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Introduction

1 Introduction

1.1 General aspects of leaf senescence

Senescence is the last step of leaf development and is a very active and regodassiLipm

P.O. et al. 2007 Leaf senescence is regulated in an elaborate way to maximigdipiass by
optimization of nutrient remobilization from senescing leaves. Onset, progression and
completion of leaf senescenaeecontrolled by differential expression of many ge(so et

al. 2013. Plants show two types of senescence including replicative (mitotic) senescence and
postmitotic senescence. Replicative senescence of a cell indicates loss of ability for further cell
division during aging. Poghitotic senescence is a degenerative process which happens after
cellular maturation or differentiation and results in cell death. Leaf senescence mainly refers to

postmitotic senescence which occurs at the leaf organ (eirelP. O. et al. 2003

Lack of synchronization is one of the major limitations of the study of developmental leaf
senescence. The cells within a single leaf ateahthe same physiological and molecular status
and usually senescence starts from tips and margins of the leaf and proceeds towards the base
(Buchanarwollaston V. et al. 2005 Between different cell types mesophyll cells undergo final

cell death earlier while veins remain active longer to ensure maximum export of nutrients
(BuchanarWollaston V. et al. 20049.im P.O. et al. 200)7. Zentgraf et al., (2004;ompared

the effect of plant age and leaf age on seneseasweciated gene expression profilesosette

leaves inArabidopsis thalianaThey harvested individual rosette leaves ofwwegkold plant

and also the same leaves from plants of different ages, ranginé fro® weeks. Clustering of

gene expression pattern revealed that genes whialpaegulated with respect to the age of the
entire plant, showed completely different expression profiles with respect to the age of the
individual leaves within one rosette. Authors suggested that gene expression is governed by
different parameters: i) éhage of the individual leaf and ii) the age and developmental stage of
the whole plan{Zentgraf et al. 2004

Using a highresolution tempral transcript profiling of senescifgabidopsisleaves, Breeze et

al. (2011) reported the order of genetic events during senescence. Switch from anabolic to
catabolic processes is one of the earliest steps occurring in senescence. Protein synthesis and
amino acid metabolism are dowegulated while reactive oxygen related genes and the genes
involved in response to water stress together with autophagy genesragilgped. In the next

step, expression of the genes involved in abscisic acid (ABA)o@ismacid (JA) signaling and

cytokinin mediated signaling are repressed similar to chlorophyll and carotenoid biosynthesis.
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These changes are followed by dewegulation of carbon utilization and higher expression of
cysteineaspartate proteases, carotemgtabolism related genes and pectin esterases. Reduction
of photosynthetic activity and degradation of the photosynthetic apparatus with enhanced
activity of lipid catabolism, ethylene signaling and increased level of genes encoding
cytoskeletalproteins @tir at the latest phases of senescence. Leaf senescence is reversible under
certain conditions in a specific time span after initiation which results-greening of the
leaves(Parlitz et al. 201l There is not a unique conclusion about reversibility of induced
senescence irabidopsis No recovery was observed after dark incubation of individual
attached leaves dirabidopsisplants grown under constant ligfRarlitz et al. 2011Weaver

and Amasino 2001 However, addition of nitrogen supply frabidopsisplants undergoing
nitrogen deficiency induced leaf senescence leads -Hgreeming of Arabidopsis leaves
(Balazadeh et al. 201&childhauer et al. 2008Thus, senescence is a programmed process
controlled by an elegant moleculaysgem but the complex molecular mechanism involved in

the regulation of senescence initiation and progression has not yet been fully discovered.
However, the transcriptome studies have shown massive gene expression alterations during
senescencfBreeze et al. 201 BuchanarWollaston V et al. 2003van der Graaff et al. 2006

These data indicate that there is a complex regulatetyork involved in regulation of leaf

senescence.

1.2 Regulation of leaf senescence

Leaf senescence can be regulated by both environmental cues and endogencususigrasd
development and plant growth regulatqf3uo and Gan 2005 Large scale transcrigime
profiling identified thousands of genes which are op downregulated during senescence
(Breeze et al. 2011lvan der Graaff et al. 2006 Different genes itluding transcription
regulators and signaling components functioning in hormone and stress response together with
metabolism regulators are involved in regulation of leaf senes¢BachanarWollaston V et

al. 2003. Members of different transcription factor families including WRKY, NAC, MADS,
MYB, bZIP and bHLH have been shown to play role in leaf senescence reg\Buiciranan
Wollaston V et al. 2003BuchanaAWollaston V. et al. 20Q5.iu et al. 201). WRKY53 is a
well-known example of WRKY transcription factors which has been shown to be involved in
regulating of senescence specific gene expregsl@o Y. et al. 2003t Plant hormones such as
ethylene, ABA, SA , JA and small molecules, such as oxygen, induce leaf senescence while
cytokinin, auxin, nitric oxide as well as small molecules, such as Gelay leaf senescence

which indicates the importance of phytohormonedesf senescence regulatidhni Z. et al.
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2012. Even though the role ogibberellic acid(GA) and brassionsteroids (BRs) during
senescence is not well known, it lmeen shown that several GA and BRs related genes display
regulation changes during senescefean der Graaff et al. 2006 For example the GA
responsive xyloglucan endotransglycosylafdERS5 is massively upregulated during
senescencéloreover, in the aforementioned study, the BR rece@®tBRL3,is strongly up
regulated in later stages of natural and induced (darkness, darkness treated detadeadl leaf)
senescenc@an der Graaff et al. 2006

Epigenetic processes are also involved in the regulation of leaf senescence. Changes in the
chromatin structure during senescence, differential histone and DNA methylation have been
shown to be involved in senescence regulation. In addition small RNAs play role in the
regulation of senescence associated gdhiesnbeck 201B For example, ORE1l, a NAC
transcription factor regulating downstrearmascencessociated genes, such 88G12 is
repressed by the microRN@iR164) via cleavage of ORE1 mRN&im J. H. et al. 2000 In

the aforementioned study, autboshowed that miR164 mutation results in senescence
acceleratiorand moreover they observed thia¢ expression of microR164 in witgpe plants
decreasgwith increasing leaf ageian ethylenalependent mann€kim J. H. et al. 200p

To get more insight in to different types of senescentdhé following sectionmolecular
players involved in natural and induced leaf senescence as well as similarities amdcaitfer

between these two types of senescence are discussed.

1.3 Natural leaf senescence vs. induced leaf senescence

Beside developmental age which results in natural leaf senescence, different biotic and abiotic
stress conditions such as dark treatmksatf detachment and nutrient starvation can results in
premature induced leafenescenced comparative transcriptome study betwesabidopsis
thaliana developmental leaf senescence (NS), darkeimidgced senescence of individual
leaves attached to th@ant (DIS), and senescence in darkubated detached leaves (DET)

was conducted byvan der Graaff et al. 2006This study reveals many novel senescence
associated genes with distinct exgsion profiles and also high number of regulated genes
which are shared between these three types of senescence. For instance, they identified
transporter genes which show expression changes in all three or individual type of senescence.
This indicates that remobilization of atabolites during senescence is under the control of
different genetic progran{san der Graaff et al. 20Q@Buchanan et al., 2005, revealed the gene
expression similaties and discrepancies between developmental leaf senescence and artificially

induced leaf senescence by dark treatment or starvation. Reduction in cytokinin levels and
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activation of salicylic acid pathway were observed only during developmental senescence
Asparagin metabolism, fatty acid degradation and a putative alternative flavonoid pathway were
shown to be involved only in controlling starvation induced senescence. Moreover, Expression
of ABA response genes together with jasmonic acid and ethylenendiet genes were
observed in all three types of senescence (Figure 1). Thedts rieslicatethat even though,
natural leaf senescence and induced leafssemee by darkness, starvation e detachment

share large number of regulated genes but sfheyv distinct expression profiles indicating the
complexity of the senescence regulatory netw@ukchanadAWollaston V. et al. 20Q5van der

Graaff et al. 2006

1.3.1 Nitrogen deficiency induced leaf senescence

The connection betweemnitrogen (N) deficiency and senescence induction has been already
documentedAguera et al. 201,0Gregersen et al. 201Schildhauer et al. 2008Nitrogen is an
important macronutrient and a structural component of proteins, nucleic acids, cofactors and
secondary metabolites and is thus essential for plant growth and develdfciegible et al.

20049). Nitrogen deficiency results in extensive physiological and biochemical changes in plants
in order to adapt to nitrogen limitatiqPeng et al. 20097 It has been shown that sunflower
plants Helianthus annuygsgrown under limited N supply show lower photosynthetic activity
and stronger senescence symptoms compared to plants grown under adequate N condition. In
the same study, a higher ratio of hexose to sucrose at the beginningseh#seence in-N
starved plants indicated that availability of nitrogen affects stgjated senescence induction
(Aguera et al. 2010 Nitrogen deficiencyinduced primary leaf senescence can be reversed by
addition of N supply in a time dependent manmcently, Balazadeh et al., (2014howed

that led senescence induced by nitrogen starvation in hydroponically ghoalridopsisplants

can be reversed when nitrogen is resupplied at the onset of senescence. Authors concluded that
plants undergoing senescence retain the capacity to sense and respundvailability of
nitrogen nutrition. In the same studyAG12was highly reduced (~56@ld), while expression

of SEN1 an N depletiosrepressed gene was markedly increased after 3 days of N resupply.
(Balazadeh et al. 2014

Nitrate fertilization at the onset of senescencélandeum vulgarecan delay leaf senescence
associated changes such as decrease in chlorophyll content and phottisysfienency.
Moreover, two nitrogen metabolism marker genes including plagididgTAMINE SYNTHASE

(GS2 andLYSINEKETOGLUTARATEREDUCTASE/SACCHAROPINE DEHYDROGENASE
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(LKR/SDH), whose expression is dowand upregulated during senescence, respectively,
show retardatiomi the expression after fertilizer applicati@childhauer et al. 2008

Under low N supply, plants have to economize on this valuable resource. One way is recycling
N from older leaves during senescence for reuse in sink orgahgequire N for growth.
Efficient N remobilization is very crucial when N supply and availability in the soil are low and
therefore root N uptake is limitd8alazadeh et al. 20)4

Loss of

Sugar depleti/on// +_ cytokinin

b J

[ Senescence induction
Alternative Hydrolases Flavonoid
flavonoids? synthesis
Common 2 :
, 0 Glutamine
Asgalragtme degradation genes \L mobilisation
HOBLUSAHOLL e.g. Fatty acid alpha s
: oxidation
FA degradation Pathogen
Sucrose/trehalose genes
metabolism SAG12

Figure 1. Schematic model illustrating the similar and alternative pathways involved in the three

types of senescenceGenes expressed only in developmental senescence (green boxes), starvation
induced senescence resultingnfrdoth dark treatment and ageing suspension cultures (blue boxes) and
all three types of senescence (orange boxes) are depicted in this model adaptéBufroaman
Wollaston V. et al. 2005
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1.4 N remobilization during senescence

Nitrogen remobilization is a key factor determining plant nitrogen use efficiency (NE}E).
tracing studies in cereals, oilseed rape and legumes revealed that N uptake fexadiax
decreaseduring seed filling which indicates that onset of grain filling is a critical phase for
nitrogen remobilizatiofSalon et al. 2001 Leaf proten degradation, especially plastid proteins,
during senescence provides an important nitrogen source for the growing leaves and seeds
(MasclauxDaubresseet al. 2010. Figure?2 represents the main enzymatic steps involved in
nitrogen remobilization from older leaves (source) to younger leaves (sink).

Functional analyses of senescence associated genes (SAGs) have revealed three major protein
degradationpathways occurring in senescing leaves: the ubiquitin/proteasome pathway, the
autophagy/vacuolar pathway and the chloroplast degradation pathiwagt al. 2008. Rubisco
accounts for 50 and 20% of the total soluble protein in the leaves of C3 and C4 plants,
respectively. Coordinated and controlled dismantling of chloroplasts occurs at early stages of
senescence. Rubisco and other photosynthetic proteins are the smaite of N for
remobilization during senescen¢®lartinez et al. 2008 Chloroplast proteases (ClpP) have
been categorized in three types based on their bulbcecompartments: stroma, thylakeid
membrane (FtsH and Lon) and lumg@hdam and Clarke 2002 Stroma proteases are ATP
dependent whd thylakoidmembrane and lumina proteases are Afdependent. Chloroplast
proteases are thought to be crucial for the remaobilization of free amino acids during senescence
(Adam et al. 2008 It has been shown that in tobacco, aspartic protease CNDA41 is involved in
Rubisco degradation allowing subsequent translocation of N during sene¢kantceet al.

2004). However, this is not the case in senesdiigbidopsisleaves where no chloroplast
protease hmbeen shown to be involved in Rubisco degradation and it is thought that ROS is a
potential initiator of Rubisco degradation in this plafDesimone et al. 199@shida et al.

1998.

To analyze metabolic markers related to N assimilation and N remobilization pathways, Diaz et
al., (2008) studied five recombinant inbred lines (RILs)Aodbidopsis thalianaexhibting
differential leaf senescence phenotypes (from early senescing to late senescing) under nitrogen
(N)-limiting conditions. In each line, leaf aging resulted in a decrease of total N, free amino
acid, and soluble protein contents. Moreover, the expressianarkers for N remaobilization

such as cytosolic glutamine synthetase, glutamate dehydrogenase, and-ik&Optbtease

was enhanced. This increase occurred earlier and more rapidly irseaédscing lines than in
latesenescing lines™N tracing anafsis during vegetative stage of development showed that N

remobilization from the source leaves to the sink leaves was more efficient in the early
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senescing lines indicating thttere was a correlation between N remobilization rate and leaf
senescence sefity at the vegetative stage. HoweVaN tracing study at the reproductive stage
showed that the rate of N remobilization from the rosettes to the flowering organs and seeds is
similar in early and latesenescing lines. This indicates that at the myctive stage, N
remobilization efficiency is related to the ratio between the biomasses of the sink and the source
organs and not senescence phenotypes et al. 2008

In oilseed rape senescing leaves, deegulation of a protease inhibitor, BnD22, during
nitrogen remobilization phase is accompanied byagulation of several proteases, including
SAG12 which indicates that protease activation is possibly controlled during leaf development
in relation with N remobilizatiorfDesclos et al. 2009Vicker et al. 200y NRT1.7, a member

of NRT1 family, is a pH dependent bidirectional nitrate transporter. It is expressed in old leaves
phloem tissue and its expression is inducedNbimitation. It has been shown that NRT1.7 is
involved in nitrate remobilization from older leaves to younger leaves. This indicates that
sourceto-sink remobilization of nitrate is mediated by the phloémabidopsisnrtl.7 mutants
showed growth retardian under nitrate limitation. Analysis witfPN revealed thamnrtl.7
mutants are unable to transport N from older leaves to younger leaves and there were more
accumulation of nitrate in older leaves of the mutant plants which further confirmed the role of
NRT1.7 in nitrate remobilizatiorfFan et al. 2009 Another Arabidopsisnitrate transporter
involved in remobilization is NRT2.4 which plays a double role in roots and shoots of nitrogen
starved plants. It is a high affinity transporter which its expression is induced upon nitrogen
starvation. It has been observed thd®.4 mutant lines had lower phloesap nitrate contents

but did not show altered growth or development which may indicates that decreased nitrate
content at this level is not limiting for adaptation to N deficiency. Moreover, most likely there
are other redundant transporter systems cosgténg the function of NRT2.4 in the mutant
plants(Kiba et al. 2012

There is a difference in nitrogen remobilization during senescence between perennial ahd annu
plants.Perennial plants are able to grow and reproduce in multiple years. Many perennial plants
enter dormancy during winter and recycle nutrients, such as nitrogen, to below ground
structures for the next growing seag&chwartz C. and Amasino 2013n monocarpic anual

plants, which only flower once, the main function of leaf senescence is to provide nutrients for
seed formation before death of the whole plébavies and Gar2012 and therefore, N
remobilization from old leaves tie upper part of the plant is crucial for seed product@ne

example of economically important annual plants is oilseed rape which has low nitrogen
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remobilization efficiency.Thus, oilseed rapés an interesting plant model fastudying N

remobilization associated with leaf senescence.
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Figure 2. Key enzymes involved in nitrogen management in (A) young and (B) senescing leay£3.

Nitrate reductase (NR) and asparagine synthetase (AS) aliegddca the cytosol, and nitrite reductase

(NiR), glutamine synthetase 2 isoenzyme (GS2), glutamate synthase (GOGAT) and carbamoylphosphate
synthetase (CPSase) within the plastids of mesophyll cells. Glutamine synthetase isoenzyme 1 (GS1) and
AS are locadd in the cytosol of companion cells. (B) Senescesseciated events include chloroplast
degradation and translocation of plastid proteins to the central vacuole via enessouiated vacuole

(SAV) trafficking. Amino acid recycling occurred in mitoaidria and cytosol of mesophyll cells and
companion cells. Glutamate dehydrogenase (GDH), GS1 and AS are the major enzymes involved in the
synthesis of glutamine, glutamate and asparagine in the phloem. AdaptefMastiauxDaubresse et

al. 2010.
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1.4.1 Senescence and N remobilization in oilseed rape

Oilseed rapeRrassica napusis considered as a valuable crop plant which is cultivetedil
andbiofuel productionBecause of its high capacity for nitrate uptake from the soll, it is also
grown as a catch crop to reduce N leaching during autumn and \{Nfaagoli et al. 200b

Top 5 oilseed rape producirgpuntriesare Canada 16.7), China (4.2, India (7.2, Germany
(5.3 and France4.9). Numbers are million ton in 2032013 ittp://faostat3.fao.ongFigure3
provides an overview of the oilseed rape productionéntbrld(20122013)

i N S
(o) ,-. et ': A - o'

14,200,014
16,672,250

South
Atlantic Atlantic

Figure 3. An overview of oilseed rape prodation in the world (20122013). (Modified from
http://faostat3.fao.org).

However, despite high nitrate uptake capacity, oilseed rape has low nitrogen use efficiency
(NUE). NUE is definedas utilization of available N in different forms in order to maximize
grain yield(Gupta N. et al. 2002 One critical factor determining the NUE is the timing affle
senescence initiation and the efficiency of N remobilization to the sink of(Gammsbert et al.
2006. In oilseed rape the onset of senescence at lower noddeatrabscission occurs long
before flowering and pod filling. As a consequence, nitrogen is inefficiently remobilized from
these leaves. Approximately 200 kg fertilizer N'ha required for optimal seed yield. At the
time of abscission, the lower leavstill have a high N conte(®.5-3% of dry weight) resulting

in releasing up to 100 kg N fao the soil during winte(Dejoux et al. 2000Jackson and
Overpeck 2000Musse et al. 2023 Nitrogen remobilization is significantly more efficient in
younger leaves in the upper canopy that senesce during pod degstopAt the time of
abscission their nitrogen content is only 1% of dry we(yidlagoli et al. 200p N distribution
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in oilseed rape depends on plant growth stage. Before flowering, 76% and 24% of N are
availablein leaves and stem, respectivéBchjoerring et al. 1995 After progression of pod
formation, N is translocated from leaves to the pod walls and finally to seeds which results in
accumulation of 76% of total pt&N in the seed during maturity phase.

Low NUE results in demand for higher N fertilizatig@ombert et al. 20Q6~hile only 50% of

the fertilizer N is recoverelly oilseed rapéDesclos et al. 2009 Therefore, improving NUE

not only increases N remobilization from source leaves and preventsciNniggrom fallen
leavesto the soil;it can also improve negative economic and environmental effects of fertilizer
application in excessive amounts.

Descloset al., (2009)studied leafproteomic changes which appeared during N remobilization
that were associated or not assodatgth senescence of oilseed rape in response to contrasting
nitrate availability. Remobilization of N and leaf senescence status were followed'iing
tracing, chlorophyll level, total protein content and a molecular indicator based on expression of
SAG12/Cab genes. Three phases associated with N remobilization were distinguished.
Proteomics revealed that 55 proteins involved in metabolism, energy, detoxification, stress
response, proteolysis and protein folding were significantly induced during N lezatitn.

Four proteases were specifically identified. FtsH, a chloroplastic protease, was induced
transiently during the early stages of N remobilization. Considering the dynamics of N
remobilization, chlorophyll and protein content, the pattern of Figbtession indicated that

this protease could be involved in the degradation of chloroplastic proteins. Aspartic protease
increased at the beginning of senescence and was maintained at a high level, implicating this
protease in proteolysis during the coutddeaf senescence. Two proteases, proteasome beta
subunit A1 and SAG12, were induced and continued to increase during the later phase of
senescence, suggesting that these proteases are more specifically involved in the proteolysis
processes occurring #te final stages of leaf senescerfbesclos et al. 2009 These data
indicate that specific proteins are playing role at different stages of leaf senescenceerdowe
our knowledge about signaling processes and gene expression changes which is behind the
protein expression and especially those ones involved in initiating the developmental or N
induced senescence process in oilseed rape is still scarce.

Since N ddtiency promotes an even earlier onset of leaf senescence it may affect N
remobilization and thus NUE. Moreoveme of the frequent effects of nitrogen deficiency is
limiting crop yields(Frink et al. 1999 Therefore, tiis crucialto measure the plant N status in
order to optimize N fertilization regimes. In the following section the current approaches to

determine plant N level in theefd, are discussedndcompared
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1.5Marker genes of N Status in oilseed rape

The nitrogen atrition index (NNI) is a precise indicator of nitrogen status but it is not so
practical because it requires tirnensuming measurements and destructive plant sampling at a
precise growth stag@rost and Jeuffroy 200.7Since, lower N content in the leavessults in

lower chlorophyll contenfLeakey et al. 2009 comnon alternative approach to estimate plant

N status is measuring leaf chlorophyll content (using SPAD chlorophyll n{dte&d Y. X. et

al. 2009. Chlorophyll meteris a nordestructive convenient, leaf cliwn device that
determines the relative amount of chlorophyll present in plant le&l@sever, this method

must be performed at the leaf level and therefore, it is very laborious and time consuming to be

appliedacross the large field®rost and Jeuffroy 200.7

Remote sensing techniques, based on measuring the reflected radiation from plant canopies,
have the potential of evaluating the N status of many p(&asghtry et al. 2000 Crop canopy
sensors are efficient for applications in large scales ifighd compared to the SPAD meter

(Cao et al. 2013 It is necessary that crop canopy sensors be supplied with their own light
sources to avoid limitation by environmental light conditigiao et & 2012. Cao et al.,

(2013) developed a multispectral crop canopy sensor for rice plants which can calculates the
correlations of aboveground biomass and plant N uptake across growth stages. However, this
method has its own limitations. One limitipwint is the reflectance from the soil which has

been shown that significantly affects sensor measuref@entghtry et al. 2000 Moreover,
symptoms of N deficiencgccurs more at older, lower leaves and gradually proceeds towards
upper part of the canopy and it is not known to what extent lower part of the plant contribute in
the whole canopy sensor measurem8ath abovementioned methods are useful when visible
symptoms of N deficiency (lower chlorophyll) is detectable and therefore, they are rather late
diagnostic tools. For precise N management, it is important to be able to detect N deficiency at
earlier stage, before the visible symptoms of senescence cabsbeser. Since molecular
changes occurs before phenotypical changes can be observed, identification of gene expression
markers which their expression level is dependent on plant N status can be useful tool to
estimate plant N level at earlier stage of Nialency. Such Nresponsive expression markers

have already been identified in maifgang X. S. et al. 2001 However, despite their
importance, they have not yet been reported for other crop glachsas oilseed rapk oilseed

rape, the already known senescence molecular meé8Res12 has been shown to be required

for the poteolysis processes occurring at the ultimate stages of leaf senescence when
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chlorophyll content is already declined and yellowing of the leaves is vidildscloset al.
2009. Therefore, it is not a useful marker for determining N status at earlier stages of leaf
senescence. Oilseed rape low nitrogen use efficiency (NUE) is correlated with low N
remobilization efficiency (NRE) from source to sink leaves durirgugetative phagévice

and Etienne 2014 This results in higher fertder applications to achieve maximum yield.
Using N fertilizers in excess amount is harmful to the environment, especially aquatic
ecosystems (algal bloom formatior).is necessary to considatentification of N sensitive
expression markers at earligage of vegetative phase improve N management ife crop

plants such as oilseed raplerough optimization of fertilizer applicatiofrigure 4 shows the
trend in application of different types of fertilizeffsom http://faostat3.fao.olg As it can be
seen, the amount of N fertilizers shows antref increase from 2002009. Therefore, it is
urgent to minimize the amount of fertilizers to protect the environrmvemteover this will also
havefinancialbenefits for crop producers.
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Figure 4. Fertili zer application amount (Million toneg from 2002-2009. (sourcehttpy// facstat3
fao.org).

1.6 Carbon and nitrogen balance signaling

Understanding the cell response during nitrogen deficiency induced senescence is crucial for
improving nitrogen use fifiency and optimizing N fertilization. One important aspect is
considering the interaction of N with other essential nutrients, especially carbon (C) due to the
interconnection of N and C metabolism. A tight coordination between cellular C and N

metabolsm is necessary to sustain optimal growth and development of the plant. Furthermore,
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C/N balance is also critical for the response to elevated atmospheriZ€hg 2009 It has

been shown that elevated £€@ads to early senescence inductinnsunflower Helianthus
annuusL.) due to the reduction in N availability and suppression of the key N assimilation
enzymes such as nitrate reductase (B9 la Mata et al. 2013 In the following sections the
interaction between N and C as well as the effect of elevatgdaS@ source) on the plants are
discussed.

Carbon is one of the important nutrients which have closeiratationship with N. C and Mre

both crucial elements for fundamental cellular functigdsieng 2009 Maintaining C/N
adjustment is one of the important factors for optimal plant growth. Higher C/N ratioscause
reduction in N uptake and finally lower grain quality inemds because of lower protein content
which has negative health and economic consequé¢iees et al. 201

It has been shown thatore than half of the Arabidopsis transcriptome is regulated by C, N and
the C/N balanc¢Zheng 200% Three different proteins including a putative nitrate transporter
(NTR2.1), aputative glutamate receptor (GLR1.1) and a putative methyltransferase (OSU1)
play important roles in the C/N balance. OSU1 is similar to QUA2/TSD2 which acts in cell wall
biogenesis which may indicate that there is a link between cell wall property ard/kh
balance signalingZzheng 2009 Over expression of a maize transcription factor involved-in C
metabolismDOF1, in Arabidopsisand rice resulted in higher N uptake and assimilation under
low N supply(Fischer et al. 201 Xurai et al. 2011Yanagisawa et al. 2004DOF1 regulates
expression oketo acids needed for N assimilatiffischer et al. 2093 Another example is
SNRK1 protein kinase that plays a key role in the global control of plant carletabalism
(Halford et al. 2008 SNRKDverexpression in tomato plantsade to higher Nuptake, C
assimilation and promoted fruit ripenifg/ang X. L. et al. 2012 These results indicate the
effect of C metabolism related genes on the N uptake and assimilation.

Elevated CQ laboratory experiments under different N concentrations, have shown that N
deficiency inhibits the promotineffect of elevated C{on shoot growth(Sun J. et al. 2002

Long term (6 years) elevated g®tudy with different plant species have revealed that N
deficiency is a major limitation of sustainability of plant ecosystem response to elevaied CO
(Reich et al. 2006 Therefore, providing adequate N input in order to keep an optimal C/N
balance in plants seems to be important to raise theu@@ation efficiency at the ecosystem
level (Zheng 200%

Analysis of plant responses to elevated ,O@veal a fear reduction of N levels and
correspondingly, protein levels in plant tissues of C3 species with the exception of legumes

(Taub et al. 2008 The reduced N concentration caused by elevateg d0@d berecovered
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neither by increased N supplye.g. fertilization) in wheatnor by Sourcesink manipulations

(e.g. panicle removalin rice (Fangmeier et al. 199%himono et al. 2090 Other macro and

micro nutrient also show changes in resgots elevated CObut in a lesser extent than N.
Upon different growth conditions, potassium and phosphorous amount showed decrease or
increase. Lower amount of calcium, magnesium, sulfur, iron, zinc, manganese and aluminum
was observed in wheat grains eneélevated C&(Hogy and Fangmeier 20D8

1.7 Plant response to elevated CO

Increasing emissions from burning of fossil fuels and deforestation resulted itedléaxzel of
atmospheric C@during the last two centuries. Atmospheric Jficreased from 280 ppm in
pre-industrial era to 379 ppm in 2005 and it may continue toITBD ppm at the end of the®21
century(De Souza et al. 2008Figure5 represents the atmospheric CO2 concentration from
1990 to 2015 (source: http://www.ipdata.org/).
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Figur 5. Observed and projected atmospheric C® concentrations from 1990to 2015 Triangles

show annual average marine surface aip €D centrations for the period 1990 to 2008 downloaded from
the NOAA ESRL web sitewww.esrl.noaa.ggvin September 2009. The red and green lines shows
annud average C@concentrations for the SRES Al1B (red) and B2 (green) marker emissions scenarios
projected using the reference versiontleé Berncarbon cycle model (solid) and the ISAM model
(dashed). These two scenarios give the upper and lower limite 6fitlustrative/marker scenarios in the
period plotted. The blue shading shows the range from low to high clirsateon cycle feedbacks. All
SRES projections are taken from Annex B of the 2001 IPCC Working Group | Report (Source:
http://www.ipcedata.org/).
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Elevated level of C@is associated with effects on plant responses such as metabolism,
photosynthesis rate and development. In the following sectiondpdhe is on thesffects of
elevated C@on different aspects of plant response includihgtpsynhesis, yield,stomatal
conductance anglanscriptomeesponse

- Photosynthesisand yield

CO; concentration is a limiting factor for photosynthe@iarkum 2010. There is a difference

in photosynthesis response to elevated Co2 betserand long term exposur&hort term
elevated CQ@results in photosynthesis stimulation. It has been shown that, when plants are
exposed to elevated G@nder controlled conditions, photosynthesis and activity of the CO
fixation primary enzyme, ribuke1,5-bisphosphate carboxylase/oxygenase (Rubisco), increases
(Li P. et al. 2006p However, the response to long term &&richment is variakl(Makino

and Mae 199p Downregulation of photosynthesis capacity in response to long term elevated
CO; has already been previously repor{eduda 200 A mechanism involved in this down
regulation is repression of photosynthesis related genes via sugar accumulation in source leaves
(Long et al. 2001 Interestingly, thé downregulation is not observed in species with sink
organs for carbohydrates accumulativakino and Mae 1999 It has been reported that
photosynthesis dowregulation in response to elegdtCQ is stronger under N limitation than
adequate N supplftsopp et al. 2000Stitt and Krapp 1999 Under N linitation, development

of new sinks is limited which results to source/sink imbalance of plants grown under elevated
CO, (Hymus et al. 2001Stitt and Krapp 1999 Another reason for stronger photosynthesis
downtregulation in response to elevated £@der low N condition is reduction in the amount

of Rubisco (Stitt and Krapp 1999 However, FACE (Free Air COEnrichment) ring
experiments revealed that Rubisco reduction is specific and it is not part of general protein
reduction. Since Rubisco contains 25% of leaf N, reductiotsamount to 20% can results in

5% decrease in leaf fhinsworth and Long 2005 preitzer and Salvucci 2002

In rice plants grown under elevated £@enes encoding GCfixation enzymes such as
carbonic anhydrase, Rubisco, phosphoglycerate kinase and glyceraldehptespBate
dehydrogenase were down regulated while genes encRilindosel,5-bisphosphateRuBP)
regeneration enzymes including fructose bisphosphate phosphatase, fructose bisphosphate
aldolase, sedoheptulose bisphosphate phosphatase, phosphoribulokinas and starch synthesis
including ADRglucose pyrophosphorylase and starch agehwvere up retpted. Therefore, it

has been suggest#oht elevated COleads to caegulation ofsome of the genes involved in
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chloroplast primary metabolism pathwdfukayama e al. 2009. It is also reported that
initiation of early senescenaender elevated CQis involved in photosynthesis repression
(Ludewig and Sonnewald 20P0

Photosynthesis rate is dependent on leaf developmental stage and therefore response to elevated
COis correlated with the developmental age of the |@asuda 2008 For example, it has in

poplar plants, gene expression changes in response to elevatede@énhd on the leaf
developmental ag@ aylor et al. 200h

Due to the fact that human diet is largely based on crop plants and considering increasing
amount of atmospheric GQfter industrial revolution, it is crucial to develop cropisties

which have higher ability to utilize GQor photosynthesis and higher yield product{ant et

al. 2013. Abiotic stress plays an important role in decnegdhe average yield of major crops

and glolal agricultural sustainabilityPlant carbon balance mainly determines the crop
productivity. Improving Rubisco catalytic activity can result in improved plant productivity and
yield (Parry et al. 2013 Analysis of data collected from the effect of 8fncentration on
Rubisco activity revealed that high @@esults in lower Rubisco activity which especially
notable uder 200%CO, (compared to control treatmenfalmes et al. 2033 Long term
exposure of plants to elevated £@esults in lower Rubisco content and desggulation &

genes involved in photosynthesis, such as Rubisco large subunit (RbcL), Rubisco small subunit
(RbcS) and Rubisco activase (R@&ant et al. 2012 Considering low NUE in oilseed rape and

the cross talk beteen carbon and nitrogen, itimmportantto study the interaction between €0
enrichment and N supply in this crdp.has been reported that in oilseed rape, elevated CO
results in higher biomass acquisition and water use efficiency while it decreases yield and these

effects are stronger under normal N compared to low N syppyzaring et al. 20)1

- Stomatal conductance

Stomatal pores are surrounded by a pair of special epidermal guard cells and are main gateways
for CO, influx in the plantgKim T. H. et al. 201D Guard cells rezive all of the environmental

signals including biotic and abiotic stimuli and long distance signals from root and finally
manage the suitable turgor pressure changes. In C3 and C4 plants stomata open in response to
blue and red light, humidity and low GQOn the other hand, stomatal closure is induced by
darkness. However, the latter is not the case in CAM plants which convernt©Qrganic

molecules such as malate during night time. Under elevated|€3® stomatal opening is
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needed for efficient COnflux. Reduction of stomatal conductance under elevategl€xds to

higher plant wateuse efficiency(Hu H. et al. 2010Kim T. H. et al. 201D Drought and
elevated ozone can also result in stomatal closure which protects the leaves from oxidative
damage induced by ozorfHirayamaand Shinozaki 20QHu J. et al. 2007Shimazaki et al.

2007). Under drought condition the hormone abscisic acid (ABA) is increased which can induce
stomatal closure and consequently reduce water loss by transpiration. ABA effect on stomatal
movement refers to more than 40 years ago. Due to the increasing level of atmospheric CO
concentration and climate changes causing drought stress in plants ane loédianised water
sources in many areas, ABA and £i@as got enormous attention in recent years. Other plant
hormones such as auxin, cytokinin, ethylene, brassinosteroids, jasmonates and salicylic acid
also play a role in stomatal closure under differenvironmental condition§Acharya and
Assmann 2009Melotto et al. 2008

Short term exposure to G@esults indecreasing stomatal conductance and long term exposure
to elevated C@can lead to lower stomatal density in the leai@&say et al. 2000Lake et al.
2002. However, there is not much known about the mechanism of stomatal movement and
development under elevated €Gtudies withVicia fabahas shown that anion channels and
k' ou efflux channels are activated under eld CQ (Brearley et al. 1997Gray et al. 2000
concomitantly chloride release from guard cells and finallyoligfzation happengHanstein

and Felle 2002Harada et al. 2003 Moreover, C& is another ion which is reqed for
stomatal closuréSchwartz A. et al. 1988Vebb et al. 1996Young et al. 2006 There is a big
debate about this question that whether, €i@nal is directly sensed by guard cells or by leaf
mesophyll cells. Currently, none of mentioned hypothesis can be exdioedr. H. et al.
2010. More studies are needed to unravel the exact mechanism involved in stomata clos
under elevated COUnravelingthe plant response to elevaté@. at the transcriptome level
provides invaluable information about thengsplaying role in this process. In the next section,
an overview of several microarray studies focusing on pfanscriptome response to elevated

CO; and the identified responsive genes is provided

- Transcriptome response

Plant trascriptome response to elevated, 68 been reported ireweral microarray studies
focusing ondifferent species such asrabidopss (Li P. et al. 2006 paper birch Betula

papyriferg (KontunenSoppela et al. 20}0rice (Fukayama et al. 200%ukayama et al. 20]1
and poplafGupta P. et al. 2009 aylor et al. 200p Some of these dlies were performed in
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Free Air CQ Enrichment (FACE) ings (Hendrey et al. 1993in order b provide high CQ@
concentrations to plants growing in open area while keeping their intra and inter specific
competitions intact and decrease the disturbance to the natural envirq@m@&oppi et al.
2002.

Gene Expression studies related to,Gfrichment showed diverse gene responses which
suggest that response to elevated, @ifers strongly not only between plant species but also
among different cultivars kich makes it difficult to find common featur@Sukayama et al.
2009. For example, one study with differeAtabidopsisthaliana ecotypes including Ced,

Cvi and WS grown under elevated ¢@ FACE ring conditionsaimed to find commdg
regulated (Signatureyjenes in all three linet response tcelevated CQ@ The resultsof
transcriptome analysishowed that there is functional plasticity between differeatypes

which results in only a small number of signature genes which are regulated in all three
ecotypes in the same maniier P. et al. 2006p. In the aforementioned study, analysis of gene
expression changes in response to elevatedo€treeA. thalianaecotypes (Ce0, Cvi0, and

WS grown in FACE ring) revealed that elevated ;@€sults in down regulation of genes
involved in chloroplastunctions in all lines; however the single genes of different rgettie
families showed different regulation between lines. Moreover, different lines showed a distinct
response in case of carbohydrate biosynthesis and partitioning regulation, cell syaithésis,
N-allocation, amino acid metabolism and hormone responses independent of plant
developmental stage. It seems that adaption of plants to their habitat during evolution and
genetic plasticity is behind the nature of responses to elea@®dLi P. et al. 2006a
Functional annotation of elevat&@D, responsive genes goybear(Glycine max)revealed that
respiratory break down of carbohgdles is induced which can meet the required energy and
biochemical precursors for higher leaf expansion and growth under this corditismorth et

al. 2006. Higher level of CO, (800 ppm)results in repression of genes involved in light
harvesting complexes and Calvin cyaiePopulus deltoidesOn the other hand, genes involved

in carban distribution were shown to be wpgulated in response to elevaté@®, which in turn

changes the balance between hexose/sugars, organic acids and amifioraartiet al. 2006

Analysis of gene expression changes in response to elevateof @@ Arabidopsisecotypes
(Col-0 andCvi-0) grown in FACE(Free Air CQ Enrichment)ring revealed that elevated €O
results in down regulation of ges involved in chloroplast functions loothlines; however the
single genes of different muljene families showed different regulation between lines.

Moreover, distinct responsén case of carbohydrate biosynthesis and partitioning regulation,
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cell wal biosynthesis, Mallocation, amino acid metabolism and hormone responses
independent of plant developmental stage observed between two lings P. et al. 2008

There is not much known about signaling events involved in gene expression changes affecting
plant development in response to elevated.Q@ing deegsequencing methodgMay et al.

2013 for the first time uncovered microRNAs that significantly alter the expression of genes
under elevated CO miR156/157 and miR172 and their target transcription factors including
SPLs and APzike involved in juvenile to adult phaseransition and flowering time of
Arabidopsis were shown to be affected by elevated,@®ich suggests that they may have
some correlations to earlier onset of flowering induced by elevated &tQhe same time,
microRNAs involved in auxirsignaling, stess responses and potential cell wall carbohydrate

synthesis were also observed to be regulated undee@@hment.

Transcriptome studies provide invaluable information about the regulatory gene networks
involved in N deficiencyand elevatedCO, respoise. However, capacities of wholgenome
approaches are particularly limited for species such as oilseed rape with recent polyploidy
events in their ancestry, because of the difficulty in correctly assembling very closely related
sequence¢Bancroft et al. 2011 Therefore, the design of the micray and subsequent data
analysis is very crucidb gain correct information. In the next section, this issue is discussed in

more details.

1.8 Aim of the thesis

Qilseed rapds an important crop plant whidmasa low nitrogen use efficiency (NUE). For
improving the NUE of oilseed rape it is important to advance the understanding of N
remobilization and-allocation mechanisms to select genotypes with high NUE and to
sensitively diagnose the N status of the plafite aim of this studyvasthe identification of

gene expression biomarkers that indicate early stages of N deficiency and senescence before
phenotypic symptoms are visible in order to manage fertilization application. Such early
diagnostic tool can prevent subsequent environmental and ecohamigative effect of
fertilizers. Moreoverijt was ofinterest to unravel the genes involved in senescence associated
network under both developmental andiéficiency induced leaf senescence and besideatthat

was importanto pin out the overlaps and diepancies betwedeaf#4 as source arldaf#8 as
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sink leaf in response to different N treatmei8sach whole genome transcriptome response to
senescence anddéficiency has not yet been addressed in oilseed rape.

Nitrogen concentration and climate chas including elevated Gffect yield quality and
guantity of crop plants such as oilseed rape. Franzaring et al, (2011), reported the effect of
different N supply and elevated G@uring development on physiological and phenotypical
parameters of oilséerape grown in growth chamber condition. Using the same plant material,
it was aimed taunravel transcriptional changes in response to natural and N deficiency induced
leaf senescence under normal and elevategilC&burce (lea#4) and sink leaves (le&B) and

more specifically to find those genes or biological pathways which are responsible for
phenotypicabnd physiological observationBhis studyfocused on leaf #4 as a source and leaf
#8 as a sink leaf to explore if there are any similarities d&wtapancies between these leaves
under different nitrogen and carbooncentrationsSuch information can finally be applicable

for improvement of lines with better source to sink relationship. Taken together, the grand aim
of this thesis was to unravehnscriptional changes in response to elevateg @der normal

and low N condition in source and sink leaves.

Previous oilseed rape microarray studies were all basedrabidopsiscDNA. However,
duplication events, rearrangements at chromosomal lewtl gemelevel deletions makes
difficulty for analysis of individual gene sequence in this plant. Moreover, detect®nnafpus
specific sequences which are not presentAinthaliana genome is not possible using
Arabidopsisarray. Therefore, one of tlams of this study was to develop a novel oilseed rape

microarray resource using EST sequences belongiBgnapusB. rapaandB. olerace
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2 Materials and methods

2.1 Materials

2.1.1 Apparatus

SPAD fluorometer SPAD-502PLUS, Konica Minolta

7500 Fast Redlime PCR system Applied Biosystems

2.1.2 Enzymes, proteins and kits

Ribolock Thermo Scientific (#£00381)
Superscript 1l Invitrogen (Life Technologies) (#186844)
DNase | Thermo Seentific (#EN0521)

RNA cleanup & concentrator Zymoresearch (#R1015)

RNeasey mini kit Qiagene (#74104)

2.1.3 DNA oligonucleotides

All oligonucleotides are designed basedBomapusEST assemblies used for the microarray
design and are listed inin%' 3 orientation.

Table 1. Primer sequences of the two housekeeping genes (UBC9 and UP1), intron specific primer
for gDNA control (SAG12) and primers designed cl ose
checking cDNA integrity.

Gene ID Gene name  Forward primer Reverse primer

At4927960 UBC9 GCATCTGCCTCGACATCTTGA GACAGCAGCACCTTGGAAATG
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At4933380
At5945890

AT3G18780

AT3G18780

UP1 AGCCTGAGGAGATATTAGCAGGAA
SAG12 CGAGAATGCTCTAATGAAGGC
ACTIN2_3 0 GTTTCTGTGCACTTTGCGTGTAAC
ACTIN2_5 0 GTGTTGTTGGTAGGCCAAG

ATCTCACTGCAGCTCCACCAT
GATCAAGATACGTTGTGCACTC

AGCTGTTTCTTTCAAACGCAGACG

GCTTCGTCACCAACGTAG

Table 2. Primer sequences related to section 3.The first 34 genebelongsto marker genes identified

in Mozart microarraystudy and the last 12 genes are from Aped @apitol microarray studyAll

oligonucl eotides are in 5' Y 3° orientat
Gene ID Forward primer Reverse primer

AT3G50060 TTTACCGGATCGGCCTGGAATC AGAAGAAGACGAGCAGCTACGG
AT4G24280 AGCAGCTTCAGCAAGTAAAGGAG TGTCTCACCCAAATCAAAGCCTAC
AT3G41768 AAGTCGTTTGGAGCTGTATTGAGG GGCTGCTGGGAATGTCATACTG
AT1G15850 TTCGCCAGTGATGACGCCAATG ACGCAGTTTCCTAGTCGAAGGTC
AT4G33980 TAACTCAAGGGCGTCCAGGAAAC TTCACTTCCTATGCGCGGCTTC
AT1G71030 TCGGTCTCGTCCCGATAAAGAC GCTAGGTTCTTGAAGGGAGCCAAC
AT1G75670 TGCAAAGCTTCTTCAGACTGCTG ACTTCCGGCTAACACAGGATGC
AT5G02900 AACTGGCCTCTTATCGGGATGC AATCATAGACCCGGTGGAGCAC
AT5G54490 GGCTTAGCCCTGAACTTGATGGAG CTCTTCGATCGCTTCCGTGACAAC
AT5G61660 TGGTGGGTATGGTTATGGAAGCG AGCGGCAACTTCACCATTAGAGC
AT5G54770 AAGACAGCAGGACGGTGGTATG TCCATCAATAACATTGGGCTGTCC
AT4G27440 ACTCGTTCTCGAAAGACGCCGAAG ACGCGTCCGCAAAGGATATGTCTC
AT5G16030 GAACGGTCGCTGAAACGATACG CTTCCTTCTCATCCTCTGCCAAC
AT3G11964 TCAAACGTGTGGAGGCTTATGGC ATCCAACCATGCCCGTTTGGTC
AT5G03545 GGATTGTGTGTGAATGGAGCGATG AATCAAGCTGGTCTCCATCAACC
AT2G35930 ATCATGGAGCAGCCATAGCAGTG ATCGCTAGCCGTCTGAGAAACC
AT5G61380 AGTGGCCTGTTCCTACTGGTTC TTGACGTGGCTGTGCCATTAGC
AT4G04940 TGATGTAGGCCCGGAACAAACC TATCTCCCGACAGCGATGGAATC
AT5G05600 TTACCGGACGATCAAGTCTTCGG ACGCATGAGGATGAGGCTTGAC
AT5G42330 TGTCAAGATCAGAGCTGCTACGG TCCTCCTGGCTGAATACACGTC
AT1G19300 TTCTGGTCTAACCCGACTCTCTCC TCACTCCGGTGTTGAAGTAGCAG
AT1G12520 GCTGCTGTTGTTGCTAGAAGCG TCCCAAACGGTGGTTCCATCAC
AT1G20220 TCAACCTCACCACGAAGCTCAG ACTGTTGAGGAGCATTGTGTCC
AT4G15440 AATGGTCCACAAACCGGTACGC CCATGTCTTTGGCTGCACACTG
AT1G17870 AAAGACCAGCGAAAGCGAGAGG TTGCCAAATGCGGTCGAAGGAG
AT1G25275 CGCAAGTGCTCTATTCGATGTGG AGTTCAAGCACCAGTCTTTCCTG
AT5G24660 TGAAGCCGAATCGTTGGACGAG AGAGACACGAGAGAGTTCGTTCAC
AT5G08690 TGCATTGCGATTCCCGTCATTTG AGTGAGTGAGTATGTCCGTTCAGC
AT5G42900 ATGTGAGGCAGCCTGAGTATCG AGAAA CTCGTGAGAGCGACGAC
AT4G13850 GGATTCTCCTCTGCCTCTTTCCTC CGGTCTGAGAAACCACACCTTGTC
AT5G67300 TACGGACAACGCGGTGAAGAAC GGCGTAGAAACCACCGCATTTC
AT4G39200 ATGAGGAAAGTGCCTCGAAAGGG TCAGCACATCTTCCGTCTCAGC
AT3G22840 TTAGCGGTCCAGCACCAGAAAG TGGAAAGTTCAACCGCCAAGG
AT3G15590 ATGAAGAGGGCAGGGTATGCAG TCACATACGCCAACAGCACAGTC

22

on.



Materials and methods

AT1G69490 ACGAGAGCTTTCTTGACGCCTAC TTGGAAAGCGACCGGTACAGAC
AT4G22920 CTTCACTTGATGGTCACAGGACTC ACCGGTGGGAAACAACAACTAC
AT5G20280 TCTGGACAATGGTCTCCTTGTGG ACAAGCTTGAGAAGAGCTTCGG
AT1G26440 TCTGGTGTCGCATGCTTATGG AGCAGAGTTTGAAGAGTGGACAGC
AT4G35420 TCCACACGTTACCCATCAGTCC AGTCGTAATGCAGCCTGTTAAGC
AT4G22880 TGAGCCACCCAAGGATAAGATCG GCACCAACTCCTCTTGTTCGTTTC

2.1.4 Plant material and growth conditions for gPCRanalysisand extension of candidate
marker genes

2.14.1 Brassica napusspring cultivar (cv. Mozart) plant material and growth conditions
for microarray experiment

Nursing, growth and physiological parameters of the oilseed rape cultivar cv. Mozart are
described in Franzaring et al., 2011. In brief, fdanere grown in the growth chambers. The
maximum light intensity was set to 100@umol m' >  Climatic conditions and CO
concentrations which simulated ambient profiles of climatic conditions (temperature, relative
humidity and irradiation) in terms afaily and seasonal variation. ¢€@oncentrations were set

to a constant value of 380ppm in the ambient and to 550ppm in the elevated treatment and were
measured with Vaisala G@ensors which were creshecked with an external G®onitor
(Sick-Maihak, Hanburg, Germany) from time to time.

The supply of nutrients was based(&gle et al. 2008 Nitrogen was added to each of the pots

in three equal gifts as NNO;. Leaf samples were collected at multiple time points and from
different whorls to identify genes that are differentially regulated during developmental and N
deficiencyinduced senescence in early and late developing leaves includigl laafl lea#8,
regectively. Leaf discs from representative areas of the leaf #4 and leaf #8 were collected at 78,
85, 92, 99 and 106 days after sowing (DAS) from plants grown at normal N supply ("NN": 150
kg N ha') or under N deficiency ("LN™ 75 kg N Hx For each sanbe three biological
replicates from different plants were collected, with the exception of leaf #4 at 78 and 99 DAS
(H5) where only two replicates could be analyzed. Due to the limitation in the available number
of microarrays, it was not possible to arraymore leaf samples.

For studying the transcriptome responselevated CQ leaf#8 and lea#4 from 92 DAS (H4)

plants grown under both normal and N deficiency conditions were chosen for expression profile

study.
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2.1.42 Greenhouse grown plants (winte cultivars)

Growth and nutrient treatments of 4 different winter cultivars including NPZ2, NPZ5, NPZ1005
and MSL101B was conducted in collaboration with group of prof. Walter Horst, Leibniz
University, in Hannover. After vernalization and before trangpig initial fertilization based

was added to the plants (Table 3). To provide enough nutrients during plant development,
macro and micro nutrient was added to the plants (Table 4). Time table of N fertilization and
other nutrients is provided in table 5.

Table 3. Initial fertilization including basic substrates (before transplanting).

Nutrient Form Amount
(mg)
N Ca( NO3) : 250
K K2S04 100
Mg Mg SO4 A7 50
Micronutrients Flory 10 100
P KH2PO4 50

*Fertyl0: Commercially available fertiliz&ontaining micronutrient

Table 4. Amount of the nutrients added to the plants during development (after transplanting).

Nutrient Concentration Stock solution
In the final solution [mg/100 ml [g/60 L]
P 2 5.27
K 20 26.75
Mg 2 12.17
*Ferty 10 10 6

Table 5. Time table of N fertilization and other nutrients applied during plant development (after
transplanting). X represents fertilization (for N fertilization each time 100 ml N solution containing 250
mg N was given), DAT: days after transplantifige oldest leaves of the plants at 25 DAT were analyzed
for the experiment represented in section 3.7.1.

Date (DAT) N fertilization Date (DAT) other nutrients than N (see table 5,
0 X X X 7 X
7 X X 11 X
14 X 18 X
21 X
Total N 250 mg 500 mg 1000 mg
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2.1.43 Field grown plants (cv. Major)

In collaboration with group oProf. Nicolaus von WirénlPK, Gatersleberoilseed rape winter
cultivar, Major, grown in the field under normal and low N conditiorese harvestedAt the

time of harvest plants were in the early flowering stage. Plants were previously verndlized 8
weeks at 4 °C under short day condition$ @y, 16h night). NHNO; fertilizer was applied in

the granulate form (Yara company). Plants were fertilized with 20 kg N/ ha in autumn. During
spring 40 kg N/ha and 60 kg Nha fertilizer was respectively applied before any side branch
was available athat the emergence of the single closed flowers on the main inflorescence. Only
normal N treated plants received fertilizer and the low N plants did not receive any fertilization

at these two time points.

2.2 Methods

2.2.1 Bioinformatics tools

For andyzing the large data set of microarray, different bioinformatics tools were used. Table 6

represents the magoftwareand tools which were used in the current research.

Table 6. Computer programs, databases, online tools and softwares used for data asay!

Program Application Reference
Displaying gene expression data onto diagrams of metaboli(
MapMan pathways or other processes (Usadel et al. 2005
SuperViewer | dentification of significantly overpreented biological (Provart ad Zhu
pathways relevant to the specified list of genes 2003
DataAssist gPCR data analysis Applied biosystem
BioEdit Sequence alignment editor and local blast (Hall 1999
LIMMA Statisitcal analysis of microarray (Smyth 2004
(Arvidsson et al.
QuantPrime gPCR primer design 2008
(Lamesch et al.
TAIR ContainingA. thalanagenetic and molecular data 2012

Containing tools and resources for plant genomics Be.gapa

PlantGDB
andB. oleraceasequences)

(Dong et al. 200p

Publicly available genome sequence datpresentation and | (Tatusova et a

NCBI analysis 1999

MultiExperiment| Microarray data analysis tool (clustering, visualization,

Viewer (MeV) | classificatim, statisticalanalysi$ hitp:/fww. tm4.0rg
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2.2.2Brassicanapusmicroarray design and annotation

With the aim to represent a maximum numbeBrdssica napusranscripts expressed in leaves
a novelB. napusmicroarray was designed for the Agilent ptath by applying a probe
preselection strategy estabed by ImaGenes GmbH, Berliall ~10° publicly availableB.
napus EST assemblies from th®&rassica napusGene Index (BNGI version 031910;
http://compbio.dfci.harvard.edu/tgi/plant.nhtml), tBe napusd5k microarray assemblfrick et

al. 2009, and the Agilent 4x44IB. napusmicroarray (G2519f922520) were collected and
clustered by BLASTmatching alversusall followed by accurate assembly, resulting in a total
of 78,986 norredundant clusters (‘unigenes'). For each clust@rdifferent 60mer oligoprobes
were calculated and printed on two microarrays. To select thepbdstming probes for
expressed genes, one array was hybridized lalteledcRNA that was synthesized from a
mixture of total RNA from variouB. napusv. Mozart' shoot tissues including differently aged
leaves andabeledusing the QuickAmp OneColor Labeling Kit (Agilent Technologies, CA).
The second array was hybridized wittheled genomic DNA to select the begserforming
probes for norexpressed genekventually, 59,577 probes were selected for the production of

microarrays in the Agilent 8x60k format.

To annotate the microarray, the 59,577 'unigenes' were BLASTed against the TAIR10
Arabidopsis thalianacDNA set, theBrassica rapacomplete transcripsequences (PlantGDB,
http://www.plantgdb.org/and all ~15,00B. napusmRNA sequences in the NCBI GenBank.

Local Blast search was performed using bioEdit software (Hall, 1999).

2.2.3 Microarray analysis and data processing

Microarrays were scannech@n Agilent SureScan Microarray Scanner and the images were

read and processed with the Agilent Feature Extraction software using default settings.

Data processing, normalization and data analysis was performed using the Bioconductor

package Limma (wwwibconductor.org/packages/release/bioc/html/limma.html; Smyth, 2004).
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2.2.3.1 Statistical analysis using LIMMA (Linear Model for Microarray Analysis)

LIMMA library was downloaded fromBioconductor website hftp:/www.bioconductor.org/
packages/release/ bioc/html/limma.html; Smyth, 2004), then installed and loaded in R program.
Tab-delimited targets file, which contains both the nawfeagilent Feature Extraction raw data

text files and the corresponding sampiormation were loaded. Read.maimages function was
used to load the data into an RGList object. Within array (Background subtraction) and between
arrays normalization (quantile norhzation) was performed (Figure).6 Theaverage of
replicated spots was Icalated using avereps function. A design matrix was build for the linear
modeling function and the intensity values were applied as ImFit function. Each contrast matrix
of interest indicating different comparisons between N treatmen, 0@ leaf numbewas
created and applied to modeled data for computing the statistics of the data. FDEOI@Gel

was applied for multiple testing corrections and the fold change was@8t to

Pre-normalization Background corrected & quantile normalized
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Figure 6. Box plots before and after data normalization.Box plotsof the arrays representirige
median and scales of intensities of arrays before (left panel) and after normalization (right panel).

2.2.3.2 Principle component analysis (PCA)

The normalized and legransformed data were loaded in TIGR Multiple Experiment Viewer
(MEV) software (v4.9) (source: http://www.tm4.org/index.html). PCA was conducted on all
samples using median as centering mode. The first and the second componesgsitiegre

highest eigenvalues were considered as the main factors causing variances.
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2.2.4 gPCR primer design forB. napus'unigenes'

gPCR primer pairs were calculated by QuantPrime (www.quantprime.de; Arvidsson et al.,
2008) after importing alB. naps EST assemblies used for the microarray design (collaboration
with Samuel Arvidsson, MPVP Golm).

2.2.5 RNA extraction, cDNA synthesis and qPCR assay

Total RNAs were isolated fromme leaves usindgnot phenol method. Concentrations and purities

of RNAs were measured by Nanodrop NIDOO spectrophotometer. 1ug RNA was used for

DNA digestion using DNase | (Fermentase). Absence of gDNA was verified G&@&iL2

intron specific gRT primers (Table 2). cDNA was synthesized using superscript Ill enzyme

(Life Technologies) following manufactor'snstructions. cDNA integrity was checked using
primers designed close to 306 and 506 end of ACTI
volumes including 2.5nl SYBR Green master mix, 2ul forward and reverse prifiefs. 5 € M

final concentration, each) and 0.5ul cDNA. UP1 and UBC9 were used as reference genes. The
following standard thermal profile was used for all PCRs: 50°C foir2 95°C for 10min; 40

cycles of 95°C for 15ec and 60°C for finin. Data were analyzegsing theDataAssist v3.01

software (Life Technologies).
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3 Results

3.1Brassica napusnicroarray and experimental setup

- Brassica napusnicroarray

With the aim to representa maximum numberof B. napustranscriptsexpressedn leavesa
novel Brasgca napusmicroarraywas designedon the Agilent platform by applyinga probe
preselection strategy establishedby ImaGenes GmbH, Berlin (now SourceBiosciences,
http://www.sourcebioscience.com)ll ~1 publicly availableB. napusEST sequencesrom
the B. napusGenelndex (BNGI version031910),the B. napus95k microarrayassemblyand
the Agilent 44k B. napusmicroarraywere collectedand clusteredby BLAST-matchingall-
versusall followed by accurateassemblyresultingin a total of 78,986nonredundantlusters
(‘'unigenes")For eachcluster~10 different 60meroligo probeswere calculatedand printed on
two microarrays.To selectthe bestperforming probesfor expressedyenes,one array was
hybridizedwith labeked cRNA that was synthesizedrom a mixture of total RNA from various
B. napuscv. 'Mozart' shoot tissuesincluding differently agedleaves.The secondarray was
hybridizedwith labeked genomicDNA to selectthe bestperformingprobesfor non-expressed
genesEventually,59,577probeswereselecedfor the productionof microariaysin the Agilent
8x60kformat.

To annotatethe microarray, the 59,577 'unigenes'were BLASTed against the TAIR10
Arabidopsisthaliana cDNA set, the Brassicarapa completetranscriptsequencegPlantGDB,
http://www.plantgd.org) andall ~15,000B. napusmRNA sequence the NCBI GenBank.
Whenapplyinga thresholdof E-value<10°, for 54,676(92%),55,887(94%)and14,794(25%)
of the B. napus'unigenesbn the microarrayhomologswereidentified in Arabidopsisthaliana,
B. rapaandB. napus respectively.

For only 5,522 0f the 19,195Arabidopsisgeneswith homologyto B. napus'unigenes'a single
B.napus'unigene'is representean the microarray,whereasfor 71% more than one B.napus
'unigenewith a BLAST E-value<10° is foundonthe microarray(Table7).

Due to genometriplication, genomefusion and geneloss eventsin the evolutionof B. napus
sincethe divergenceof the Arabidopsisand Brassicacladesfrom an ancestralBrassicaceae
progenitor with a duplicatedgenone (Ranaet al. 2004, from zero to six (or even more)
orthologs of any Arabidopsisgenemay occur in B. napus To facilitate functional pathway

analyseswith tools developedor Arabidopsisthaliana (e.g. MapMan), all B. napus'unigenes'
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with homologyto one Arabidopsisgenewere hierarchicallyrankedaccordingto their BLAST
E-valueandregulationin anyplantsamplesAmonga groupof B. napushomologsfor thesane
Arabidopsisgenethe significantly regulatedone with the lowest E-value was selectedas the
most informative homolog of that Arabidopsis thaliana gene for further bioinformatical
analysis.The numberof transcriptsbelongingto eachbiological categoriyin MapMa (basedon
TAIR10), number of unigenes(one or multiple unigenesrepresentinghe sameA. thaliana
gene)and numberof genes(basedon lowest E-value for A. thaliana gene)belongingto each
biological categoryis provided in table S1. Out of 66 MapMan biological categories(and
subcategories$1 showedmore than 70% coveragein B. napusmicroarrayindicatinga high
coverageof biological categoriedn the custommack microarrayusedin this study(Table S1).
However,severakategoriesuchasDNA synthesis(10.05%),micro RNA andnaturalantisense
(14.8%),cell cycle (23.6%)andbiotic stresg25.5%)showedessthan30% coverage.This can
be attributedto the sourceof ESTswhich wasusedfor the oilseedrapemicroarray.The present
designof the Bn-microarrayis basedpredominantlyon threesetsof ESTsfrom B. napus B.
rapa andB. oleraceathat wereavailablein Septembef007 (Trick et al., 2009).Only a small
fraction of these ESTs was generatedfrom leaf material, most came from flowers and
developing seeds. Therefore, it is probable that some of the geneswith tissue specific
expressior(e.g.expressewnly in theleaves)maynot be availablein the currentversionof Bn-
microarray.This may explainthe low coverageof the genesbelongingto the abovementioned
biological functions The possiblestrategiesfor improving the available Bn-microarray are
discussedin section 4.1. Moreover, it cannot be completely excluded that some of the
Arabidopsisgenesmay have evolved differently in oilseedrapeto gain a new function and
thereforeit is not possibleto representthem as the Arabidopsishomologuegenes,due to

sequencdissimilarity.
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Table 7. Number of Brassicanapusunigenesrepresenting A. thaliana homologuegenes.

B.n. A.t. genes  (Bn/At)*At
'unigenes' /
A.t. gene
1 5522 5522
2 5015 10030
3 3336 10008
4 2178 8712
5 1342 6710
6 766 4596
7 461 3227
8 255 2040
9 132 1188
10 70 700
11 34 374
12 28 336
13 20 260
14 5 70
15 6 90
16 2 32
17 4 68
18 3 54
19 2 38
20 2 40
19183 54095

- Experimental setup

Old leaf (#4) and young leaf (#8) from oilseed rape plants grown in growth chamber under
sufficient (150 kg N haNH,NO) or limiting (75 kg N h&d NH,NO3) nitrogen were harvested

at78, 85, 92 and 99 DABeaf #4 and 99 and 106 DAS (leaf #8ynr expression profile study.
Figure7 shows the plants during these time sgale

78 DAS 85 DAS 92 DAS 99 DAS 106 DAS

Figure 7. Oilseed rape plants (cv. Mozart) grown in growth chamber under normal (NN) and low
(LN) N conditions during development from 78 until 106 DAS. DAS: days after sowing
(Collaboration with Prof. Fangmeier, university of Hohenheim).
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Morphological and performancanalysisof the plants used in the current study has been
previously reported by Bnzaringet al., 2011. Using an oilseed rapestommade microarray it

was aimed to unravel the transcriptome response of these plants to different N conditions during
development topin out the molecular networks playing role behind the morphological
observationsN limitation caused lower chlorophyll content, reduced biomass and lower harvest
index. General speaking, plants grown under N starvation showed earlier induction of leaf
senescence compared to those with adequate N supply. This study was focuseddmmebaf

leaf #8 as early and late developing leaves respectively. It was of interest to compare the
transcriptome response of old leaves (#4) with young leaves (#8). Old leaves act as a source and
transport nutrients toward younger leaves and seeds whilegyleaves act as an active sink for
nutrients transported from older leaves. Therefore, | compared the transcriptome response of
source and sink leaves under different N supplies during development in oilseed rape.
Moreover, this study was extended tewalted C@samples to examine the effect of future level

of CO, on the transcriptome response of oilseed rape as a main crop plant. Elevated CO
resulted in a strong branching out, especially at higher N level, which seems to be due to the
lack of meristerrswitch off under this condition. At the same time plants produced less ripe
pods resulting in the lower final yield. The exact molecular mechanism underlying the higher
vegetative and lower reproductive growth under elevated, G&s not yet been elucidak
Moreover, plants grown under elevated £&howed significantly higher water use efficiency,
however this effect was also N dependent. Since the most drastic phenotypical changes in
response to high level of G@ccurred at a later time point, 99 DASHKIit was expected that
transcriptome changes can be observed at earlier harvest, 92 DAS (H4) and therefore this was
the time point which was chosen for €anscriptome study. Transcriptome response of leaf

#4 (source) and leaf #8 (sink) in responseléwated C@were analyzed.

3.2 Comparison of senescence indicator genes between normal and low N
conditions

Since N limitation causes an earlier senescence induction, it was of interest to compare the
effect of normal and low N treatment over the tiomethe expression of well known senescence
progression molecular mark&AG12 in oilseed rape plants.

The B. napus microarray carries 30 probes with highest homology to the senescence marker
gene AtSAG12, of which 3 are derived from BnSAGILand 27 fromBnSAG122 (but only 8

of the BnSAG12 probes show differential signals). All SAG12 probes exhibited only
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background signals until 85 DAS (H3). In plants grown under optimal N supply, the SAG12
probes showed in leaf #4 a moderate increase (~27 foldebrt85DAS (H3) and 92 DAS

(H4), and a massive increase (~600 fold) betweeA3 (H4) and 99 DAS (H5). In plants
grown under N deficieng\56AG121 expression increased ~700 fold betwee8% (H3)and

92 DAS (H4), and another ~100 fold betweerDd®S (H4) and 99 DAS (H5)Figure 8) Thus,
senescence initiated one week earlier under N deficiency compared to optimal N supply, which
is consistent with the earlier observations by Gombert et al. (2006). InterestiAgBi.22
appears to follow the same trelikk SAG121 (Figure8). FurthermoreArabidopsisgenes that

are known to be down regulated early or late in senescencé&helif (At3g27690) orLhcb3
(At5g54270), were also dowmegulated early or late in theillseed rape leaves that were

analyzed.
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Figure 8. SAG121 fold changes during developmental and Neficiency induced senescenceog?2

fold changes of senescence marker g&%&6121 andSAG122 in leaf#4 under normal (NN) and low

(LN) N conditi;ns. H stands for harvest. The values are the log2 ratio of expression level of each harvest
divided by the previous onkl2: 78 DAS, H3: 85 DAS, H4: 92 DAS and H5: 99 DAS (DAS: Days After
Sowing H: Harves}).

Taken together, it can be concluded that ainmgd N supply senescence is initiated infl&d

between 85 and 92 DAS (H@&nd under N deficiency conditions a couple of days earlier.
Chlorophyll fluorescence measurements of the same plants with a SPAD meter Y-ithaie

revealed a strong decline ahlorophyll content around 85 DAS (H3) in leaf #4 under low N
supply. This indicates that senescence associated gene expression changes which results to this
phenotypic observation likely have beeccurredat the previous time poin{granzaring et al.

2017). Analysis of gene expression changes, provided in the following section, will give more
insight in to the most acial time points for Ndeficiencyinduced leaf senescence in oilseed

rape.
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Figure 9. SPAD values of leaf #4 under normal (NN) and low (LN) N conditions during
development DAS: Days after Sowing. Each value is the mean of the three biological repl(itaBs
and the error bars correspond to 8i& SPAD values are retrieved from Franzaring et al., 2011.

3.3 Analysis of transcriptome response of oilseed rape to developmental and
N-deficiency induced leaf senescence in early (#4) and late (#8) deveigpi
leaves

To identify the molecular network involved in response to normal and low N and also to unravel
the overlaps and discrepancies between source leaf (#4) and sink leaf (#8), the transcriptome
response of the relevant samples were studied. Diffalgnéxpressed genes were determined
using LIMMA method. Functional categories of the identified genes are shown using MapMan
software (based on TAIR10) and the overrepresented biological pathways are identified via

SuperViewettool.

3.3.1 Comparison ofN effect on transcriptome response in leaf #4

It was of interest to identify differentially regulated genes in response to different N treatments
in leaf #4 and to unravel the similarities and differences between normal and low N supply. To
achieve this,two different comparison approaches were performed. In the first set of
comparison, normal and low N samples were compared and the genes with differential
regulation under low N relative to normal N were retrieved and were further analyzed to
identify thar relevant biological functions. In the second comparison approach, gene expression
changes at each time point relative to the previous time point at each N treatment was calculated
and differentially regulated genes were further analyzed to identi@pear@nd shared pathways

in response to different N treatments.
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-N dependent transcriptome response of old leaf (#4) at different time points

To identify the genes with significant regulation changes between two different N treatments at
each time point, gne expression fold changes under low N relative to normal N was calculated
and significant differentially expressed genes were retrieved. The genes were further analyzed
for identification of relevant biological functions usiSgiperViewersoftware. Theaesults are
provided in the following section.

Comparison of gene expression changes between normal and low N conditions at each time
point showed that the differences are more pronounced at later time points because there are
higher numbers of differemtily expressed genes at 92 DAS (H4) and 99 DAS (H5) between
normal and low N samples (Figuté).
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Figure 10. Venndiagrams representing number of differentially regulated genes at each time point
The number of unique and shared significantly deregdlgenes in leaf #4 between normal (NN) and
low N (LN) at each harvest time point (H2: 78 DAS, H3: 85 DAS, H4: 92 DAS, H5: 99 DAS) is
represented. Venn diagrams are created using Venny onlinélioof. theregulated genes are provided

in table .
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Data analysis usinguperViewerevealed that the onfgnctional categories/hich showed up
regulation at 78 DAS (H2) was protegfd synthesis gene out of 1452 and 3 degradation genes
out of 2137 genes in TAIR10while oxidative pentose phosphate (ORP)ut of 31 genes in
TAIR10) and hormone metabolisf2 out of543 genes in TAR10) showed dowsregulation.
There was no significantly ugegulated pathway at 85 DAS (H3) while-faztor and vitamin
metabolism(1 out of81 genes in TAIR10Wwere downrregulatedat this time point. At 92 DAS
(H4), polyamine metabolisr{il out of 16 genes in TAIR10Wwas upregulated but no pathway
showed dowsregulation. At 99 DAS (H5), polyamine metabolisih out of 16 genes in
TAIR10) and secondary metabolit¢8 out of 445 genesin TAIR10) showed upregulation
whereas gluconeogenesis/glyoxylate cy@eout of 13 genes in TAIR10)and tetrapyrrole
synthesis(1 out of48 genes in TAIR10Wwere dowrregulated.Taken together, not so many
genes were regulated at this set of comparisdosvever, Nrelated pathways such as protein
and polyamine metabolism showed-nggulation. Interestingly, between -vggulated genes
were the protein degradation genes indicating higher protein catabolism under low N condition.

All of theregulated genesre provided in tableZs

- Time dependent transcriptome response of leaf #4 to different N treatments

To explore the transcriptome response of old leaf (#4) during developmental deftcidncy

induced leaf senescence, | compared the gene expressinges at each time point relative to

the previous time point under each N treatment. Such analysis provides a time scale snapshot
representing the unique and overlapping genes involved in natural and/or N deficiency induced
leaf senescence.

In order tohave an overview about the factors which cause the most variances between the
samples and also to see which sample are more close or deviating, principle component analysis
(PCA) was performed using MEV software (Figur®. Leaves belonging to the samené

point but different N concentrations show a more similar gene expression pattern (represented
by less distance in figurkl) than leaves belonging to different time points with the same N
treatment (represented by higher distance in figdjeAt latertime points (92 an89 DASfor

leaf #4 and 106 DAS for leaf #8) there is more variation in gene expression between leaves
from plants grown under different N concentrations. These results indicate that 1) age has a
stronger impact on gene expression camgao N. 2) The effect of N on gene expression is
greater in older plants (92 aB® DAS). 3) The abovenentioned results are true for both old

(#4) and young (#8) leaves.
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Figure 11. PCA representation of leaf transcriptome response from plants grown wi normal (NN)
and low (LN) N supply. The X axis represents the first component "time" and the Y axis represents the
second component "N treatment”. PCA was performed using MultiExperiment Viewer (MeV).

The comparison of the numbers of differentially edgsed genes between different time points
(from 78 until 99 DAS with weekly intervals) revealed (Figli® that at earlier time points
(between 78 and 8BAS) there are more gene expression changes under normal N while most
of gene expression changes @sponse to N limitation occurs at later time points (between 85
and 99DAS as well as between 92 and BAS). Increasing number of the genes during time
was observed for unigque genes, overlapping genes and genes with opposite regulation i

response to nanal and low N.

37



Results

LN U NN_D LN_U NN_D.
NN LN D. NN_U LN_D. NN_U LN_D.
. <
¥ 1 ','.’ 'e
y ¥ A
ﬂ}' ﬂi, ".\\ \\
H2 H3 H4 H5
(78DAS) (85 DAS) (92 DAS) (99 DAS)

Figure 12. Venn diagrams representing number of differentially regulated genesThe number of
unique and shared significantly regulated genes in leaf #4 under normal (NN) and low (LN) N between
different harvest time points (78, 85, 92da99 DAS) are provided. U. and D. stand for up and down
regulation, respectively. Venn diagram was created using Venny onlineitbof. the regulated genes

are provided in table3

Differentially regulated genes in leaf #4 during development at Batkatment belonged to
several biological categories which some were shared between normal and low N and some
were uniqely regulated in response to one of N treatments. FigBrepresents the biological
categories related uniquely regulated pathwayteueach N treatment. It must be noted that a
subset of genes in each biological category is regulated, not all the genes in that category. Total
number of genes belonging to each biological category and the number of regulated genes in
each category is pvided in tableS4. Genes with significant (p<0.05, using LIMMA method)
and O3 fold expression changes between each
were sorted in different biological categories usBgperViewersoftware. Under normal N
supply between 78 DAS (H2) and 85 DAS (H3)regulated genes involved in amino acid
metabolism, stress response, protein (synthesis, degradation and dasitirexisnodification
(kinases)are significantly overrepresented while there was no pathway sigttificant up
regulation under low N condition. Glycolysis, tetrapyrrole synthesis, hormone metabolism and
stress response showed deregulation only under normal N condition while major
carbohydrate (CHO) metabolism, cell wall (syntheslegradation r@d modificatior), RNA
(regulation of transcription) and DNA (synthesis) categories showed uniquerdguiation in
response to low Mondition. Itwas observedhat between 85 DAS (H3) and 92 DAS (H4),
polyamine metabolism and minor CHO metabolism wergagplated only under normal N
condition. More gene expression changes were observed between 85 DAS (H3) and 92 DAS
(H4) under low N condition than normal Nthese genes were involved in mitochondrial

electron transport/ATP synthesis, amino acid metabolgrmtosynthesis, RNA, development,
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stress response, signaling, protein and DNA. The only pathway which was uniquely down
regulated between 85 DAS (H3) and 92 DAS (H4) under normal N was protein (synthesis,
degradation, targeting, posttranslational modifian) while more pathways such as nucleotide
metabolism, cell grganization division, vesicle transport, cell cycle and cell death),
development and transport showed dewgulation only under low N condition. Compared to
earlier time points, the two kgt time points, 92 DAS (H4) and 99 DAS (H5) showed more
pathways with regulation changes under both normal and low N conditions. Uniquely up
regulated pathways under normal N were photosynthesis and stress. Mitochondrial electron
transport, TCA/org trariermation and secondary metabolism and calgénization division,

cell cycle andvesicletransport) were upegulated only in response to limited N condition.
Photosynthesis was the only pathway which showed unique-deyuatation under normal N
while more pathways such as-mNetabolism, redox, cell, cell wall, stress and secondary
metabolism showed unique dowegulation in response to N limitation. Taken together,
pathway analysis showed that there are differences between normal and low N conditiens in
context of uniquely regulated pathways. This difference is very clear between 85 DAS (H3) and
92 DAS (H4). In this developmental phase, the number espétifically, mostly ugregulated
pathways is higher than in plants grown with normal N supplys $hggests that N deficiency
induced leaf senescence is initiated at this time point under low N condition. This is an earlier

induction of leaf senescence compared to normal N condition.
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Biological pathways regulated under NN or LN condition

=) Anino acid Photosynthesis
| metabolism

a | A
. A 84

H4

Polyamine < ” <
Stress metabolism o~ " Amino alm - .
. \/ metabolism 3
Protein V.

H5
92DAS Photosynthesis 99 DAS

MT electron
transport/ATP
synthesis

Amino acid Stress
metabolism »lress ~Afor;
Photosynthesis I Signaling ] i Secondary X
{p3 metabolism 193

RNA I Protein ] ¥ y
*"»\ Cell (N
3 s DNA 4 s/
H3 H4 H5
85DAS 92 DAS N-nietabolism 99DAS

Mitochondrial
electron
transport

Development

Major CHO
metabolism

[ Nucleotide

I Cell wall I metabolism l Transport I

RNA [ Cell ][ Development ]
metabolisn

Figure 13. Biological categoriesregulated only under one of N coditions (uniquely regulated) in

leaf #4 during development. Only significantly represented biological categories (p<0.05, based on
hypergeometric distribution irSuperViewer tool) are shown in the figure abov@-value of the
hypergeometd distribution iscalculated asp = BC(M,x) * BC(NM, n-x) / BC(N,n) with BC as the
binomial coefficient calculated as follows: BC(n,k) = n! / (k! *KJi1), x as the number of input genes
with the selected classification, n as the total number of input genes, M asrthermf genes with the
selected classification in the database (MapMan, TAIR10) and N as the total number of genes in the
database (TAIR10). (source: http://bar.utoronto.ddde blue and redboxesindicate up and down
regulation, respectively. Total numbof genes belonging to each biological category and the number of
regulated genes in each categonder normal and low i provided in supplemental talfi and S,
respectively
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Stress

Cell wall ]

—
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Figure X4 presents those pathways which were regulated under bothditions. Total number

of genes belonging to each biological category and the number of regulated genes in each
category is provided in tabll and34, respectivelyThe only pathway which was tnegulated

under both N conditions between 78 DAS (H2) aBdDAS (H3) was related to not assigned
genes. The category Anot assignedo, whi ch i

any known functional categories, showedrepgulation between 78 DAS (H2) and 85 DAS
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(H3) and also 85 DAS (H3) and 92 DASI4) (not shown). No pathway was significantly
downregulated between 78 DAS (H2) and 85 DAS (H3) whilefamior and vitamin
metabolism, photosynthesis, cell wall and DNA were doggulated under both N conditions
between 85 DAS (H3) and 92 DAS (H4). Btoof shared pathways under normal and low N
condition were observed between 92 DAS (H4) and 99 DAS (H5). Glycolysis, major and minor
CHO, development, protein, RNA , not assigned and DNA wergegplated while
tricarboxylic acid cycle/ organic acid (TC#g) transformation, mitochondrial electron
transport/ATP synthesis, nucleotide metabolism, lipid metabolism, amino acid metabolism,
transport, RNA, development, protein, misc, not assigned, DNA and micro RNA/natural
artisense showed dowmgulation. Different pathways showed wupgulation under both
normal and low N including major CHO metabolism, minor CHO metabolism, glycolysis,
amino acid metabolism, photosynthesis, cell, secondary metabolism, development, signaling,
RNA, miscellaneous, protein, hormmmmetabolism, stress, DNA and micro RNA/ natural
antisense. Pathways such as TCA/ org transformation, redox, photosynthesis, mitochondrial
electron transport/ ATP synthesis, lipid metabolism, cell, transport, glycolysis, cell wall,
nucleotide metabolism, edelopment, RNA, hormone metabolism, signaling, protein,
miscellaneous, not assigned, stress, DNA and microRNA/ natural antisense showed down
regulation under both N conditions. Since different set of genes related to the same pathways are
up- or downreguated, some of pathways are observed as both up and-reégwlated.Even

though higher number of genes showed regulatifianges under low N conditiomenes
between 85 and 92 DAS and also between 92 2n DAS comparedio normal N genes
between 85 anfl2 DAS and also between 92 &8I DAS), the biological pathway belonging to
these regulated genes between 85 and 92 DAS showed less overlap between 85 and 92 DAS
while most of the biological categories associated with regulated genes at latest developmenta
phase (between 92 a®@ DAS were observed under both N conditions. This can indicate an
earlier sengcenceinitiation underlow N condition (between 85 and 92 DAS) followed by
advanced senescence which occurs between 9298n@®AS under both N conditios.
Therefore, it is possible that the regulated genes under low N, between 85 and 99 DAS, are

involved in senesmce initiation under low N condition.
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Biological pathways regulated under both N
conditions
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Figure 14. Overlapping biological pathways under both N conditions in leaf #4 between different

time points. Only significantly represented biological categories (p<0.05, based on hypergeometric
distribution inSuperViewettool) are shown in the figure abowvalue of thehypergeometd distribution

is calculated ap = BC(M,x) * BC(N-M, n-x) / BC(N,n with BC as the binomial coefficient calculated

as follows: BC(n,k) = n!/ (k! * (Fk)!), x as the number of input genes with the selected classification, n
as the total number of input genes, M as the number of genes with the selected classifichton in t
database (MapMan, TAIR10) and N as the total number of genes in the database (TAIR10) (source:
http://bar.utoronto.cajhe Blue and red boxemdicate up and downregulation, respectively. Total
number of genes belonging to each biological categorythachumber of regulated genes in each
category is provided in supplemental taBleandss, respectively

The time span between 85 and 92 DAS repredagtser gene expression changes which are
correlated withdifferent biological categories under laW condition compared to normal N
(Figure 13. Moreover, SAG121 expression (Figre 8§ showed higher upegulation at the same

time span under low N and one week later (between 99@mAS) under normal N condition.
These data indicates an earlier seneseénitiation under low N condition (between 85 &

DAS). Since senescence initiation is correlated with nutrient remobilization, identification of the
underlying genes involved in precocious senescence under low N condition is of great

importance. Paicularly interesting are the genes that encode master regulators such as
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transcription factors and the genes involved in signaling process, because they control many
downstream biological processes which lead to the final physiological and phenotipiesesp

of the plant to N deficiency condition. Identification of the signaling or transcription factor
genes with differential regulatiochanges in response to N deficiengiyl provide key genes

which regulate dowastream biological processes for plantval under this condition.

Phytohormones are considered as regulatory substances which coordinate long distance
signaling pathways in plants in response natritional changes (Kiba et al. 201}
Phytohormone related genes which show expressiongelain response to -8&ficiency,
especially at earlier stages, between 85 and 92 DAS, inthgate that they play a rolie

precocious senescence initiation under low N condition.

Beside signalinggenestranscriptionfactor encoding genes atite genesnvolved inhormone
metabolism it has been shown that under low N condition protein degradation plays an
important rolefor plant survival under this conditidifeng et al. 2007 Thus, regulated genes
involved in these biological categories have the potential for improving nitrogen use efficiency
in crop plants such as oilseed ragéerefore m the following sections the focus will be on the
differentially regulated genes involved in these four biological categories which are possibly
involved in an earlier senescence initiation under low N condition (between 8RaD4S).

An overview of theexpression changes and thember ofthe regulated genes belonging to the

above mentioned biological categories is provided in figre
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Figure 15. Expression changes and the numbenpf the regulated genes inelved in signaling,
regulation of transcription (transcription factors), hormone metabolism andprotein degradation in

92 DAS (H4) relative to 85 DAS (H3) in leaf #4 under normal (NN) and low N (LN) condition8lue

and red squares represent apd downregulated genes, respectively. Imagenizified from MapMan.

The first and second numbersparenthesemdicate the number of regulated genes and the total number
of the genes belonging that categorypased orMapMan (TAIR10), respectively.The number of the
respective unigenes on the microgrased in this study is provided in supplemental t&lle
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3.3.2Genes belonging to differensignaling categories showed distinct regulation changes
in response to different N condition

G-proteins are muksubunit, integral membrane sigriednsductioncomplexes that mediate
intracellular responses to external stimuli in diverse eukaryotic orgar{isews and Wong
1998. In a recent sty it has been shown that plant G protein complex regulates nitrogen
signaling. A major rice nitrogeunse efficiency quantitative trait locus (QNGR9) is synonymous
with the previously identified gene DEP1 (DENSE AND ERECT PANICLES 1). Different
DEP1 allées underlie different nitrogen responses. Nitrogeensitive vegetative growth with
increased nitrogen uptake and assimilation was observed in plants carrying dominabt depl
allele which results in improved harvest index and grain yield at moderate legfvnitrogen
fertilization. The DEP1 protein interacts
subunits, and reduced RGA1 or enhanced RGB1 activity inhibits nitrogen resp®usds. et

al. 2014. Authors suggested that G protein signaling unravel a missing link in the nutrient
regulation of plant growth and development, and the modulation of heterotrimeric G protein
activity also provides a potential newategy for environmentally sustainable improvement of

grain yield in rice (and possibly other crops) by increasing nitragenefficiency.

Among different signaling categories shown in teh)l6-proteinrelated genes showdlge most
distinct responsenigene regulation changes undereatiéint N condibns, so that theumbers of
up-regulated Gprotein encoding genes weie and 1 under low and normal N condition,
respectively while theumbers of dowstegulated ones wef@and 5, respectivelyl his shows
that higher number of @rotein encoding genes are-tggulated under low N while opposite is

true under normal N.

The role of Gproteins in Ndeficiency signaling in oilseed rape has not yet been unraveled. Our
results suggest a possible correlation leevGprotein signaling and oilseed rape response to
low N condition. This indicates that, similar to rice;pBteins may have important role
determining nitrogen use efficiency in oilseed rape. More studies are required to discover the
exact mechanism bwhich Gproteins can affect oilsdeaape response to nitrogen limitation.
Beside Gprotein encoding genes, other signaling related genes such as sugar and nutrient
signaling genes, 13-3 protein, calcium dependent signaling, light associated signaling,
phosphoinositides and different kinases (MAP kinases and receptor kinases) showed regulation
changes under different N treatments. However, as it is shown in8ablere upregulation

was observed under low N condition in each category, which may indmztéhese signaling
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genes are involved in-Meficiency induced leaf senescerand possibly are associateith N-

remobilization during senescence in oilseed rape source leaves.

Table 8. Comparison of

involved in signaling in response to normal (NNand low (LN) conditions in leaf #4 between 85 DAS (H3) and
92 DAS (H4).Numbers represembg2 fold changes of differentially expressed genes under NN and LN in leaf #4
between 92 DAS (H4) and 85 DAS (H3). Not significant genes are shown-\silyr.

Gene Function NN L#4 LN L#4

at3g01090 sugar and nutrient physiology, AKIN10 - 2.50
at3g902970 sugar and nutrient physiology, EXL6 2.03 -
at1g22300 14-3-3 proteins, GRF10 - 2.00
at1g35160 14-3-3 proteins, GRF4 - 1.75
at3g57330 calcium, ACA1l1 1.73 -
at3g20410 calcium, CPK9 -3.17 -
at3g13460 calcium, ECT2 -1.61 -
at4g14750 calcium, 1QD19 - 1.61
at2g26180 calcium, QD6 - -
at5g28850 calcium, calciurrbinding EF hand family protein -2.74 -2.21
at4g38810 calcium, calciurrbinding EF handamily protein - 1.83
at5g27540 G-proteins, MIRO1, emb2473 -1.58 -1.84
at3g59920 G-proteins, ATGDI2 -1.92 -
at5g55190 G-proteins, RAN3, ATRAN3 -1.99 -
at5g39960 G-proteins, GTFinding family protein -2.26 -
at4g01860 G-proteins, transducirafmily protein -4.95 -
at3g55020 G-proteins, RabGAP - 1.60
at3g54190 G-proteins, unknown - 1.63
at4g35860 G-proteins, ATRABB1B, ATGB2, ATRAB2C - 1.71
at5g17790 G-proteins, VAR3 - 1.95
at3g55660 G-proteins, ATROPGEF6, ROPGEF6 - 2.11
at5g47200 G-proteins, ATRABD2B, ATRAB1A - 2.25
at2g03150 G-proteins, emb1579 - 2.34
at3g22170 light, FHY3 - 1.59
at5g13600 light, phototropieresponsive NPH3 family protein -1.88 -1.91
at3g08570 light, protein binding - 1.71
at1g55080 light, unknown - -1.91
at5g41790 light. COP9 signalosome, CIP1 - -1.68
at2g43790 MAP kinases, ATMPK®6, MPK6, MAPKG6 - 1.61
at5g66850 MAP kinases, MAPKKK5 - -3.35
at5g19010 MAP kinases, MPK16 -3.52 -4.81
at4g20260 phosphinositides, ATPCAP1, PCAP1 - 1.62
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at1g22620 phosphinositides, ATSAC1 - 2.07
at4g33240 phosphinositides.phosphatidylinositbphosphate fkinase - -1.84
at1g28390 receptor kinases.crinkly like, protein kinase family proteil - -2.25
at5g16590 receptor kinases.leucine rich repeat lll, LRR1 -2.27 -3.37
at3g02880 receptor kinases.leucine rich repeat Ill, putative - 1.72
at2g45340 receptor kinases.leucine rich repeat IV, putative -2.10 -
at1g56130 receptor kinases.leucine rich repeat \2lI 2.35 2.37
at1g29720 receptor kinases.leucine richpeat VIIF2 - 1.94
at1g09970 receptor kinases.leucine rich repeat Xl, LRR28I - -2.36
at5g25930 receptor kinases.leucine rich repeat Xl 2.49 -
at5g61480 receptor kinases.leucine rich repeat XI, putative - 1.80
at2g16250 receptor kinases.leucimigh repeat XIV, | putative - -1.67
at1g70690 receptor kinases.misc, HWI1, PDLP5 - 1.68
at3g02130 receptor kinases.misc, RPK2, TOAD2 - 1.61
at5g20050 receptor kinases.misc -2.20 -
at3g913690 receptor kinases.proline extensin like - 1.95

3.3.3 Up-regulation of senescence associated transcription factor encoding genes under N

deficiency might be correlated with an earlier onset of leaf senescence

It has been shown that wpgulation of senescenessociated transcription factors are among
the ealiest eventsoccurringduring leaf senescen¢Breeze et al. 20)1 Transcription factors
play major role in expression changes of their target genes and themefooensidered as

mastercontrolpr ot ei ns.

transcriptomic

anal yses

have

MYB, C2H2 zincfinger and bZIP as being the largest families of transcription factors that are

up-regulated during leaf senescence among which NAC and WRKY genes have been widely

invedigated for their regatory roles in leaf senescen(i®alazadeh et al. 2008reeze et al.

2011).

In the curent study, members of several senescence associated transcription factor families such
as AP2/EREBP, bHLH, bZIP, C2H2, MYB, NAC and WRKY showed more regulation changes
under low N (LN) condition. It was noticeable that members of AP2/EREBP T&&2
RAR2.2andDDF1), bHLH (e.g ICE2 bHLHO071andBIM2) and bZIP (e.gHYH) were mainly
up-regulated under LN compared to NN while C2H2 members ZAG1Q ZFP7 andZAT1))

were mainly repressed under LN. {chgulation of AP2/EREBP transcription factors which are

ethyleneresponsive element binding proteifRiechmann and Meyerowitz 1998s in

accordance with upegulation of ethylene related genes under LN. It has been shown that
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AP2/EREBP members TOE1 am@®E2 are involved in the transitions between developmental
stages of the shoot apicalenstem as théoel1:toe21 double mutant flowers much earlier
than the wild type, whereas overexpressiofi ©E1leads to delayed floweringhukerman and
Sakai 2003

Two NAC transcriptionfactors including an unknown member (At4g10480) aNACO017

showel upregulation under LN. Even though, the direct role of NAC017 during senescence has
not yet been studied in detail, but BLAST search results revealed that its closest homologue
(E=10e158) is NAC016 which is a known senescence associated TF and hahbeernto be

a positive regulator of leaf senescence under developmental and abiotic stress induced leaf
senescencéKim Y. S. et al. 2018 Considering upegulationof NACO17under LN in this

study, it is likely thatNACO017 like its homologue NACO01§ is involved in stress promoted
senescence, especially underdéficiency. The complete list of the differentially regulated
transcription factors under different N abiions is provided in table 8. To have an overview
about the extent of the regulation changes in each transcription factor family, the relative
percentage of the number of the regulated genes were calculated based on the total number of
genes belonging teach family available in MapMan (Tal#. AP2/EREBP, bHLH and bZIP

are the families with the largest fraction of regulated genes under low N condition. Interestingly
all of them show more ugegulation under low N condition than normal(TNable10).

Table 9. Percentage of differentially regulated genes in each transcription factor family under

normal (NN) and low N (LN). Calculationwas conducted based on the complete number of genes in
each family available in MapMan.

TF family NN (%) LN (%)
Ap2/eresp  0.87 7

bHLH 0.68 4.1
bzIP Al

B 1.14 3.4
NAC 0.79 3.17
WRKY 2.74
C2H2 2.7
MYB 0.93 1.4
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Table 10. Comparison of senescence associated transcription factors belonging to different families in response
to normal (NN) and low (LN) conditions in leaf #4 between 85 DAS (H3) and 92 DAS (HAlumbers represent
log2 fold changes of differentially expressed genes under NN and LN in leaf #4 between 92 DAS (H4) and 85 DAS

(H3). Not significant genes are shown withgign.

Gene ID Family, symbol NN LN
Leaf Leaf
#4 #4
AT1G53170 AP2/EREBP, ATERR, ATERF8, ERF8 - -1.9
AT1G63040 AP2/EREBP, a pseudogene member of the DREB subfariyoAERF - -1.74
AT5G60120 AP2/EREBP, TOE2 - 1.68
AT2G44940 AP2/EREBP, AP2 domainontaining traacription factor TINY, putative - 1.87
AT3G25890 AP2/EREBP, AP2 domainontaining transcription factor, putative - 1.88
AT3G14230 AP2/EREBP, RAP2.2 = 1.89
AT1G12610 AP2/EREBP, DDF1 = 1.98
AT1G25560 AP2/EREBP, TEM1 2.01 2.25
AT2G31280 bHLH, CPUORF7 - -2.37
AT1G12860 bHLH, SCRM2, ICE2 - 1.61
AT5G46690 bHLH, bHLHO71 - 1.73
AT1G69010 bHLH, BIM2 - 2.09
AT1G06150 bHLH, transcription factor - 2.35
AT1G10120 bHLH, DNA binding = -
AT2G18300 bHLH, basic helidoop-helix (bHLH) family protein -2.08 -
AT3G17609 bZIP, HYH - 1.97
AT2G21230 bZIP , bZIP family transcription factor - 1.88
AT3G14880 bZIP , unknown - 3.17
AT1G27730 C2H2 zinc finger family, STZ, ZAT10 - -2.26
AT2G37430 C2H2 zinc fingefamily, zinc finger (C2H2 type) family protein (ZAT11) - -2
AT1G24625 C2H2 zinc finger family, ZFP7 - -1.82
AT5G22480 C2H2 zinc finger family, zinc finger (ZPRype) family protein - 1.91
AT1G19700 HB, BEL10, BLH10 - -1.83
AT1G23380 HB, KNAT6, KNAT6L, KNAT6S -1.89 -1.78
AT5G47370 HB, HAT2 - 2.38
AT3G24310 MYB domain, MYB305, ATMYB71 - -1.69
AT1G22640 MYB domain, ATMYB3, MYB3 - 1.74
AT4G32730 MYB domain, PGMYB1, MYB3R-1, ATMYB3R-1, ATMYB3R1 28 1.83
AT1G18710 MYB domain, AtMYB47 -2.19 -
AT1G17880 NAC, BASIC TRANSCRIPTION FACTOR 3 (BTF3) -2.78 -2.66
AT5G14000 NAC DOMAIN CONTAINING PROTEIN 84 (NACO084) - -2.58
AT4G10480 NAC, unknown protein - 1.7
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AT1G34190 NAC DOMAIN CONTAINING PROTEIN 17 (NACO017) - 1.9
AT3G01970 WRKY domain, WRKY45, ATWRKY45 = -1.59
AT3G56400 WRKY domain, WRKY70, ATWRKY70 - 1.78

Among different senescence associated transcription factor families, members of AP2/EREBP
showed highest number of wpgulation under Mieficiency 6 genes) while only 1 gene was
up-regulated under normal N. this propose that AP2/EREBP transcription factors may have

important role in initiation of senescence undedédiciency.

Two uncharacterized transcription factor encoding genes, AT1G10120 imgjormy bHLH
family and AT3G14880 belonging to bZIP family showed highest regulation changes (up
regulation), 25 and 9 fold, respectively, in response to low N condition. These genes are

interesting candidates for further investigation in order to idetitéir role and their target

Taken together, higher number of-tggulated senescence associated transcription factors under
low N compared to normal N, between 85 and 92 DiASicates thathese transcription factors
have possibly role asaster regulats the complexregulatorynetwork involvedin precocious

leaf senescenaender Ndeficiencyin oilseed rape

3.3.4 Moreup-regulated genes belonging to senescence associated hormones (ABA and
ethylene) was observed under N starvation

It has been showthat nitrogerdeficiencyaccelerates leaf senescef8ehildhauer et al. 2008

Plant hormones have important role in responses to senescence. Hormones such as ethylene,
abscisic acid (ABA) and jasmonic acid (JA) that mediate plesponses to biotic and abiotic
stresses, have been shown to accelerate seneq¢émcd. |. et al. 2011 Therefore, it was
important to see which members of semege related hormones are involvedsé@nescence
initiation (between 92 an®9 DAS in response to Nstarvationin oilseed rape. Afore
mentioned genes may have crucial roles in induction of the -dtn@amsenescencassociated

genes under low N condition

Comparison of expression changes in hormone metababsaciated genes revealed more up
regulation of genes belonging to two senescence associated hormones under N starvation
compared to normal N condition: ABA (7.7%, low N and 1.5%, normal N) amdese (5%

low N, 1% normal N).Different ethylene responsive factors including EFR12, ERF6 and
ERF11 showed unique upgulation under LNTable11). ERF6 has been shown to act as a

positive antioxidant regulator during plant growth and in response ta laiotl abiotic stresses
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(Sewelam et al. 20)3All of differentially expressed genes at this time points belonging to
ethylene and ABA is provided in tabld. Up-regulation of the genes belonging to senescence
associated hormones (ABA and ethylene) in response to N starvation, betweerf92Dukfg

can be correlated with senescence initiation at this time span.

Table 11. Comparison of hormonal related gene expigsion changes between leaf #4 under different

N treatment. Log2 expressiorchanges of hormonal regulated genes with classed with maximum distinct
response to NN and LN in leaf #4 between 92 DAS (H4) and 85 DAS (H3). Not significant gene
expression changese shown with dash sigr)(

Gene ID Function Name NN LN
leaf #4 leaf #4

at2g44840 ethylene.signal transduction ERF13 - -2.25

at1g28360 ethylene.signal transduction ERF12 - 1.61
) . 2-oxoglutaratedependent
at1g04350 ethylene.synthesidegradation ) ] - 1.74
dioxygenase, putative

atlgl5360 ethylene.signal transduction SHN1, WIN1 | SHN1 (SHINE 1) - 1.80
at4gl7490 ethylene.signal transduction ATERF6 - -
at1g28370 ethylene.signal transduction ERF11 -3.74 -
at4g32810 abscisic acid.synthesgegradatn CCD8, MAX4 - -4.33

abscisic acid.induceckgulated
at2g40170 ) ) ATEM6, GEA6 -
responsiveactivated

abscisic acid.induceckgulated
atlg74520 ) . ATHVA22A -
responsiveactivated

atlg04580 abscisic acid.synthesgtegradation AAO4, ATAO-4 -
atlgl9950 abscisic acid.synthesgtegradation HVA22H | HVA22H -

abscisic acid.inducerkgulated GEM (GL2EXPRESSION
at2g22475

' Boop
[e¢] (o]
~ &

responsiveactivated MODULATOR)

3.35 Protein degradation (ubiquitin dependent) genes showed stronger wggulation
under N-deficiency condition

Proteins are an important source of nitrogen and undinibhtion condition plants degrade
proteins in source tissues in order to translocate nitrogenous compounds to sink tissues such as

young leaves, flowers and sis¢Peng et al. 2007

In this study, higher number of protein degradation geres{Bof51 regulated genes) showed
up-regulation under low N condition compared to normal N (5 out of 21 regulated genes).

Figure 16 represers an ovewiew of all the regulated genes involved in both ubigutin
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proteasome and ubiquitin independent protein degradatider low and normal N conditions
(between 85 and 92 DAS).

Ubiquitin-proteasome protein degradation
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Figure 16. Heat map representation of the genes involved in the protein degradation (ubiquitin
proteasome and ubiquitin independent) depicting differentially reqgulated genesn leaf #4 (between

85 and 92 DAS) under normal (NN) and low (LN) N conditions Ubiquitin activation (E1), ubiquitin
conjugation (E2) and ligation of ubiquitin to proteins that are targeted for degradation (E3) are shown by
orange green and blue circles, respectivelgKP, Cullin and FBOX together constitute the SCF
complex. RBX (for ring box protein), APC (for anaphdasemoting complex), HECT (for homology to
E6-AP C terminus) and RING (for really interesting new gene) are different protein complexes in the E3
ubiquitin ligase family. DUB, Deubiquitinating enzyme. Red ovals repraseitidual ubiquitin proteins

(Etalo et al. 2018 The image is modifietom MapMan software.
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Different amino acid proteases (three aspartate protease genes, one cystein protease genes and
three serine protease genes) showedegplation under N limitation while they showed either
downregulation or no regulation changes under normal N comdittovas observed that the
genes involved in ubiquitin dependent protein degradation, especially membepmxfdmily

and zinc finger (C3HC4ype RING finger) proteins, showed more-tggulation under low N
condition. The ubiquitirproteasome system BR3$) has been shown to be an integral player in
plant response and adaptation to environmental stresses such as drought, salinity, cold and
nutrient deprivation. Moreover, it is involved in production and signal transduction of-stress
related hormone&Stone 2013 In the current study, it was observed that a gene encoding a

Box Proein (EBF1)showed >3 fold uwegulation under low N (between 85 and 92 DAS) but

not under normal N condition. EBF1 binds to EIN3, which the latter is a known transcription
factor involved in Ethylene signaling. EBF1 functions in ethylene perception byatiegu
EIN3/EIL turnover. In the absence of ethylene, EIN3 and possibly other-E{&IEIL)
proteins are targeted for ubiquitination and subsequent degradation by E3 complexes of UPS
system containing EBF1. Ethylene appears to block this ubiquitinagitowing EIN3/EIL

levels to rise and mediate ethylene signaling-régulation of EBF1 and its role in ethylene
signaling is consistent with wuggulation of ethylene related genes (for example ERF12,
SHINE1 and ERF6, tablkl) at the same time point undekv N condition in the current study.
Moreover, upregulation of several ethylene responsive transcription factors (members of
AP2/EREBP family such as TOE2, RAP2.2 and DDF1, tdBjeunder low N condition and
between 85 and 92 DAS, suggests that theamniorchestrated ethylene related gene regulatory
networkwhich is involved in the initiation of Mleficiencyinduced leaf senescence of oilseed
rape. Moreover, upegulation of higher number of protein degradation genes under low N
condition between 92nal 99 DAS compared to normal N, is correlated with an eaitigiation

of leaf senescencat this time span which can be associated with N remobilization from source

leaves (leaf #4) towards upper part of the plant undiémitation.

3.4 The effectof N treatment on gene expression changes in young leaf (#8)

Comparison of old and young leaves in response to different N treatment provide valuable
insights regarding molecular players with different or similar functions or regulation changes in

sourceand sink leaves. To identify N responsive genes in young sink leaf (#8) and to be able to
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compare them with old source leaves, different comparison sets were considered and
differentially expressed genes in response to normal and low N conditions weeecetind
further analyzed those genes to identify their biological function.

3.4.1 More gene regulation changes was observed at later time point in leaf #8 under low N
relative to normal N

2‘ A L8,8_H6_up L8,8_H4 down
* 153

” L8,8_H4_up L8,8_H6_dow

N
, A
4/

NN 6
H4 H6
(92 DAS) (106 DAS)
3 3
9 153
a {
N |
LN 4/ 6
H4 H6
(92 DAS) (106 DAS)

Figure 17. The number of unique and shared significantly reglated genes in leaf #8 between
normal (NN) and low N (LN) at harvest time points 92 DAS (H4) and 106 DAS (H6Arrows
indicate that gene expression changes are calculated under low N (LN) relative to normal N (NN)
condition.

Gene expression changes @afl #8 and their relevant biological pathways were also examined
at each time point so that normal N condition was considered as reference condition. Figure 1
represents the number of differentially expressed genes in leaf #8 between normal and limited N
conditions at each time point. In total more genes showed up andrdgulation at later time

point (106 DAS) than earlier time point (92 DAS). Regulated genes were incorporated in
SuperViewertool for functional categorization (Figurg8). It was noticeble that energy
associateghathwayssuch as photosynthesis (92 DAS), fermentation and mitochondrial electron
transport/ATP synthesis (106 DAS) showedragulation under low N conditiorFigure 18)

which indicates that leaf #8 under low N is metabolicailyre active than leaf #8 under normal

N condition. This is correlated with higher SPAD valaesl lowerSAG121 expressiornin leaf

#8 under low N compared to normal N, at 106 DAS (Fi@ije
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The data obtained from gene expression changes during develofiméveen 92 and 106
DAS) in leaf #8 under different N conditions was strongly in agreement with the previous
statement. More details are provided in the followsegtion.

92 DAS
Functional category (# of genes in TAIR10)
Gluconeogenese/ glyoxylate cycle(13) 11
Misc(1s01) 5 6

Protein (4878) i 2 63
Notassigned (11802) — 31
Photosynthesis (207) S
Polvamine metabolism (16) 3
Down-regulated Up-regulated

# of regulated genes

106 DAS
Functional category (# of genes in TAIR10)
Transport (151) - 31
Secondary metabolism (445) 22 -
RNA(3122) — 122
photosynthesis (207) 6 'g 16
Protein (4875 1888 ! 206
polyamine metabolism(16) V4
OPP(31) ] | 4
Nucleotide metabolism (182) 11
Notassigned(11802) e 141
N-metabolism (26) 41
Mitochondrial electron transport (151) K
Misc (1591) —
Minor CHO metabolism(124) s
micro RNA/natural antisense (460) 12
Lipid metabolism (429) - 30
Hormone metabolism (543) 29 —
Fermentation (14) 12
DNA (3122) M
Development (788) 16
Cell (830) A=
Biodegradation of xenobiotics (28) Ll
Amino acid metabolism (263) - 31
Down-regulated Up-regulated
# of regulated genes

Figure 18.Functional categories (determined bySuperViewertool) related to the regulated genes in

leaf #8 under low N relative to normal N at earlier (92 DAS) and later (106 DAS) time points.
Biological functions whichare significantly represted (p<0.05hypergeometridistributior). P-value of

the hypergeometric distributiorsicalculated as: p = BC(M,x) * BC(NI, n-x) / BC(N,n) with BC as the
binomial coefficient calculated as follows: BC(n,k) = n! (k! *K}1), x as the number of input genes with

the selected classification, n as the total number of input genes, M as tbernofrgenes with the
selected classification in the database (MapMan, TAIR10) and N as the total number of genes in the
database (TAIR10) (source: http://bar.utoronto.caAll of the regulated genes belonging to each
biological category are presented dle S6.
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3.4.2Senescence delayedin leaf #8 under low N condition, possibly due to higher
nutrient remobilization from old leaf #4

To identify gene expression changes in leaf #8 under normal and low N conditions, during
development, transcriptome sponse of leaf #8 was compared between two time points
including 92 DAS (H4), when leaf #4 is still attached to the plant and 106 DAS (H6), when leaf
#4 has fallen down. This comparison was performed under both N conditions. The relevant
biological pathway of these genes were further studied and similarities and discrepancies
between normal and low N condition in leaf #8 were unraveled, as it is mentioned in the
following section.

Figure © shows the number of differentially expressed genes in leaf #&éet@2 DAS (H4)
and 106 DAS (H6). More expression changes were observed under normal N condition. Normal

N samples showed more number of regulated genes in comparison with N limited samples.

m L8,8_NN_up L8,8_LN down
;‘:;bf ;c L8,8_LN_up L8,8_NN_dow
‘:\
NN s A p
H4 H6
(92 DAS) (106 DAS)
¥
7 P
A |
LN 4/ 6
H4 H6
(92 DAS) (106 DAS)

Figure 19. Number of unique and $ared differentially regulated genes in leaf #8 between normal
(NN) and low N (LN). Arrows show that comparison was conducted between H4 and H6. H4 was
considered as reference.

Differentially regulated genes belonging to various functional categoriegemresented in
figure 20, using MapMan softwarés it is shown in figur&0, more genes belonging to C and

N associated pathways such as photosynthesis (light read@ialsén cycle and tetrapyrrole
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synthesis), cell wall metabolism, lipid metabolisrmergy production (TCA cycle and
mitochondrial electron transport) and amino acid synthesis showedrégwiation in leaf #8
under normal N compared to low NBesidesthat, several secondary metabolitesn{iSc

Agl ucosi nol aaneidsoflavongld andtgrpepsysboped higher numbeof up-
regulated gene@5 upregulated genes of 445 secondary metabolites genes in TAURL@)
normal N compared to low N (7 upegulated genes of 445 secondary metabolites genes in
TAIR10). This indicate that theresiastrongersenescence associated gene expression changes
in leaf #8 under normal N compared to lowMNumber of regulated genes and total number of
genes in each category in MapMan (TAIR10) are represented inS@bl€he regulated genes
belonging to lhe abovementioned categories and their role during sesese are discussed in
sectiond. Moreover,the expression level 8AG121 gene, a well known molecular marker of
senescence progressiis in agreerant with the previous stateme(figure 21). It can be
observed thaBAG121 expression is similar between two N conditions at 92 DAS, when leaf #4
is still available on the plant. However, its expression rises until 106 DAS, when leaf #4 has
fallen down. At this time point, SAG12 expression is 8 times higher under normal N than

low N (Figure2l), indicating a more advanced senescence in leaf #8 under normal N supply
compared to MNeficiency. This is in agreement with the senescence associated regulation
changes which was mentioned before. This et that younger leaf (#8) under normal N has
lower metabolic activity which is correlated with a more advance senescence. This is in
accordance with lower SPAD values in this leaf at 106 QAGure21).
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Figure 20. Overview of biological pathways andelated regulated genes with differential expression
changes in 106 DAS (H6) relative to 92 DAS (H4) in leaf #8 under (A) normal N (NN) and (B) low N
(LN) conditions. Image is retrieved from MapMan software. Blue and red blocks denetndmown
regulatel genes, respectively. The first atie second numbers indicate the number of regulated genes
and the total number of genes belonging to that category available in MapMan (TAIR10), respectively.
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SAGI12-1 (Leaf #8)
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Figure 21. SAG121 transcript level (upper panel) andSPAD values (lower panel) in leaf #8 under
normal (NN) and low (LN) N conditions at 92 DAS (harvest 4) and 106 DAS (harvest.@AS: Days

after Sowing. Asterisk indicate statistically significant differences as determined by Studesit(¢P <

0.05). Each value is the mean of the three biological replicates (n=3) and the error bars correspond to
theSD. SPAD values are retrieved from Franzaring et al., 2011.
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3.5 Identification of N sensitive potential biomarkers, as indicators of oilseed
rape N status

Oilseed rape has a low nitrogen use efficiency (NUE) with only 50% of the N absorbed by the
plant being present at harvest in the s€8déjoerring et al. 1995Therefore, high N fertilizers

are appliedto the field to achieve optimum vyield. Current requirement for N fertilization of
oilseed rape is between 140 and 200kg N' jaar* (Avice and Etienne 2034 Excessive
fertilizer application has harmful effect on the environment. Moreover, it is one ohdime

costs of oilseed rape producti¢avice and Etienne 20)4ne of the aims of this study was the
identification of gene expression biomarkdhat indicate early stages of N deficiency and
senescence before phenotypic symptoms are visible in order to manage fertilization application.
Such early diagnostic tool can prevent subsequent environmental and economical negative
effect of fertilizers. Figure 22 represent a summarized overview of the steps which were
followed in the current study for marker gene identification and the details and the results of

each step is provided in the following section.
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Selection of oilseed rape potential marker genes
from two independent microarray studies

/ N\

spring cultivar (Mozart) winter cultivars (Apex and Capitol)
grown in growth chamber grown in hydroponic
(35 potential markers) (11 potential markers)

N\ /

Robustness and reliability verification

l

4 different winter cultivars :
NPZ2 (line), NPZS (hybrid), NPZ1005 (hybrid), MSL101B (line)
grown in the green house
under three different N concentrations:
normal (1000 mg), mild deficiency (300 mg) and severe deficiency (250 mg)

gPCR l

potential markers (20 markers)

1
T

gPCR l

Figure 22. Schematic diagram indicatirg the overall view of different steps towards marker gene
identification. HK stands for housekeeping genes.

Oilseed rape spring cultivar (Mozart) was grown at normal (150 kg) drad low N supply
(75 kg N hd) and acustommadeB. napusmicroarray (mationed in sectiof.1) was designed.
Of interest were those probes on the-rBigcroarray which can discriminate between plants

grown at low or optimal N supply. Particularly interesting were probes that are early up
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regulated, i.e. between 78 DAS (H2) 88WIDAS (H3). A stringent regulation changes criterion
(>10 fold change) was applied to identify marker genes. Moreover, since candidate marker
neededo be further analyzed (by gPCR) under different growth conditions and cultivars, it was
necessary to chee a criterion which results in the number of candidate marker genes which
makes itpossible tgracticallyanalyzethem in variousampleqgavoiding too many genes) and
also do not exclude many genes (avoidimgy low number ofgenes and loosing poteritia
candidates). After trying different thresholds a cut off value of >10vialsl chosenThis means
those genes which showed >10 fold op downregulation in each comparison (and less than 3
fold in the reference condition) were chosen. This resultddentification of 130 genes as
potential markers in different time points in leaves #4 and=ire 23 represent all possible
comparisongor marker gene selectiod senescence progression scale was defined based on
SAG12expression (Figur8) so that B until 85 DAS was considered as before senescence, 85
until 92 as early senescence, 92 until 99-sedescence and 99 until 106 as late senescence
(Figure 23) In each time interval a different number of potential markers were observed (3, 68,

15 and 54respectively). The complete list of the potential marker genes is provided in &ble S

Leaf #8
NN

Leaf#4 ARNSEEER : 85 |
NN DAS

Leaf#4 SESNEGEEN 85
LN DAS

Leaf #8
LN

Pre- Early- Mid- Late-
nce ]

Figure 23. Schematic picture representing all possible comparisons of old (#4) and young (#8)
leaves under different N treatment during development in Mozart study.NN and LN stand for
normal N and low N, respectively. Comparisons were performed between leaf #4 vs. leaf #4 (dashed
lines), leaf #8 vs. leaf #8 (bold solid lines) and #&ivs. leaf #4 (thin solid lines) during development or

at each time pointAt 106 DAS there were no leaf #4 available and therefore the comparison of leaf #8
vs. leaf #4 was conducted using leaf #4 from 99 DAS. Markers were selected if they showed >10 fold
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change between two N treatments at each time point or >10FC between two titseupdier one N
treatment and <3FC under the reference condition. When comparing two N treatments, NN samples were
considered as reference group. When comparing different leaves, leaf #4 was considered as reference.

In the next step, the expression prdfilE all 130 selected potential maker genes were checked
and those genes which showed an overall distinct expression profile between normal and low N
during development (in all or almost all time points) were selected for further analysis (35
potential makers) which 4 of them are presented in . The expression profiles of the remaining

31 genes under normal and low N during development are availdfiguire S2.
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Figure 24. Log2 expression values of 4 potential marker genes from Mozart plants with disct
expression levels under normal (NN) and low N (LN) conditions at different time points in leaf #4
(L4) and leaf #8 (L8). Asterisks indicate statistically significant differences as determined by
Student’g test (*P < 0.05, **P <0.01).The error bazsrrespond to th8D (78, 85, 92 and 106 DAS:

n=3, 99 DAS: n=2).

3.5.1 Expression validation of potential marker genes in 5 different oilseed rape winter
cultivars using gPCR assay

In addition to these 34 genes, 12 genes were included which were prevdrrgified as

potential markers (in collaboration with Prof. Walter Horst, university of Hannover) in Apex
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and Capitol cultivars which have been shown to be N sensitive and cultivar sfi¢ogslin
Findeklee et al. 2035, in press a hard opy of the accepted manuscrighich is available

online (DOI: http://dx.doi.org/doi:10.1016/j.plantsci.2014.11.018) is provided thiththesis
Between these two sets of geifese set from Mozart and another set from Apex and Capitol)
one was shared. The expression of all 45 potential marker genes was further analyzed in 5
different winter cultivars (NPZ2, NPZ5, NPZ10@md MSL101B,grown under gredrouse
condition and Major, grown under field condition) by gPCR to identify the most reliable and
robust markers. Using qPCR, | tested the reliability of these 46 marker genes in the oldest leaf
of each four different oilseed rape winteunltivars including (NPZ2, NPZ5, NPZ1005 and
MSL101B) which were grown in grekause under three different N conditions including
normal N (1000 mg N), mild N deficiency (500 mg N) and severe N deficiency (250 mg N)
(Figure25).

Figure 25. Greerhouse gravn oilseed rape plants collaboration with Professor Walter Horst,
Hannover University)Plants were treated with three different N concentrations: 1000 mg N (normal N),
500 mg N (mild Ndeficiency and 250 mg N (severe déficiency.

As it is shown infigure 26 from 46 marker potential genes, 20 genes showed distinct
expression levels under different N conditions in all cultivars. Interestingly these genes showed

the same trend under both mild (500 mg) and severe (250 mg) N deficiency.
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ATHG24860 (L5UZ)
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AT4624280 (cpHse70-13
AT1671030 (MYBLZ)
AT4622920 (NYE1)
AT1619300 (GATL1)
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ATA622940 (ELIP1)
AT1659490 (NACO2D)
ATAGIE770 (ERFT2)
ATEGE1380 (TOCT)
ATEGEITO0 (NAC102)
ATA4522530 (ANS)
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Figure 26. Heatmap of marker genes expression fold changes in response toddficiency in
different cultivars grown in greerhouse (NPZ2, NPZ5, NPZ1005 and MSL101B) or filed (major).
Column heads represent the name of the cultivar followed by the N concentration.rbluegvesent
expression fold changes of 20 marker genes with robust expression response in plants grown in
greenhouse (column-B0) under low N (500 and 250 mg N) relative to normal N (1000 mg N) and in
field grown plants (columnl1l) under low N (20 kghd) relativeto normal N (120 kg Nha). Down and
up-regulated markers are shown by red and blue colors, respectiVedymap is generated using
MultiExperiment Viewer (MeY (www.tm4.org/mey.

To testthe performance of 20 potential markers in field grown plants, in oilseed rape plants (cv.
Major) grown in the field under low N (20 kg N Haand normal N (120 kg N Ha, in

collaboration with group dProf. Nicolaus von WirénPK, Gatersleben, figure 27, were used
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QOilseed rape, Major cultivar (Field grown)
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Figure 27. SPAD values (A), fresh weight (B) and phenotype (C) of oilseed rape, major cultivar,
grown in the field under normal (120 kgN/ ha) and low (20 kgN/ ha) N supply (in collaboration with

Prof. Nicolaus von Wirén , IPK, Gatersleben). Asterisks indicate statistically significant differences as
determined by Studentfgest (*P < 0.05 and **P < 0.01). Eachlwa is the mean of the three biological
replicates (n=3) and the error bars correspond tShe

The expression changes of potential marker genes were famba&rzedin the field grown
samples. Eventually, 13 marker geneS{2, PORB, UP, MYBL2, BR1, cpHsc7al, GATL1,
UPS5, NAC029, DFRkel, ERF72, AMT1.4, NYEkWere identified which showed distinct
expression levels dependent on N condition but independent of cultivar and growth condition
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Normalized CT values (obtained from gPCR assay) belortgiigjese 13 marker genes under
normal and low N conditions are represented in figure 28.

Five of the remaining gene€QOR27 TOC1, NAC102 ANSand MYB77 showed a distinct
expression level under normal and low N conditions but showed opposite regutetigyes in

the field grown samples compared with those samples grown in controlled condition {e.g. up
regulationunder low N in gredmouse plants but dowregulation in the field grown plants)
(Figure 26) Therefore they were not included in the final lisf the marker genes. More
cultivars and conditions must be tested to identify whether this is either an effect of the
environment on gene expression and/or a cultivar specific response. It must also be noted that
the difference between normal and low Nncentration was strongly higher in thield
compared to the controlled conditions. This can partly explain the abemgoned
observation.

Taken together, 18narkergenes were identified in this study which showed a clear distinct
expression levels inesponse to different N conditions in several oilseed rape cultivars (spring
and winter) grown under various conditionsdigth chamber, hydroponic, grdesuse and
field). Application of these identified marker genes, as early diagnostic tools in oilgeed ra
agriculture system, can potentialtyprovethe N fertilizer management and minimize the cost
and negative environmental effects of excessive amounts of fertilizers which is apphed to

field. Statistical analysis datagsovided in table &
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Figure 28 Normalized CT values (log2) belonging to the 13 marker genes with-dieperdent

expression levels in gredmuse grown plants under severe (A) and mild (B) N deficiency and in
field grown plants (C). Normalized CT(gene) = CT(gené&)CT(hous&eeping gene). UP1 and UBC9
were used as housekeeping gelgsor kars represent SD (n=4 for grémuse samples and n=3 for field
grown samplesNN: normal N(1000 mg), LN: low N.
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Since Ndeficiencyinduces senescence, it was of interest to monitordpeession of identified

N status markers during leaf senescebide? browsedata fromArabidopsis thaliangWinter

et al. 2007 showed that mong 13markergenes which are identified in this stuayght genes
showed mild to strong expression in senescing legivigare29). Three genesMYBL2 UPSH
and NACO029 showed strongexpression in sascing leavesvhile NYE] LSUZ2 cpHsc7601,
ERF72andELIP1 showedmild expression in senescing leaves (showed by the intensihe of
red color in figure29). The fact thatMYBL2 cpHsc761 andLSU2 which are expressed in
senescing leaves are dowegulatel under Ndeficiencyin this study indicates that these genes
might beup-regulatedoy developmental leaf senescebut not with N-deficiencyinduced leaf
senescenc&YE] UPS5 NAC029 ERF2andELIP1 which shows mild to strong expression in
senescing kves and also upegulation under MNleficiency in the current study, might be
positively regulated by both developmental andddficiency induced leaf senescence.
However, it must be noted that the data for developmental senescence which are retrieved from
EFP browser arebtained fromArabidopsis thalianavhile N-deficiency data from this study
belongs to oilseed rapEurtherinvestigations in oilseed pa are needed to confirm the abeve

mentioned statement

Down-regulated under low N in oilseed rape

00000

LSU2 PORB  cpHsc70-1 MYBL2

Up-regulated under low N in oilseed rape

00800

NYEI — GATLI ppg;  AMTI;4  ELIPI

' 00

NACO29 ERF72 DFR-likel

Expression of N-sensitive markers in senescing leaves

Figure 29. Expression of identified Nstatusmarker genes inA. thaliana senescing leavePata are
retrieved from EFP browsehtp://bar.utoronto.c@Vinter et al. 200¥
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Results

3.5.2 Expression markers are earlier indicators of N deficiency than SPAD values

As it is shown in figure80, SPAD values of 4 differenwinter cultivars grown in gredmuse

did not show clear distinction between different N levels at earlier time p@istsintil 26

DAT) and there were variations between different cultivars. For example, NPZ2 and NPZ1005
showed earlier significant differences between severe N deficiency and mbanh2b DAT but

not between moderate N deficiency arammal N treatmers. Interestingly, NPZ5 did not show

any significant differences in SPAD values between different N treatments during studied time
points. Another observation was that even thoughetinare significant differences in SPAD
values of different N treatments this was not in all time points and not between all N
concentrations. Moreover, in NPZ5 line, SPAD values of samples treated with sufficient N
supply were even lower than mild N deéincy (though not significantly) and more close to the
SPAD values related to the plants representing severe N deficiency. This is due to the more
growth of the plants under sufficient N supply which their bigger leaves at the upper part of the
canopy causshadow on the lower leaves and therefore leads to lower chlorophyll content. This
indicates that SPAD values are less reliable indicators of N status of the plant compared to
expression markers which were able to distinguish between all different Nerg¢atas early as

27 DAT in all cultivars.
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Figure 30. SPAD values of the oldest leaf belonging to four different oilseed rape winter cultivars
(NPZ2, NPZ5, NPZ1005 and MSL101B) under three different N concentratiorNormal N (1000mg

N), mild deficiency (500 mg N) and severe N deficiency (250 mg N). Asterisks indicate statistically
significant differences as determined by Studetntést (*P < 0.05 and **P < 0.01). Each value is the
mean of the 4 biological replicates (n=4) and the error bars correspaheé3$D. DAT: days after

transplanting.
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3.6 Effect of elevated CQ on transcriptome response of oilseed rape under
normal and low N conditions in old and young leaves

Since the Industrial revolutioiO, concentration has risen from 280 ppm in 1860 to oM

in 2013, and if current trends in emissions continue, atmospherc@entratiorwill exceed

500 ppm by 205@Bishop et al. 2014 The rising requires higherop plantgproduction, makes

it crucial to consider the potential benefits and risks of high IB@els on the crop plants.
Regarding the interaction of N and C metabolism and considering low NUEé@®bibpe it is
necessary tstudy the response of this crop plant to elevated €@enotypical analysis of the
oilseed rape plants, cv. Mozart, under elevateg &@ different N concentrations has been
previously reportedFranzaring et al. 2031 They observed that elevated £@sults in higher
growth, increased water use efficiency and lower yield in oilseed rape pladér different N
treatments. However, since transcriptome response of oilseed rape to elevated @6t yet

been addressed, the molecular players underlying observed phenotypic responses are not
known. Therefore, one part of this thesis was dedicatéhnscriptome profiling of the same
oilseed rape materials reported by Franzaring et al., 20Xtieln plants were grown in growth
chamber under ambient (380 ppm) and elevated (550 ppmin@@mbination with low (75 kg

N ha') and normal (150 kg Ka®) N. Thefocusof the this section of my thesis is on the effect

of elevated C@on transcriptome response of young (#8) and old (#4) leaves of oilseed rape
plants under different N conditions. Figus#, represents oilseed rape plants which were used
for transcriptome profiling (92 DAS) in the currestidy Since most of phenotypical changes
were observed at 99 DAS (personal communication with Dr. Juergen Franzaring, University of
Hohenheim), it was postulated that underlying gene expression chaigggshave occurred at
earlier time points. Therefore, oilseed rape plants harvested one week earlier than this time
point, 92 DAS, were chosen for transcriptome profiling. The sBmeapuscustommade

microarray which is described in the sect®fh wasused.
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380 ppm 550 ppm

Figure 31 Plant materials used for studying the transcriptome response to elevated GO
(92 DAS). Plants were grown in growth chamber under ambient (380 ppm) and elevated (550
ppm) CQincombinatiorwith normal (optN) and low (min N)Franzaring et al. 20).1

In order to have an overview about the factors which cause the most variances between the
samples andlso to see which sample are more close or deviating in their gene expression,
principle component analysis (PCA) was performed using MEV software (Rgur€0, was

the first c o mp o n €38) twhich $trngly adfecti transcriptome resgoasofe

oilseed rape plants under both N conditions. lpe#itonwas t he second componen
in figure 32) affecting transcriptome response of different samples. Moreover, there was a
higher difference in gene expression (represented by more digtafigure 32) between leaves

from plants treated with different N concentrations under ambieatbQthese samples show

more similarity under elevated GOTlhis can indicate that elevated £€an overrun the effect

of N deficiency and therefore sampledth different N concentration show a more similar
transcriptome response under elevated,. Ckbiese results indicate that elevated,®@ve a

clear impact on gene expression changes in oilseed rape and this impact is stronger compared to

N treatment and & position.
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550 ppm CO2
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Figure 32. PCA representation of leaf transcriptome response to elevatedO, from plants grown
under normal (NN) and low (LN) N supplies The X axis represents the first component “C@nd the

Y axis represents the second component "leBCA was performed using MultiExperiment Viewer
(MeV).

3.6.1 Analysis of transcritome response to elevated CQunder normal and low N in leaf #8

To analyze the transcriptome response of old (#4) and young (#8) leaves in response to elevated

CO; and umavel the differences and similarities of this response between low and normal N
treatment, gene expression changeleaf #4 andeaf #8 under elevated G@elative to normal

COyin the plants treated wittivo N supplywas calculated. The genes with thé off value of

O 3 fold change in the expression andverdi fferen
identified All of the differentially regulated genes under elevated,@@d their relevant

functional categories are provided in taBl. Figure 33 shows the number of regulated genes.

Even thoughthe number of wpegulated genes in response to elevated &3 higher under

low N condition compared to normal N,large fraction of regulated genes showed and

downregulation under both N conitins (Figure 3).
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Figure 33. Nunber of regulated genes under elevatedO, (550 ppm) relative to ambientCO, (380

ppm) in leaf #4 (upper panel) and leaf #8 (lower panel)Comparison was conducted under normal
(NN) and low (LN) N conditionsThe color ofthe arrows is the same as the corresponding section in the
Venndiagram.

3.6.2 Elevated CQ, results in extensive gene expression changes in carbon associated
pathways in young and old leaves

Higher C supply provided by elevated €&imulates gene exgssion changes related to
biological processes involved in C assimilation and consumption suafogssynthesis (light
reaction and Calvin cycle), cell wall (synthesis and degradation), mitochondrial TCA cycle and
major carbohydrate (starch and sugar) abetism which are presented in the following
sections. This was observed in all of samples, regardless of N condition and leaf number. An
overview of the different biological categories related to regulated genes in response to elevated

CGO,in old and youg leaves under different N treatmentgiisvided in figure 3.
Photosynthesis

Photosynthesiselated genes belonging to Calvin cycle, light reactions and photorespiration
showed regulation changes (moreregulatian) (Figure 35). As it is shown in figue 34 the
number of regulated genes, especiallyregulated ones, wdsgher in young leaf (#8) under
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both N conditions compared to old leaves (#4). This can be associated with higher metabolism
of young leaves and the fact that young leaves are pholesipatily more active. It is possible

that young expanding leaves can better benefit from the effect of elevatedo€O
photosynthesis activity. Thaetails of the regulated genes and their roled@eussed isection

4.2

Photosynthesis
30

25
20
1:
10

0

NN leaf4 LN leaf4d NN leaf8 LN leaf8

.l

=

Nr. of regulated genes

mup Edown

Figure 34. Number of photog/nthesis regulatedgenesin response to elevatedO,. NN: normal N,
LN: low N.
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Figure 35. Expression pattern photosynthesis related genes in response to eleva@d,. Data are
log2 fold changsunder elevate®€O, relative to ambien€O,. L #4: leaf #4, L #8: leaf #8, LN: low N,
NN: normal N

- TCA cycle and mitochondrial electron transport

Up-regulation of the genes involved in the breakdown of carbohydrates can provide energy
which is required for higher growth at elevated ClCed #4 under low N condition and leaf #8
under normal N showed higher number of theregulated genes (14 and 15 genes,
respectively) Figure 36) related to energy productioftigure 37 represent umnd down
regulated genes belonging to TCA cycle and nhitorial electron transporinder normal and

low N, in response to elevated €Cince those leaves showed more senescence symptoms

76



Results

under ambient CO(e.g. lower SPAD values and higher-tggulation of thegenesencoding
senescence associated transcniptactors) it seems that elevated &SOmulates metabolism of
these leaves which in turn leads to-regulation of genes involved in TCA cycle and
mitochondrial electron transport to provide the energy required for higher metabolism.
Moreover, it is als@onsistent with upegulation of photosynthesis genes which can results in
higher C fixation and therefore providing more substrates for TCA cycle for energy production
and producing precursors for biosynthesis of other macromolecules.

20 TCA cycle and mitochonrial electron transport

18
16
14
12
10

Nr. of regulated genes

[ I (N = o) B v s

NN_leaf4 LN_leaf4 NN_leaf8 LN_leaf 8

Hup Edown

Figure 36. Number of regulated genes related toTCA and mitochondrial electron transport in
response to elevate€O,. NN: normal N, LN: low N.
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Figure 37. Expression pattern ofgenes related toTCA cycle and mitochondrial electron transport
in response to eleated CO,. Data are log2 fold changender elevate€O,relative to ambien€0.,. L

#4: leaf #4, L #8: leaf #8, LN: low N, NNtormal N

- Cell wall

Cell wall is krown as major sink for @Gibeaut et al. 2001 Different genes involved in cell

wall syrthesis, degradation, cell wall proteins and cell

wall modification showed expression

changes under elevat€, (Figure 39) Numbers of upand dowrregulated cell wall genes

are shown in figre 38 Up-regulation of cell wall related

cell wall precursor synthesis and cell wall degradation implies their correlation with leaf

genes, especially ¢hivs/olved in

expansion under elevated elevated,Q®@arga et al. 2006 More details about the cell wall

related regulated genes are provided in discussion séc8on
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Figure 38. Number of cell wall regulatedgenesin response to elevate€€O,. NN: normal N, LN: low
N. Blue: upregulated, red: dowregulated.

Figure 39. Expression pattern ofgenes related tostarch and sucrose metabolism in response to
elevatedCO,. Data are log2 fold change&nder elevate€O; relative to ambien€O,. L #4: leaf #4, L
#8: leaf #8, LN: low N, NNnormal N
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