.22 CUST_32762_PI399408534 35_30982 AP2-like protein (Setaria italica) 
 

0.46 
 

0.08 
 

0.74 
 

0.88 
 

1.48 
 
CUST_28978_PI399408534 

 
35_31564 

AP2-like protein (Brachypodium 
distachyon) 

 
0.09 

 
0.14 

 
-0.01 

 
0.57 

 
0.69 

 
CUST_26674_PI399408534 

 
35_31626 

AP2-like protein (Brachypodium 
distachyon) 

 
0.19 

 
2.84 

 
2.29 

 
2.22 

 
1.52 

 
CUST_26236_PI399408534 

 
35_3452 

AP2-like protein (Thinopyrum 
intermedium) 

0.16 2.01 1.44 1.47 1.32 CUST_18237_PI399408534 35_39429 AP2 domain CBF protein (wheat) 

0.16 0.86 0.97 0.77 0.52 CUST_26647_PI399408534 35_41404 AP2-like protein (barley) 

-0.25 0.60 -0.03 0.49 1.15 CUST_14827_PI399408534 35_41882 AP2-like protein (rice) 

-0.10 -0.94 -0.77 -1.43 -1.97 CUST_32814_PI399408534 35_4932 HvCBF7 (barley) 

1.56 6.49 5.73 5.60 4.79 CUST_20709_PI399408534 35_5832 HvCBF1 (barley) 

0.05 -0.17 -0.08 0.04 2.01 CUST_28904_PI399408534 35_7703 AP2-like protein (barley) 
 

-0.28 
 

-0.26 
 

0.07 
 

-0.47 
 

-1.21 
 
CUST_25041_PI399408534 

 
35_8313 

AP2-like protein (Brachypodium 
distachyon) 

1.16 3.01 2.69 2.90 2.16 CUST_24795_PI399408534 35_8339 AP2-like protein (rice) 

0.04 2.35 1.86 1.79 1.29 CUST_554_PI404877155 Contig10472_at AP2-like protein (wheat) 

-0.14 -1.01 -0.94 -1.49 -2.15 CUST_1434_PI404877155 Contig11552_at HvCBF7 (barley) 

0.32 -0.87 -0.73 0.22 0.71 CUST_2537_PI404877155 Contig12940_at AP2-like protein (wheat) 
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Appendix 4 Expression of HvNAC005 in ARZ and BRZ during root aging 
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Appendix 5 The chlorophyll and ABA concentrations during senescence of the 
4th leaf 
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Appendix 6 Expressions of catalase-like genes in ARZ and BRZ overtime 
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