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Abstract

Regrowthand growth dynamics of crop plants after mowing and cutting influence the profitability of
their use in agriculturend therefore their improvement are important economic target traits for
plant breeding. However, little is known about regrowth dynamicd #reir underlying molecular
mechanisms, especially in nemodel organismsin this study | show how molecular genetic analysis
can provide explanations to unravel documented regrowth patternTofolium pratense(red
clover) During an introductory expénent, T. pratensevas shown to exhibit specific morphogenetic
changes in response to cutting, including altering leaf morphology and plant architecture. Moreover
it was demonstrated that red clover plants exhibit two different growth strategies resutifagh

and low performing plants, and cutting acts as an artificial trigger. This can initiate a second growth
phase even in low performing plants and contributes to yield increase. Transcriptome aohB2is

T. pratense plants, including two treatments (mown/not mown) and two conditions
(field/greenhouse)was made, to investigate the molecular mechanisms of the observed phenotypic
changes. This resulted in 12 high quality transcriptontestotal the draft assembly consists of
44,643 contigs with an N8 valueof 1,656 (bp). A reference based annotation of fhepratense
genome revealed24073 known and 4051 newly identified plant specific transcripts. The
identification of functional groups within the differentially expressed contigs revealed sitefispeci
structures within the transcriptomes, indicating that the plants grown in the greenhouse are less
influenced by environmental stress and therefore show a stronger expression of genes related to
regrowth. The results of the digital gene expressilowed the identification of candidate genes
involved in the plant response during regrowth acwlild be partially validated via gfPCRIn total

14 candidate genes have been selected for further functional analysis includiAg@Rand-DNA
insertion mutan analysis in the model plam. thaliana The phenotypic monitoring of thesaA.
thaliana t-DNAmutant lines displayed gene specific individual growth and regrowth patterns. The
results of the phenotypic monitoring, the transcriptome analysis, and thetiwmal analysis, were
combined in working models that hypothesizes how regrowth takes place. Ther&fqoeatense
plants potentially overcome the first stress response after cutting on a molecular level by
reprogramming the pathways involved in immune pesse from inhibiting growth, to promoting
growth. In addition further growth activating pathways are activated during regrowth, involving the
phytohormone gibberellin. Rapid regrowth and leaf morphology changes could be achieved by
expression of genes iolved in cell wall modifications. The study provides a good basement to

identify the mechanisms involved in regrowth and shift in growth strategies.



Zusammenfassung
Das Nachwachsen, sowie die Wachstumsdynamik von Futterpflanzen nach der Mahd entscheiden

dartber wie profitabel deren Anbau ist. Die Verbesserung dieser Eigenschaften stellt daher ein
wichtiges 6konomisches Ziel in der Pflanzenzucht dar. Dennoch ist bis heute wenig Uber
Nachwuchsdynamik und der zugrunde liegenden molekularen Mechanismen bekab@sondere

in NichtModell Organismen. In dieser Studie zeige ich wie molekular genetische Analysen dabei
helfen Erklarungen fir die Prozesse des Nachwachsengribelium pratense(Rotklee) zu finden.
Wahrend eines einleitenden Experiments wurde dgize dass T. pratense spezifische
morphogenetische Veranderungen als Reaktion auf die Mahd zeigt, wozu Veranderungen der Blatt
Morphologie und Pflanzen Architektur gehéren. Desweiteren wurde gezeigt, dass Rotklee zwei
unterschiedliche Wuchsstrategien haiel und wenig produzierende Pflanzen. Die Mahd stellt einen
kunstlichen Ausloser fur eine zweite Wachstumsphase dar, auch in den wenig produzierenden
Pflanzen, wodurch ein Zugewinn an Biomasse entsteht. Um die beobachteten morphologischen
Veranderungen miekular genetisch zu erklaren wurde eine Transkriptomanalyse von insgesamt 32
T. pratensePflanzen (gemaht/nicht gemaht; Feld/Gewachshaus) durchgefiihrt. Daraus resultierten
12 Transkriptome, deren vorlaufige Rekonstruktion insgesamt 44.643 contigs umfiaéstEinem

N50 Wert von 1.656 (bp). Die referenzbasierten Annotation mit démpratense Genom,
identifizierte 24.073 bekannte und 4051 neue pflanzenspezifische Transkripte. Die Einteilung der
Transkripte in funktionale Gruppen zeigte standortspezifisciuster, laut denen
Gewaéchshauspflanzen weniger von umweltbedingten Einfliissen gestresst werden und eine starkere
Expression von Genen des Nachwuchsprozess aufzeigen. Durch die Analyse der digitalen
Genexpression wurden Kandidatengene ausgewahlt, die inNBrhwuchsprozess involviert sind.
Dies wurde teilweise durch gHPICR Analysen validiert. Insgesamt wurden 14 Kandidatengene fir
weitere funktionale Studien ausgewahlt, die sowohl ¢FOR als auchDNA Mutanten Analysen in

A. thalianaumfassten. Die phangpische Untersuchung derRNA Mutanten zeigte genspezifische
Wuchs und Nachwuchsmuster. Die Ergebnisse der phéanotypischen Untersuchung, der
Transkriptomanalyse und der funktionellen Analysen wurden miteinander kombiniert um
Arbeitsmodelle zu entwerfenid als Erklarung des NachwuchsprozessesTberatensedienen.
Hierbei entstand die Hypothese, dass Rotklee, Mechanismen der meist wachstumshemmenden
Immunantwort in  wachstumsférdernde umprogrammieren. Zusatzlich werden weitere
wachstumsfordernde Mechamsen aktiviert welche das Phytohormon Gibberellin involvieren. Das
schnelle Nachwachsen und die Veranderungen der Blattmorphologie kénnte durch die Aktivierung
von Genen fur Zellwandveréanderungen ermdglicht werden. Die hier vorliegende Studie bietet eine
gute Grundlage um Mechanismen die in das Nachwachsen und in den Wechsel der Wuchsstrategien

involviert sind Zu identifizieren
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1. Introduction

1.1. Trifolium pratense, an important forage plant z history, morphology

and breeding

Trifolium pratensel. belongs to the family of Fabaceaand is an important forage crofred clover
positive attributes are known since centuries, and first documentations go back to thely84r

were Schubarf(1784)drew attention on the positive attributes and the importanceTofpratenséan
agricultural systemsT. pratenseis one of the main fodder species in most countries of northern
Europe(Annicchiarico et al. 2014and it isdistributed worldwide (opez Poveda, L. 2B1Available

at: http://www.iucnredlist.org.Downloaded on 03 January 2018sa leguminous plant, it is able to

fix atmospheric nitrogen in the soil and can therefore reduce the extensive use of fertilizer
(Warembourg et al. 1997)t can be used as a monoculture or in mixed grassldgd&ksen et al.
2014; Black et al. 2009}t is widely used for forage, or cut and conserved as winter fed, and it is
popular because of its high protein content, high biomass and good regrowth capability after
mowing (Eriksen et al2014; Fernandez and Warembourg 1987; Beecher et al. 2015; Dewhurst R.J.
2013; Kleen et al. 2011 ompared to white clove(Trifolium repeng red cloveroffers some
advantages, as it is faster to establish, more sumawive, deepeirooted, and more raistant
against pasture pest&riksen et al. 2014; Black et al. 200®@side its adventurous traits red clover
offers some disadvantages including poor persistence under several larstesarios, likeepeated
grazing or cuttingOrtega et al. 2014; Eriksen et al. 2014; Ford 20Ih¢ growth of T. pratense
starts from acrown, consisting of several buds that mostly grow at or slightly above thé€Tswilor

and Quesenberry 1996%tems and branches are hollow and haWgDA, NRCS. 20vailable at:
http://plants.usda.gov,Accessed8 September 2017 Plants can grow from 48m up to80 cm
(USDA, NRCS. 2017. Available at: http://plants.usdafosessed: ® September 2017)Stems,
leaves and petiolesecrete epicuticular wax that under field conditions increases with age and
prevents water lossand is suspected to have an antifoamiaffect when grazed by ruminant
animals(Moseley 1983)Red clover has alternate leaveshichare shaped elliptic. Each leaflet has a

f AAKG 3INBSHFKIZING ReeK AYiISNJaky 3 @ [ S hagkeSang petblesihés€of 6 I a | f
stem moderately long petiole® nearly sessileThe inflorescence is a terminal head of up t®30
flowers (florets) and ipink or white colored. The florets are zygomorphic and consist of a calyx with
five lobes; a corolla witlive petals; 2 wings and 2 fused keel petdls.pratensehas a self
incompatibility mechanisno prevent selfpollination(Taylor and Quesenbern®926) Red clover is a

primary taprated speciesHowever, the exact root morphologyaries depending on a number of

1



factors, like soil moisture, soil density, growth habit and spacel can be extremely branched
(USDA, NRCS. 2017. Available at: httpafid.usda.gov, 8 September 201Furthermore, ed
clover containgsoflavoneslisoflavones, a group of polyphenols which are also beneficial for human
health, positiveeffects were shown for osteoporosis as well as menopausal sympididalgo et al.
2005; Occhiuto et al. 200/7ormononetin is the main isoflavone, its content is lower in Isabhan

in stems(McMurray et al. 1986)An overview off. pratensghenotype is given in figure 1.

Figure 1 Morphology of T. pratense A) Drawing of T. pratense holotype and taxonomic important traits
(http://biolib.mpipz.mpg.de/thome/band3/tafel_113.html). B)T. pratenseon ameadow (picture by Denise Herbert). C)
Adult T. pratenseplants grown in pots(picture by Denise Herbert)Graphic wasedited usng InkscapeAlbert et al.

(2014)(V. 0.48; available at: https://inkscape.org/del)

CrOAy3a G2RIF2Qa LINRofSYa gAGK OfAYIFGS OKFy3aS |y
together with the aim to solve this problems in an environmental friendly and mexdavay lead to

a great interest to improve the performance of forage crops like red cl¢Barrett et al. 2015;

Jahufer et al. 2012)The aim of redclover breeding is to creatplants with high valuedor key

agronomic traits (dry matter yield, high quality, resistance to diseasésabiotic stress therefore

persistency which includes the regrowth abilititem mowing requires optimizatiofAbberton and

al NAKIFIff wnnpT !'YRFEKE SO fd wamtT ! YYATOOKA | NR
achieve this several approaches are used with molecular genetic tools as well as with traditional
breeding methodglsobe et al. 2013; Vleugels et al. 2014; Dias et al. 2008; Ford 2011; Hyslop et al.

1999) Several studies deal with the genetic improvement of red clover accessions with for example


http://biolib.mpipz.mpg.de/thome/band3/tafel_113.html

guantitative trait loci (QTL) mapping féavorabletraits or the creaton of a linkage mapuntil now

with no satisfyingresults (Dias et al. 2008; Vleugel SG |t ® wnanmnT Laz26S Sia |
b SRSt y N {Popwatiom rgéneticanalysesof T. pratense showed, thatred clover exhibits
significant withinspecies variation due to high genetic and morphological diversity within accessions
and populatiors, therefore persistence and performance in response to mowing or cutting, depends
individual genetic makeupenvironmental conditionsplant architecture andlevelopmental stage
(Tiffin 2000; Diaz et al. 2007; Cnogtsal. 2010; Dias et al. 2008)everthelesshis high level of
genetic diversity and morphological diversity between and within populations mbBkpeatenseon

the one hand suitable for promising breed{Bgas et al. 2008; van Minnebruggen et al. 2010; Ortega
et al. 2014) but hampers on the other hand intensive genetic and genomic analysis. Another
approach, focusing on traditionalréeding methods, investigated the correlation among most
important economic traits, by examine red clover accessions performammer field and
greenhouse conditionfDias et al. 2008)Thereby morphological investigations of several red clover
populations showed a caglation of persistency with nofavorable traits, like small plant size and
prostrate growthhabit, low number of inflorescenceand low seed yieldvhich leads to decreased
productivity and loss of other desired qualiti¢Bias et al. 2008; Vleugels et al. 2Q1Aphother
problem concerning breeding efforts in red clover that came up, red clover cultivars or accessions
are mostly adaptedlocal adaption}o the area whee they were developed and need the local
environmental ecological conditions (grazing animal, intensity ofypsasto show the favored traits
(Joshi et al. 2001Ppue tothe problem of local adaption/specializatiand the high species within
diversity, an approach focusing on the investigation of fundamental processes and reactions that
might be conserved within the species could help to reduce compléidith the development of

next generation sequencing methodsew possibilities emerged to search for and indentify
promising candidate genes related to positive traits like persistency or regrowth ability, which can be
used as a basis for breedin@®'Rourke et al. 2014; Ravagnani et al. 201&)eady three
transcriptome studies foil. pratenseexist, dealing with thédentification of drought responsive
candidak genes, the selection of genes involved in specific tissue development aqberachto

select for genesvolvedin seed yieldYates et al. 2014; Kovi et al. 2017; Chakrabarti et al. 2016)

1.2. Mowing, cutting, herbivory z regrowth process of T. pratense

Persistency cahe defined agorage yield over several growing perio@@onaghan and Casler 2011)
It is a complex trait influenced by a variety abiotic and biotic factors and includedso the
regrowth ability of a plantThe hypothesis is that plants witlpodregrowth ability can survive more

frequent and intense cutting or grazinghe correct mowing regime can increase the productivity of



a plantin agricultural systen(Da Silveira et al. 2010for the savama tree specie3erminalia seicea
simple alternations in cutting management strategies, cutting height and frequency improved vyield,
persistence and therefore profi(fShackleton 2001)For a profitable harvest management the
intensity and fregiency of cutting is crucial as those factoeinfluence the size and density of the
growing plants on a fieldvhich is demonstrated in several studi@snato et al. 2004; Teixeira et al.
2007) Several reviews discuss the different physiological and morphological responses of plant
species to cutting, mowing or herbivory, theaction of single plants therebglieson many factors
including: species, kind of damage, competit plant age and developmental stage, as well as
environmental factors. The response can include a change in the photosynthetic rate and
mobilization of energy reserves, but can also include changes in plant architecture or leaf
morphology (Gastal and Lemaire 2015; Prins and Verkaar 1992; Tiffin .2G@8jal and Lemaire
(2015) discuss in their review the impact of management strategies on plant architecture and
plasticity that should be taken into account for pasture management. They proséderal
examples, including oneere was shown thafrequent cutting altersthe plant architectureand
changes the leaf/stem ratidp a higherdensity of smaller shoot axes compared to plants that are
grown under infrequent cutting, showing a lower depsf larger shoot axe swardmanagement
(Gastal and Lemaire 201%jor red clover it is known that the plant reacts very sensitive to often and
intensive cutting, studies already demonstrated that the besinagement strategy for red clover is
infrequent cutting with different intensities andufficient time between the different cuts for
regrowth (Black et al. 2009; Fan et al. 200Bst esults will be obtained when the plants are cut
during flowering and not more than four times a year (Fan et al. 200 .improving of persistency

by optimization of regrowth ability in plants, demands the description and documentation of the
plants phemtypic appearance under normal aditionsfollowed by investigation and observation of
changes in the plants phenotypic appearance in response to the cutting or moliegefore the

documentation of the plant phenotype is important.

1.3. Phenotypic description of T. pratense plant architecture and leaf

morphology

Plant architecture can be defined by the degree of branching, organasideshape internode
elongation,plant heightand topological organization of orgafgn Minnebruggen et al. 2012; van
Minnebruggen eal. 2015; Wang and Li 2008)his characteristic architecture is on the one hand
genetically determined but the expression of certain genes underlies also the abiotic and biotic
conditionsincludingmowing or cutting(Wang and Li 2008; Pigliucci 2005; van Minnebruggen et al.

2012) The detailed knowledge of plant architectureTin pratensas limited. Recent studies started
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to overcone this missingknowledge and provided description and documentation oplant
architecture focusing on branching pattern different T. pratenseaccessios, displaying the high
phenotypic variation ofl. pratensgvan Minnebruggen et al. 2012; van Minnebruggen et al. 2014)
Those studies should help to show the present status of plant architecture and give starting points
where improvement imecessaryFurther investigations of. pratensearchitecture during regwth
showed that good regmwth, measured in total dry matter yield, is determined by the remaining
regrowing points after cutting as well as their outgrowth capagign Minnebruggen et al. 2013h
addition to branching patterns, leaf morphology is an important aspect to describe a plants
phenotype.As kaves are important photosynthetic gans that are responsible for energy supply
which is necessary to compensate for the cutting treatméBtiske and Richards 199%he
documentation of the leaf morphology is very important to evaluate the regrowth procgss
reviewed, gveral studiesshowed a charg in number of leaves, leaf shape, leaf size or in the
photosynthetic productivity in response to the cuttifgrins and Verkaar 1992; Briske and Richards
1995) ForT. repenst was found that cutting leads to smalland rounder leaves, more branches
and smaller plant siz€Goulas et al. 2002; Ryle et al. 198R)e leaf sizes was counterbalanced by
the increased number dkaves(Goulas et al. 2002A study investigating the regrowth d®?isum
sativum after decapitation showed, that the regrown shoots exposed morphological differences
compared to the uncut shoots, depending on the developmental stage at which decapitation took
place (Stafstrom 1995) Neverthelessfor T. pratenseit remains unknown in how far the plant
architecture changes in response to mowiridoreover the influences of potential phenotypic
plasticity as a direct response to the cutting or indirdot cutting due to the enhanced

environmental conditions are neglect until now.

1.4. Phenotypic Plasticity

Phenotypic plasticity is not restricted to the plakingdom and can also be found in animals

(Beldade et al. 2011)Nevertheless as sessile organisns, plants cannot move away from
disadvantageousnvironmental condibns, therefore the development of a plant is characterized by

a high degree of phenotypic plasticiffpomagalska and Leyser 2011; Teichmann and Muhr 2015)
Forsman(2015)defined plasticity asothe ability of a single genotype to exhibit a range of different
LIKSy2Ge8L)Sa Ay NBalLlRyaS (2PhaddtyNid plastciy y6 influghcedk KS Sy @
interindividual variation, therefore it can differ for individuals, populatis or speciegForsman

2015) In contrast to phenotypic plasticity, aptéve evolutiontakes place on a genetic level and is

fixed in the genotype due to natural selectidsut some authors claim that phenotypic plasticity can

facilitate adaptive evolutionMerila and Hendry 2014; Ghalambor et al. 200N&vertheless the
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definition and the conceptualdistinction for phenotypic plasticityis still discussed sa the
investigation of phenotypic plasticity became more and mpopular within the last years and is
therefore influenced by new findingéMerila and Hendry 2014; Forsman 2016nhe example for
phenotypic plasticity in combinationithh a candidate gene approach, are the changes in leaf size
and shape withiflPopulus spin response to different water regimgBizet et al. 2015)n this study |

refer to the previouslymentioned definition.Within T. pratensd wanted to investigate if the plants
exhibit a phenotypic plasticity on population levéls cutting, mowing and damage by herbivory
account as biotic stress, it is possible that the plant reacts with phenotypic plasticity to the
disruptionor to the consguences of cutting, as the plants are more unprotected to environmental
influences Therefore it has to be determined during regrowth if observed changes are due to
phenotypic plasticity and could change back during later development or if the observadesha
will last. To sum up with the investigation and analysis of the growth and regrowth dynamics, the
description of changes amghenotypicplasticity of the plant architecture and leaf morpholaggan

be achievedto get a comprehensive impression abdbe phenotypicand morphological reactions

in response to the cutting.

1.5. Role of phytohormones and molecular mechanisms during wounding

and regr owth

Beyond the phenotypic changes that can be observed during regrowth, several molecular and
genetic proesestake place in response to cutting or mowing, leading to the observed phenotype.
Therefore the second approadi my projectincludedthe understanéhg of molecular mechanisms
involved in the regrowth reactionHere it should be separated between tliest response to
cutting or mowing and the following regwth of the plants.Damagecaused byabiotic stresses (i.e.
wind) or biotic stresses (herbivoreisisectsor humans) arecritical environmental factors affecting
plant survival.Cutting or mowing &uses the loss of biomass including shoot or stem and leaf
material. $ems or shoots provideessential structurbto support and deliver nutrientswater and
chemical information between organs through vascular tisq&d 2006; Kehr and Buhtz 2008)
Therefore damaged stems need to be repaired and regrown as soon as posgihéentain their
functions. In addition the development of new leaves is also crucial during the regrowth process, as
they are needed fophotosynttesis All those processes including th@nsductionof the wounding

signal as well as the regrowing process controlled andgovernedby phytohormonesand the
expression of specific genePlants have evolved complex mechanisms to directly respond to
wounding, rapidly heal the tissue and prevent infections by pathogémseby phytohormones and

their interplay with transcription factors play a crucial rqleeichmann and Muhr 2015Pirectly
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after wounding, the injured tissue activates signaling cascades, resulting in the syntfiesis
jasmonate acid (JA)Dar et al. 2015; Schilmiller and Howe 2005; Turner and Turner 2024)
regulates a wide range of defenselated processes, including growth inhibition andization of
defense mechanisms via the expression of JA responsive g@neser and Turner 2014,
Wasternack 2014; Huang et al. 201BgsideArabidopsighaliana orthologues of those JA signaling
and biosynthesis genes have been identified in various miaspecies, includingSolanum
lycopersicunftomato) (Schilmiller and Howe 2009h additionthe tow phytohormonessalicylic aid
(SA)and ethylene(ET) are also involved in the defense response and the activation of the plant
immune system(Mur et al. 2013) Through crosstalk between SA, Biid JA it is possible ifahe
plant to shape a individual answer in response to various abiotind biotic stresses, that
differentiate between different pathogens or herbivofyiur et al. 2013; Turner and Turner 2014)
Another plant hormone abscisic acid (ABA), which is mainly known to be involvedronght
response of plants, was found tetéract with the JA, SANdET pathwayse. by suppression of SA
induced defense pathwayteading to the suggestion that ABA is necessary for thetdinig of the
JA/SA/ET induced stress respoifsee and Luan 2012Beside the phyohormones involved in the
first stress responsdnitiating defense mechanisms, additional phytohormones are activated
involved in the regrowh process. Those includaixin (AUX), cytokinine (CK), strigolactosé) @nd
gibberellins (GA)In intact main shoots in many plant species ttaeral bud outgrowth is
suppressed by AUX to maintain apical dominance, after decapitation which happens during cutting
or mowing an intemplay of phytohormones promotes the growth of dormant axillary b(Bsimann
and Skoog 1934; ShimiBato et al. 2009)The interplay ofthanging levels cAUX and CK initiates
and promotes the bud agrowth after decapitation, which was shown fBt sativum(Morris et al.
2005; Kotova et al. 2004)n Oryzasativa both plant hormones are wolved in the aboveground
organ formation as well as branching therefore mainly responsible for the plant architgétziz et

al. 2015) In addition new findings promote thatSL isadditionally involved in the process of shoot
branching(Shimiz-Sato et al. 2009)Taken together, all three phytohormones areolvedin the
shoot branching, thereby high levels of AUX &@ldhave suppressing function ilateral bud
outgrowth and shoot branchingnd high levels of CK promotes shoot outgrowth whigts shown

in A. thaliana, O. sativa and P. sativumas reviewed inDomagalska and Leyser 2011; Dun et al.
2013; Umehara et al. 2008; Borghi et al. 201@jllowing the initiation of shoot outgrowth the
phytohormone GA is involved in the shoot elongatard therefore inthe later regrowth processes
as anincreased GA concentration allows for shoot elongat{gebrom et al. 2013; Wang et al.
2017) During the first stress response and bud outgrowth several genes are involved in the

biosynthesis, signaling as well eatabolism of the phythormones. After the first stressesponse



the regrowth process takes place, including shoot regrowth and leaf formation. As the main focus of
this studywason the processes during regrowth, the gersesl pathwayghat are involvedn shoot

and leaf growth are of special importance.

Beside genes involved in the biosynthesis and signaling of phytohormones, also genes involved in
general stress response like heat shock proteins or genes involved in shoot branching, cell wall
modificaion or pathogen resistance alter their expression in response to wour(d@hgong et al.

2002) Later phases of the response to wounding includes the inducfigenes involved in primary
metabolism (carbohydrate and lipid metabolism) as well as genes involved in secondary metabolites
(i.e. alkaloidsand proteinase inhibitorsYSavatin et al. 2014; Cheong et al. 20083 reviewed in
Teichmann and Muh¢2015)the formation of branches is initiated ian axillary meristem(shoot

apical meristem, SAMBNd includes theparticipation of phytohormones and transcription factors.
Beside AUX and Ckeanvolved in the bud dormancy and outgrowth (see text above), SL partisipate
Fa a2 OIFfftSR daoNI yOKAY3I K2 N2 GadzRoltlah etdlk2808)a K I LIA Y
When investigating possible candidate genes for plant architecture, the genes involved i
biosynthesis and signalirehould be consideredThose genes have been identified aathlyzedn

A. thaliana but as summarizedn Teichmann and Muh(2015) othologues can be found irP.
sativum, O. sativa and Petunia hybridalncluded are for exampleMORE AXILLARY BRANCHING 4
(MAX4 in A. thalana and the orthologues :RAMOSUS 1RMS) and DECREASED APICAL
DOMINANCE (DAD3J in P. sativumand P. hybrida all involvel in SLbiosynthesissignalingand

initiate shoot branching inhibitiogSnowden et al. 2005; Sorefan et al. 2003; Bainbridge et al. 2005)
Expression analysis 8pMAX3n T. pratenseaccessions could demonstrated a decreased expression

of TpPMAX3in high branching accessiofigan Minnebruggen et al. 2012An additional group of
candidategenesincludes genes involved in GA biosynthesid signaling. GA play an important role

in plant development and growthgspeciallyin shoot elongation(Rieu et al. 2008)One gene to
mention iSGIBBERELLHI0-OXIDASESA200)X which was shown to be involvéa the biosynthesis

of GA inA. thalianaand regulates several developmental and growth related proced3ies et al.

2008) Phylogenetic studies of the major genes involved inb@&ynthesis, includingsA20C
reveled the occurrence and relationship of those genes withithaliana, O. sativand Gycinemax

(Han and Zhu 2011)Several reviews report similar functions of tA200Xgene inO. sativa
Nicotiana tabacumA. thalana (Hedden and Phillips 2000; Sun 2008; Wang and Li 2008; Kebrom et
al. 2013) Leaf initiationstarts, like branchformation in the SAM andven thoughthe leaf shape of
angiosperms is very diverse, several genes and their furecho® conserved betwen species,
therefore to attain differentshaped leavesphytohormones as well as the temporal and differently

strong expression of theommon genes involved in leaf shape developmennéecessaryj.e. to
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attain the diverse forms of compound leav@Bar and Ori 2015; Kessler and Sinha 20()e
example of a gene involved in leaf shapelABYMETRIC LEAVES3). Studies investigatingsl
mutants inA. thalianafound that the gene is involved in leaf morphology developm@jtrne et al.
2000) Mutations in the AS1orthologue inS. lycopersicunaffects leaflet shape and numbéKim
2003) InP.sativumand M. truncatulaleaf morphology was affected by mutatiomsrresponding
ASlorthologues, CRISPAP. sativum and PHANTASTIQMtPHAN M. truncatulg (DeMason and
Chetty 2014; Ge et al. 2014 s eviewed inAsahina and Satof2015)the expected time for tissue
reunion and wound closure accounts approximately seven days (cucumber and tamatb)days
(A.thaliand). Based on this infmation | assumed that the first stress response and the initiation of

regrowing inT. pratensewill be approximatelywo weeks after cutting/mowing.

1.6. Next generation sequencing approaches

To identify potential gres that areinvolvedin the regrowthreaction of T. pratense, that can be
used later for breeding programs, it is crucial to determine élact sequencef those genesThe

DNA carries the information for the genetic functions. THéAmolecule is composed of units called
nucleotides (cytosie (C), guanine (G), adenine (A) or thymine (T)). The sequence of these four
nucleotides encodes for the genetioformation. Duringprotein biosynthesighis information is

accessibland is used to generatgroteins (figure 41A).
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Figure 2 1A Protein biosynthesis in eukaryotesihe DNA is unfolded and unzipped and the genetic information is
transcribed in a primary transcripin the nucleus After the synthesis of the template is finished, the RNA undergoes
post-transcriptional modifications: splicing of the introns, capping and tailing with a polyA tail. The primary transcript is
then called messenger RNA (mRNA) and leaves the nucleus to the cytoplasma. The mRNA contains the information
about protein synthesis. In a processled translation, this information is translated in an amino acid sequence which is
afterwards folded in a protein (changed after: https://www.biology-questionsand-answers.com/protein
synthesis.html Accessed at 08 February 2018) Schematic illustratio of Sanger sequencingA the single stranded
DNA template is copied via polymerase chain reaction (PCR) with dNTPs and chain termination nucleotides ddNTPs
(pink, yellow, green and blue colored). During the synthesis of the new BiAnd one of the ddNTPs is useih addition

to the four dNTPS, which terminates the DNA strand synthesis, resulting in fragments of different length representing
the DNA template. 2B when separated during a gel electrophoresis on a pojyamid gel the mixture produces bard

of different length, representing the full length DNA fragme(i®anger et al. 1977; Prober et al. 1987; Smith et al. 1986)

3 lllumina sequencing3A the DNA fragmentsra ligated at both ends to adapter an(BB) immobilized at one end to a
solid surface. 3B after the attachment of the singi#randed fragments to the surface, the amplification of those
fragments begins (bridge amplification). 3C this happens with all Difyments, parallel at the same time, resulting in
clusters of the DNA fragments. 3D After replication the sequencing starts, thereby reversible termination nucleotides
(green colored) each labeled with different fluorescent dye are added, producingla kignal when incorporated to the
DNA fragment, which is detected and identified via its fluoresceratye by a camera (as reviewed Ansorge(2009)and
RSaONXOSR AY aly Ay-D S RNOGAZY {0 &l dzShy OBy 3 ¢SOKy2f238
https:// www.illumina.com/content/dam/illumina -

marketing/documents/products/illumina_sequencing_introduction.pdf (accessed 08.01.2018;13:0Fi)gure was made
usinglnkscapeAlbert et al. (2014)V. 0.48; available at: https://inkscape.org/de/).
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In order to visualze and use theinformation of the DNA sequencing techniques have been
developed. During the process DNAsequencing the precise ordef the nucleotides is determined

and can be made visible on the computer in formaafhromatogram.One of the first sequencing
techniques was the chain termination method, developed by Frederick SgBgeger et al. 1977)
This method requires a singigranded DNA template, a DNA primer, a DNA polymerase, normal
deoxynucleotidetriphosph@s (dNTPs) and modified dideoxynucleotidetriphosphafddNTPSs).
Duringthe synthesis of the new DNgtrands,one of the ddNTP# used in addition to the four
dNTPS, which terminates the DR#andsynthesis. This reaction will happendhancetherebythe
reaction produces a collocation of DNA fragmentslifferent length. When separated during a gel
electrophoresin a polyacylamid gel the mixture produces bands of different length, representing
the full length DNA fragment (fige 2 (2A,2B). The further development of this method made it
possible to @tect the different light signals mechanically and displayed them directly on a computer
(Prober et al. 1987; Smith et al. 1986he Sanger sequencing method as an example for the first
generation sequencing methods has its advantages but also somationg. As explained in many
reviews, the dvantageousinclude the accurate results that can be obtained with this method,
despite being arexpensiveand slow processherefore to generate the sequence data of whole
genomes or transcriptomes the Sanger seqcing method was widely replaced by ngeneration
sequencing method¢Morozova and Marra 2008; Pettersson et al. 2009; Ansorge 2009; Mardis
2013) Those methods offeseveraladvantages: smaller reaction wohes, shorter sequencing ties
andreduced cost§Morozova and Marra 2008; Pettersson et al. 2009; Ansorge 2009; Mardis. 2013)
One method which was used during this study is lthenina dye sequencing methg@€anard and
Sarfati 1994; Bentley et al. 2008)4 RS aONAR O SR AY da-Gefieratoy SeyriRidgO i A 2 v
¢t SOKy2ft238¢ 6Lt dzYAyYyl = LyOY KGGLEBAYKKS S
marketing/documents/products/illumina_sequencing_introduction.pdf (accessed 08.01.2018;13:07)
Therebythe DNA fragments are ligated at both ends to adapter andhobilized at one end to a
solid surface, which is coated with the complementary adapters. After the attachment of the-single
stranded fragments to the surface, the amplification of those fragments begins. This happens with
all DNA fragmentsin parallel During the amplification process, four reversible termination
nucleotides eaclabeledwith different fluorescentdyes are added. They produce a light signal when
incorporatedto the DNA fragment, which is detected and identified via its fluorescence dye by a
cameaa. The evaluation of the light signal givee sequence of the DNA fragment (fig 2(3A-3D)).
Nextgeneration approaches produce a large number of seequencereads. The so callgohired

end sequencingcan help to facilitate the later assembly ofose short sequence readsiall 2007,

Berka et al. 2009; Chen et al. 2009he next generation sequencing methods are not limited to
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whole genomesequencingthe approaches can also be used to sequence RIES approaches are
useful todescribe the structure of a genome including for example the number of intron and exons
as well as the genome sigblutz et al. 2013)By using &NASeqgapproach it is possible to sequence

all genes that are expressed in a certain tissue or between tow condifidosz et al. 2013;
McGettigan 2013) In this scenario thenessenger RNANRNA is isolated and sequenced with one

of the nex generationsequencing methodéMutz et al. 2013; Martin and Wang 2018s | wanted

to identify all genes that are expressed between the control and regrowing red clover plants, |
decided to use the RN8eqapproach. With this approach it is also possible to determine with
bioinformatic tools the expession strength of the activgenes and to identify red clover specific
genesFor the analysis of the gene expression seva@hformatictools are availabl§Soneson and
Delorenzi 2013) The attained results should be validated by for example iR analysid.o
guarantee for goodjuality of the RNASeqapproach a high sequencing depth, expressed aigh
redundancy of the readsrequired A high number of overlapping reads can confirm guality and
accuracyof the assembly.Neverthelessnext generation sequencing data are a challenge for

bioinformatic downstream analysis

1.7. Transcriptome analysis with non -model organism

After the sequencing of th&. pratensetranscriptomes, the dowstream analysis of the attained
data starts. Beginning with the assembly of the short sequence reads and followed by their
annotation. Afterwards several analyses can be performed including digital gene expression. For the
assembly several approaches che applied.The frst includes admap to referencé approach
during which the short sequence reads are mapped to a reference genome or transcriptome of the
sane species or a closelglated 2) a de novoassemblhyapproachwhich tries to assemble the reads
without previousknowledge 3) a combination of both approacheg{Martin and Wang 2011)All

three methals have their advantagesnd disadvantages and the choiadich one to use mainly
depends n the data available. For exampleTopratenseéwo whole genome dataets areavailable
therefore it is possible to conduct a combination of map rederence and de novo assembly
approach6 LOG @t yS1 S It wanmnT LOGOTh Sg§semByiof & f @
transcriptome offers some challenges, for example some transcapshigher expressed then
others or the reacdcoveragecan be uneven across the transcripts length due to sequencingAisas
multiple transcripts per gene locus are possible due to alterpasiplicing(Grabherr et al. 2011,
Martin and Wang 2011 )Neverthelessnethods have been developed fde novoassembly trying to
overcome those problem@rabherr et al. 2011JorT. pratensesomegeneticdata is availableTwo

T. praensegenomes have been sequencdd.addition already five species of the Fabac&amily
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have been sequencell. truncatula (Young et al. 2011) otusjaponicts (Sato et al. 2008)G. max
(Schmutz et al. 2010Phaseolus vulgari&Schmutz et al. 2014and Cicer arietinum(Varshney et al.
2013)

1.8. Transcriptome analysis Zz studying candidate genes to understand

molecular mechanisms

Transcriptome analysis is a common practice; especially irmmael organisms to identify prop
useful candidate genes involved in relevant pathways or reactions fdneufunctional analysis.
Other studies already showed that comparatitfranscriptome analysis approachesn help to
understand the reaction to abiotic and biotic factors and can also be used in the improvement for
plant breeding processes. One exampleGamelia sativa where transcriptome analysis was
conductedto identify and further analysegenes to improve the oil productiofAbdullah et al.

2016) But also model organism like. max(soybear) can profit in the results from transcriptome
analysis to develop new approaches for breedifflgestanaCalsa et al. 2012Jields like renewable
energy rely on those new ¢hnologies, which was demonstrated in a study v@tisativa or G. max
(Abdullah et al. 2016; Pestatzalsa et al. 2012Nevertheless it can also be used to understand
biological processes like the establishment of symbiotic relationshipalimcea for exapie in C.
arietinum or P. sativunfAfonseGrunz et al. 2014; AlvgSarvalho et al. 2015; Asamizu et al. 2005)
Additionally the molecular genetic reaction of plants to different stresses can be investig@m
answer the question which genes enable some plant species or cultivars to be more tolerant or
resistant against some stressgm et al. 2016)Beside its applican in plant breeding and research
transcriptome analysis can be used in a diversity of other research fields for example in investigating
insect pest management, and therefore helping in the proper rearing of the important fodder plant
cowpea (Agunbiade et al. 2013)Also in otler studies withC. arietinum(Ashraf et al. 2009pr
Latyrussativus(Almeida et al. 2015)r M. truncatula(Badis et al. 2018)anscriptome analysis was

used to identify resistance genes between a plant and a plant pest to maybe use those genes for
further approaches in other plantd-or T. pratense already three comparat&y transcriptome
analyses are available, including a study of gene expression in response to drought in leaves of
drought sensitive and drought tolerant red clover plarféates etal. 2014) A study of genes
differentially expressed within flower, root and leaves from greenhouse grown red clover plants
(Chakrabarti et al. 2016 And a study of comparative gene expression in flower bdidgeak seed

setting plants compared to high seed setting plaitsvi et al. 2017)
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1.9. Approaches to analyze candidate g ene functions

After the identification of candidate genes based on the transcriptome analysis approach, the next
step is the determinatiorthe function of the candidate gene. For reverse genetic studies one
method to determine the function of a gene is thkaock out of this specific gene, followed by the
observation of the resulting phenotyp@<rysan 1999)AsT. pratense is a noimodel organism,
information about gene functions is rare. To expand the existirgMedge of the gene function
several possibilities exist to investigate gene function in -mmdel organism. One is the
investigation of knock out mutants in other model plants lkethaliana, as for this model plant
exist a huge collection ofDNA inseion lines(Berardini et al. 2015)Those lines can help to reveal
the function of the gene of interest by knocking out the géfigure 3. Thereforethe gene structure

is destroyed by the ingdon of agrdbacterialt-DNA Depending on the position of the insertion and
depending of homozygosity or heterozygosttye effect can be differenfKrysan 1999)n generait

is possible to draw conclusiotsed on the observed phenotype to the function of the gene and
then also to thefunction of the gene inT. pratense. This might extend the information based on

sequence similarity as obtained from annotation against different databases.
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Figure 3 Schematic illustration of the origin of a-DNA knock out mutant. T plasmid (pink bar) is carried bn
agrabacterium. This bacterium can transfer theDNA, a part of the Plasmid, into the genome of a plant cell (green
square), withinthe genome of the plantthetA y a SNIiA2y Oly Ol dzaS | 1y2012dzi 27F |
happen in detail. Within the dashed line circle thaild type gere is shown and underneath the gene with the@RNA
insertion. Based onKrysan (1999Figure was made usindnkscape Albert et al. (2014) (V. 0.48; available at:

https:// inkscape.org/de/).

Based on a phylogenetic analysig\ééga et al. 2015) can be shown thal. pratensaliverged from
A. thaliana approximately95 million years ago (fige 4), and it is closely related tdM. truncatula

(split 23mya). This shows, that by usidgthalianaas an organism to studyl. pratensegenes it has
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to be considered, that the results should be interm@tarefully. It is known that several pathways
or genefunctions are conserved throughout th@ant kingdom, nevertheles3. pratensespecific
genes or pathways can merely be displayed witthalianaand need further investigation. Still it is

a first step to attain information about something wiasormation are lacking. The use Afthaliana
mutants to study gene functions ih pratenseshould be used as a basis on which further research is

suggested.

Million years ago

Figure4 Maximum likelyhood tree representing the phylogenetic relationship and divergence time in million years ago
(MYA) between red cloverM. truncatula, L. japaiicus soybean and common bean from each other, and from

thaliana. As shown invega et al(2015)

1.10. Aims of this study - workflow for the T. pratense transcriptome

analysis and phenotypic mo nitoring

Herel used thetranscriptomeanalysis to identify regrowth pattesand for a better understanding
of the different ecological conditions between fields. The regrowth pattexpected should include
genes related to mpwth, development, signalg, phythormones and transcription factors. |
hypothesized that those genes are responsible for phenotypic, molecular or morphological changes

in response to the mowing/cuttin@igure 5)
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A Transcriptome Analysis B Phenotypic Monitoring

| Sampling and RNA Extraction| | Rearing of T. pratense Plants|
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1 - Plant Architecture

- Leaf Morphology
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Figure5 Workflow for the transcriptomeanalysis and the phenotypic monitoring. A) transcriptome analysis starting with
sampling and RNA extraction frofi. pratensematerial. Followed byRNAsequencing assembly and annotation of the
obtained short reads. Afterwards analysis of the transcrgihes to identify candidate genes. Analysis inclieleggene
ontology enrichment and digital gene expression (top 20 differentially expressed contigs and classification of
differentially expressed contigs). Ssdtion of candidate geneds based on the analysi Functional analysis of the
candidate genes with gRPCR and-DNA insertion mutant lines irA. thaliana. B) Phenotypic monitoring starts with
rearing of T. pratenseplants. Followed by the documentation and observation of cut and uncut plants. Aftervsathe

data is statistically evaluated.Figure was made usingnkscape Albert et al. (2014) (V. 0.48; available at:

https://inkscape.org/de/).

So far it is not known when those changes in shoot EaVesform take place exactly. Also it

remains unclear ithis is a dynamic plasticity and if so when the plants switch back to the previous
phenotype. Moreover it is not clear if the interruption of the growth due to the cutting initiates a

specific cutting response or if plants simply repeat the growth patteym the initial growth phase.

This would mean that they show no specific plasticity in response to the treatnhemnt to

SOlLfdzZ G6S GKAA Y2NLIK23ISYSGIAOSNBEORFASNEY K2ygbygal
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Thereforel do not want to evaluate justhe direct effect of such land use scenarios, by comparing
before and after states with each other, nor devant just relay on commercial productive traits.
Furthermorel want to get a comprehensive picture of the phenotypic plasticity in responsentb la
use scenarios over time. To achieve thitmpare the characteristically developmental patterns of
undisturbed growing plants with treated planfiigure 5). This enables to differentiate between the
phenotypic plasticity due to developmental procesg@&omagalska and Leyser 2014nd the
morphogenetic changes in response to the cutting. This can be the basis for further breeding
approaches or the inspiration for optimal mowing strategies, as investigating the fundamental
processes underlgg the response to the mowing means also investigating the mechanisms to

improve persistency and therefore improve crop vyield.

Questions anchypotheses

Regowth and phenotypicplasticity (phenotypi@l and molecular)

1. Documentation of regrowth behaviorf oed clover plants in the field

2. Phenotypic plasticity of plargrchitectureand morphology in response to the cutting

3. Regrowthreactionson a molecular level from three different locations

4, |dentification of candidate genes responsible for the ebsd changes and regrowth processes

6. Functional analyses of candidate genes involved in regrowth darphenotypic plasticity
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crops and allows low -performers to catch up: A case study of Trifolium
pratense, 8 j OAA Al T OAOQ6-6

In order to identify the morphological changes in response to cutting or mowing a comprehensive
phenotypic monitoring experiment witfi. pratense was conducted, the results of this experiment
are already published in  Herbert et al.  (2018) (accessible at:
http://onlinelibrary.wiley.com/doi/10.1111/plb.12695/full). Here | want to summarize thejar

points of the publiction.

With the phenotypic monitoring experiment the following questions should be answered: are the
plants able to compensate for the loss of biomass due to cutting? Do the cut and regrown plants
differ in plant architecture or leaf morphology to the cowitplants? Which growth patterns can be
observed during regrwoth (specific regrowth pattern or repetition of initial growth phase)?
Therefore seds of a regionall. pratensepopulation covering Thuringia, Saxony, SaxaAnialt,
Thuringian Forest and Uckeamtk (Germany) were obtained from the Rieger Hofmann seed
company (Blaufelden, Germany). The 150 red clover plants in their pots were placed into a topless
frame (1.50 m width x 10 mmgth x 0.1 m height)The frame was placed in the experimental field of
GKS 02GF yAOI f Ay al A Glisbighaversityd AlINIRGS plants: viere @risvh inWdza G dza
approximately 5 cm distance to the neighboring plant. On July 30, 2015, half ofathis plerecut

to 5 cm above the soil surface. The tipeint and height ofcutting correspond to good agricultural

practice in the area.

Based on the data attained from preliminary experiments in the greenhouse with 40 red clover
plants (data not shown) | could determine which plant characteristics should be measured and how
often. Red clover plants were measured weekly for plant architecture, leaf morphology and growth
performance. Plant architecture was characterized by counting main branches, leaves and

inflorescencegfigure 9.
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Figure6 Schematicillustration of red clover architecture. Leaves, inflorescences and main branches were counted to
determine plant architecture. Main branches were defined as branches of which shoots branch of. For the completeness
branches of second order are showikigue was made usingnkscapeAlbert et al. (2014)(V. 0.48; available at:

https://inkscape.org/de/).

For the description of leaf morphology five typical leaflets of each plant were measured for leaflet
width, leaflet length and petiole length, and thheundness andsurface area of each leaflet wee
calculated (figure 74&). Growth performance wadeterminedby calculating the leaf area (amount

of leaves x surface area of leaflets), the cumulative leaf are& dlea plus leaf areeemoved by
cutting) and theabsolute growth rate (AGR) of leaf area per dayemplary leaves of different

shapes and size are shown in figure 8.

A B Measurments
width leaflet
N
petiole
l(?_a)\ﬂff length leaflet length
leaf
Calculations
leaflet roundness leaflet size
r=length/width A=§ b
l' \\
I \
[} 1
o
\ I
D]
o
\~,

Figure 7 Leaf Morphology. Red clover shoot with two leaves, consisting of three leaflets each. B Measurentents
determine leaf morphology. Length and width of leaflet and petiole length was measured. C Calculations to determine
roundness (r) and size (A) of leaflet&igure was made usindnkscapeAlbert et al. (2014)(V. 0.48; available at:

https://inkscape.org/de/).
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elongated drop shaped heart shaped

Figure 8 Diversity in leaflet form and size in T. pratense. The four representative leaflet forms: elongate (a, e); drop
shaped (b, f), hearshaped (c, g) and round (d, h) with corresponding length/width ratio as a meament for
roundness of the leafletsPictures were taken by Denise Herbert, figure was edited usingscapeAlbert et al. (2014)

(V. 0.48; available at: https://inkscape.org/de/).

The statistical evaluation of the data was done in cooperation with Dr. édenEckschmitt from
Justus Liebig University, Department of Animal Ecology. The resulte ekgieriment fromHerbert

et al. (2018)revealed, that the cuand regrownplantshad less mi branches, as well as fewer and
smallerleaves compared to the contrgllants In comparison to the control plants, the regrown
plantsproduced 17% more cumulated leaf ang@ure 9) This could be explained by variationthe
growth strategy of theplants where the cut plants displayeal second growth phase, while almost
half of the control plants did not. The results of the experiment led to the assumption that a second
growth phase is caused in the cut plants thuséasing yield due to simulation of natural loss of

biomasgfigure 10)
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Figure9 Development of plant growth ofT. pratense shown are medians and 90% percentiles. Control plants: green
line, cut plants before cutting: blue linecut plants after cutting: red line. Flowering periods are indicated by horizontal
lines in figure A. The dashed vertical line indicates the time of cutting. A) Plant leaf area, B) Cumulated leaf areat, i.e. ¢
+ re-grown leaf area in the cut plants, Cgaf-area of control plants and cut plants raligned in time, D) Absolute growth

rates (AGR) of control plants and cut plants-atigned in time. (Figure as shown Herbert et al.(2018)
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Figure10 Examples of the form variation between individudl. pratenseplants on day 104 after sowing: A) Cut plant in

GKS NBINRGUK LIKFAST .0 &l AIK LISNE2 NIRRAVVINZ { 023 & YHifd LIy BZR A/A0
between individual plants: DDevelopment of plant leaf area in the five besgfrowing (light green) and the five least

growing (dark green) control plantss) Relation between the leaf area before cutting atfie cumulated leafarea after

cutting, showing the potential of each individual plant to grow later in the vegetation period (control plants in green, cut

plants in red), F) Relation between growth period length and maximum leaf area, illustrating eardgateon of growth

and reduced leafarea in some control plants compared to the cut plants (control plants in green, cut plants in red).

(Figure as shown inlerbert et al.(2018)

Based on the results of the experiments it was possible to get a detailed picture of the regrowth
processes, growth dynamics and phenotypic plasticity. The results of this experiment are the
basement for the transcriptome analysi$herefore during the candidate gene selection, genes

possibly involved in the observed phenotypic changes have been selected.
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3 Transcriptome analysis identified candidate genes regulating phenotypic

traits and architectural characteristics

3.1 Tissue sampling and location

The material for the RN&eq was collected from three locations (two fields and greenhouse) under

two conditions (mown/cut and not mown/uncufable 1 figure 11). Field plant tissue for RN8eq

was sampled on 11.06.2014 withinthelare 2 F G KS . A 2 RA @S NA A ((Fscherietlt 2 NI
al. 2010) located inThuringiaGermany. Material was sampled on four neighboring sides;mea/n

pastures and twanot mown meadows.After collection, the samples were directly stored in liquid

nitrogen. The taxonomic classification of the sampled plants was based on morphology
characteristics in the field. Greenhouse plant tissue was sampled on 11.11.2014, from two conditions
cut/uncut. In each scenario, plant material form mown/cut conditions was sampled approximately 14

days after mowing/cutting, to avoid sequencing of the transcripts related to the first stress response
(Asahina and Satoh 2BL For each site two replicas consisting of four pooled plants (shoot and

leaves of the plant) were collected (figur@-A3 provides exemplary pictures of collected plansor

the greenhouse samples, seeds of regiohapratensepopulations (from a rgion covering mainly

Thuringia, Saxony, SaxeAnhalt, Thuringian Forest and Uckermarck, Germany) were obtained from

the Rieger Hofmann seed company (Blaufelden, Germany). Plants were grown in 23°C with 16 h of
light in pots of 12 cm diameter in June 20P4ants moved to long day conditions (16h light with 22°C

and 16°C in the dark) in a growth chamber with constant climate conditions (guaranteed from a
heating/cooling system) three months after sowing. Plants in the greenhouse were watered every

day and 8 YLIR2 dzy R FSNIAE AT SN 6yQyQc Qb0 g1+ a 3IABSYy SOSN

greenhouse chamber in order to provide similar light intensity and conditions to each plant.

Neighboring fields Neighboring fields
Hainich-Diin Hainich-Diin

Greenhouse

HG 42 HG 08
TPNM3a TPNM2a
TPNM3b TPNM2b

Figure 11 Schematic illustration of the sequencednd analyzed transcriptomes. Green and brown squares: Sample

location HG 15 and HG 42; HG13 and HG 08 at Biodiversity exploratory HddtichLarge Square show neighboring
fields, small squares show replicas per site. Pink square: Samples collectedgreenhouse plants. Small Square shows

replicas. Figure was made usihgkscapeAlbert et al. (2014)V. 0.48; available at: https://inkscape.org/de/).
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Table 1 Overview of the sampling locations for the plant material. Names of thelds belonging to the Biodiversity
Exploratory or greenhouse populations are shown. As well as the location, coordinates and conditions (mown/cut and

not mown/uncut)

Name (replica) ID for RNA ID for analysis Location coordinates condtion
Seq (pooled replicas)
HG13 (HG13a/b) TPM2a, Fa(M) field N 51°15°35.7" mown
TPM2b E 010°22'46.5
HGO08 (HG08a/b) TPNM2a, Fa(NM) field N 51°16°20.7" not mown
TPNM2b E 010°25°07.5
HG15 (HG15a/b) TPM1a, Fb(M) field N 51°04°03.7" mown
TPMIb E 010°29'13.3
HG42 (HG42a/b) TPNM3, Fb(NM) field N 51°04°55.8" not mown
TPNM3b E 010°29°47.5
GHM (GHMa/b) TPGHMla, G(M) greenhouse b psnc on C cut
TPGHM1b
9ycnnQm
GHNM (GHNMa/b) TPGHNM1a, G(NM) greenhouse b p nc o n C uncut
TPGHNM1b
9ycnnQwm

3.2. RNASeqgand reference trans cription construction

Total RNA was extracted fromi. pratenseshoots and leaves, from samples from field and
greenhouse. Samples were collected in 15 ml falcon tubes and stored directly after harvesting in

liquid nitrogen before RNA extraction. All sampl€. pratenseshoots and leaves) were ground to a

fine powder in liquid nitrogen. Approximately 0.1 g of this powder was used for RNA extraction with

the NucleoSpi® RNA Plant Kit (Macherdyagel GmbH & Co. KG, Duren, Germany). Total RNA was
elutedwithen >f 2F wb! &S FNBS 461 GSNWP C2NJ wb! &S FTNBS ¢
Roth, Karlsruhe, Germany) were added to 100 mlolkvater and stirred for at least 3 hours.

P FTOSNBI NRa W Yt FfAljdz2zda ¢SNB (| S§cientifie/Reqlkadzi 2 Of I ¢
Darmstadt, Germany) was used for spectrophotometricalfasuring RNA concentration (table)A4

RNA integrity was checked with an electrophoresis. Therefore, 500 ng of total RNA were separated

on a 1 % agarose gel applying 85 Vfor4 i ¢ KS 3ISt g1 a adlrAySR 6AGK
Electrophoresis GmbH, Heidelberg, Germany) per 100 ml agarose gel. RNA integrity was diagnosed

by checking the 28 S ribosomal RNA (rRNA) band and the 18 S rRNA band. If they were distinct bands
with a honogenous staining and without smear, the sample was used. Isolated RNA was stered at

80 °C until use.
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3.3. DNA barcoding for taxonomic identification on species level

The taxonomic classification of the sampled plants in the field was based on morphology
characteristics, in addition, two other clover speci&s fepensand Trifoliumhybridum also grow in

those locations and can look similar To pratense As the sampling had to be performed in a short
period of time, | decided to verify the taxonomic idigy of the samples using a DNA barcoding
approach. For this reason | developed a DNA barcoding method based on the internal transcribed
spacer (ITS) (ITS4 and ITS5) regiofi fpratenselants, to verify the identity of the collected plants.

The ITS ragn is very suitable as a barcode for plants and to identify plants at a species level, as it is
easy to amplify and shows a high degree of variation in addition it was used in previous studies to
determine phylogenetic relationships within tHerifolium genus (Ellison et al. 2006; Watson et al.
2000) The barcoding method is based on the amplification follovigdthe digestion of the ITS
fragment of theT. pratenseplants. Thereby the ITS fragment is cut into pieces of different sizes,
which is species specific due to different restriction sites because it is a variable region. In
preparation the sequence of th&l'S fragments foil. pratense T. repensand T. hybridumwere
digitally digested with the program Bioeditlall 1999)with several restriction enzymes to idefy

which band pattern (size and number of the bands) we could eXpeetach clover species (tablg. 4
Based on those results (tablg 4n enzyme was selected. We choose Msel, this cannot distinguish
betweenT. repensand T. hybridum but it is possibldéo see a clear separation betwedn pratense

and the both other clover species. DNA was extracted ffopratensendT. repenglants, followed

by a PCR. The product gained from the PCR reactions were digested using Msel. Afterwards, the
digested PCRrpducts were applied on an agarose gel and the samples were identdigetion the

pattern on the gel.

3.3.1. DNA barcoding approach: RFLP of plastid ITS region

For the laboratory work the samples collected in the field were used (in total 32 samplesjyand
samples clearly identified a& pratenseand T. repensDNA was extracted using the quick and dirty
DNA extraction as described (Weigel and Glazebrook 200For the amplification of the ITS region
Primer ITS4 and IT§®hite et al. 1990were selected, producing an approximately 689 bp long
fragment for T. pratenseand T. repens A PCR was performed with two individuals of good DNA
quality and known taxonomic identity to check the specificity of the primers and optimize the PCR
protocol. Therefore, two individuals of good DNA quality were used, as a posiingol.
Additionally, one negative control was included in each run to deteatamination. The PCRas
optimized and then conducted with the collected clover species, based ofolib&/ing master mix
(table 2.
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Table2 Master mix for PCR reactions of ITS regionTofpratenseand T. repensDNA

Reagent Volume per reaction
ddH,0 opdH > f
C2NBINR LINAYSNI 6mMn>anv MOHPp >
WSPBSNES LINAYSNI omn>ao M®OHPp >
Buffer (10x Dream Taq)* p>f

dNTPs (10mM)* pl

Taqg (5U/pl)** 0.3ul

DNA 2ul

Total vdume 50ul

*Thermo Scientific,Frankfurt
**Dream Tag DNA Polymerase, Thermo scientific, Frankfurt

The standard PCR was a set of standard PCR cycles followed (denaturationjngnreea

elongation, table 3).

Table3 Cycler* settings fo PCR reactions of ITS regionTofpratenseand T. rependDNA

Cycler settings Temperature Duration
Initial denaturation dne 4 min

Standard cycle 35 cycles
Denaturation dne 30 sec

Annealing 55° 30 sec

Elongation THSB 1 min

Final Elongation THGB 7 min

* Biometra

The success of the RCamplificationwas evaluated by agarose gel electrophoresis. This made it
possible todetermine the positive and negative controls to exclude false positive or false negative

results due to contamination issues. For this purpose a 1.5% agarose (Biozym LE Agarose, Oldendorf,
Germany) solution based on TAE (Pasdic AcieEDTA) buffer (1Xyas prepared and 2 pl dhe

5b! &GFAYy 5bladlAyDu 6{SNBIs | SARSt6SNHE DSNXYIy
instruction manual (relation 1:20). For each gel, approximately 50 ml of 1.5% agarose gel solution

was used. After the agarose solidified, the chamber wadfillith 1x TAE buffer until the gel was
O2@SNBR® 5dz2NAy3 GKS ySEG adSLI GKS 23St at2da 6 SNJ
loading buffer (Thermo Scientific 6X DNA Loading Dye, Thermo Scientific, Frankfurt) with an
exception of one slotf 2 RSR gAGK | 5b! flI RRSNJ dal adawdz SNu
Frankfurt). Agarose gels were run at 85 V for 35 min. Pictures were taken under UV light (Biorad,

| SNOdz Sa> /[ FEAF2NYALOET G2 RAALIX L@ GKS 5b! X Ayl

Germany).
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The PCR template @t pratenseand T. repensvas analyzed in a RFLP analysis with Msel. During this
reaction the PCR template is cut in pieces of different number and size to enable a species specific
taxonomic classificatianThe digst reacton (table § was optimized and adjusted with the two
individuals ofT. pratenseand T. repensAfter the optimal conditions were found all sampled field

individuals were analyzed.

Table4 Expectation of the fragment size and numbef fragments after the digestion with MES | for three clover species
(T. pratense, T. repens, T. hybridyinThe smallest fragment (50 bp) df. pratenseis set in brackets due to its small size,
as it will not be possible to see it during the gel documatibn. Anyways it is not necessary for distinguish against the

two other clover species.

Species fragment size Number of fragments
T. pratense (50),120,200,370 3(4)

T. repens 150,450 2

T. hybridum 200,470 2

Table5 Master mix fa Digestion reactions* with Msel of PCR template Dipratenseand T. repens

Regent Volume per reaction
Msel (LU)** m > f

Cutsmart Buffer (10x)** H > f

ddH20 Mmn oy > f
Template HOH>f

Total volume 20pl

*Incubated at 37°C for 1h
*NEB, Frankfurt

The successfahe digest reaction, meaning the number and the sizes of the digestion, so the
expected cutting patterns, was evaluated by agarose gel electrophoresis (for details see section

above).

3.4. RNA sequencing and reference transcriptome construction

3.4.1. cDNA library preparation and transcriptome sequencing

The preparation of theomplementary DNACDNA libraries and the sequencing was conducted by
Eurofins genomics (Ebersberg, Germany). Therefore RNA of the samples of four individuals were
pooled together,each sample in an equal concentration to match the requirements of the

sequencing company Eurofins genics (Ebersberg, Germanyalfle A). The requirements were at
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least3p x3 2F G20GFf wb! LISNJ &FYLI S | yR I inibdddFSNNBR
O2yOSYyuUNY GA2Y 2F wmnn y3ak>td ¢2aGFf wb! &l YLX Sa ¢
preparation, including mRNA selection and fragmentation, stispetific cCDNA synthesis with insert

size of 150400 bp and ligation of adaptors, as well sige selection, PCR amplification, library
purification, and quality control. The 12 libraries were distributed to three channels, therefore four
libraries per channel of. pratensesamples were sequenced on lllumina Hiseq2000 with chemistry

v3.0, creatng 2x 100bp paired end reads, with a sequencing depth of 240 up to 360 million reads per

channel.

The following steps, including preprocessing, assembly, annotation, Gene Ontologgn(ie@nent

analysisand digital gene expression with DESeq2 were peréal in cooperation wittDipl-Inform.

ht AGSNI wdzLJL) 2F GKS 62NJAYy3 INRdzLI 4. AZ2AYTF2NYI GA O3
using their established pipeline. All analyses were performed after sigmu and in agreement with

me.

3.4.2. Preprocessing

FastQ files were unzipped and the ra@ad-quality of the RNASeqdata was checked with FastQC
(Andrews S. (2010FastQC: a quality control tool for high throughput sequence data. Available
online at: http://www.bioinformatics.babraham.ac.uk/projexffastqc). Illlumina adapter and low
quality  regions were trimmed using  Trimmomatic (Bolger et al. 2014)
(http://www.usadellab.org/cms/index.phppage=trimmomatic) with ILLUMINACLIP,
SLIDINGWINDOW:5:20 and MINLEN:50 options.

3.4.3. Assembly of reference transcriptome

Quality trimmed reads were pooled and digitally normalifethas et al. 2013Multiple de novo

assemblies were computed using Trini@rabherr et al. 20113nd Oase$Schulz et al. 201yith all

odd kmer parameters between 19 and 85. Additionally a genome guided assembly was performed

using Trinity on the draft genome @fifolium pratensel.0 (GCA_0005830054)L O @t yS{1 Sid | f
LOG @t yS1 . Bné redulting contigverlapping reads representing a possible transcript, see

Staden (1980) for first introduced definition)were screened for potential coding regions using

¢N} yas5SO2RSNI 6 d ¢ Nloginigs REYpMR S NI A DICAYW R ¢ Mbajabld NA LG & 0
https://transdecoder.github.io/. Accessed: 3darch 2017. The EvidentialGene pipelin&i(bert,

Donald. (2013a) and Gilbert, Donald. (2013b). EvidentialGene: mRNA Transcript Assembly Software.

Available:http//arthropods.eugenes.org/EvidentialGene/about/EvidentialGene_trassembly_pipe.ht
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ml. Accessed: 10 November 20j4vas applied to merge and filter the contigs based on the
TransDecoder CDS prediction. Completeness of the final contig was confirmed by cgntpatin
mappingrate of the nonnormalized reads to the contigShe sequence of the transcripts and the
amino acid translation of the most likely codisgquence of all transcripts can be found in e
Appendix (TpT_11 protein_sequences, TpT_14_ Trifolium_ipestetranscript). The raw sequence
reads as well as the assembly used in this thesis cabtagned from the working group of Prof. Dr.
Annette Becker, JusttsebigUniversity, Institute of botany, developmental biology of plants,

HeinrichBuff-Ring 3835392 Giel3en, Germany

3.4.4. Functional annotation

¢tKS O2yiA3a 6SNB dzLJ 21 RSR (G2 GKS a{ SipE@yets !yl f &
2009) to compute the functional annotation. SAMS uses different databases to compute the
annotation based on the bedtlasthit method, the databases used, include &#rot(Boutet et al.
2007) TrEMBI(Bairoch and Apweiler 199@nd PhytozomdGoodstein et al. 201Zg-value cutoff of
1le-5). For the final annotation, attribas like gene name, gene product, EC number and Gene
Ontology (GO) Number were extracted from the blast hits. All contigs were mapped tad.the
pratense reference genome using gmaiWu and Watanabe 2005)Contigs that could only be
mapped with less than 50% coverage to the reference genome were further investigated forlgossib
contamination. All contigs with top blastp hits against the Swissf®otitet et al. 2007and TrEMBL
(Bairoch and Apweiler 1998atabases and blastkAltschul et al. 1990hits against the NCBI
database(NCBI Resource Coordinato®18) not belonging to the Viridiplantae clade were filtered
out. Transcription factors were identified using a blastp search of the protein sequences against the
plant transcription factor database Potsdam (PInTFDBgrézRodriguez et al. 2010yersion 3.0,
http://pIntfdb.bio.uni-potsdam.de/v3.0/) protein database with anvalue cutoff of 1e4. For a
comparison of the whole transcriptome annotation against the plant PInTPB®zRodriguez et al.
2010) the results of the red clover whole transcriptome annotation against the PINTFDB of the
publicationChakrabarti et al(2016)were included. In addition the annotation of the whole genomes
of G. max (Wm82.a2.v1)A. thaliana (TAIR10)M. truncatula (Mt4.0v1l) andT. pratense (JGI(v2))
against the plantranscription factor database (PlantTFDB) Peking has been indliideet al. 2017;

Jin et al. 2014; Jin et al. 2018jttp://planttfdb.cbi.pku.edu.cn/index.phjp The filescontain the
functional annotationdescriptionof all transcripts and results of the annotation against PINTFDB

Potsdam can be found the e-Appendix (TpT_03_annotation, TpT_13_TF_Potsdam).
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3.5. Differential gene expression analysis

3.5.1. TPM

For the rough estimation of the digital expression level of every contig throughout the 12 libraries
the transcript per million (TPM) values hageln calculated(Wagner et al 2012) The TPM
normalization method is suitable for comparisons between different libraries. Thereby within a
library the number of reads per transcript (read count) is divided by the transcript length, resulting in
G§KS GaNBFRa LISNJ (Thid i2 domedof eachwranycript anddftérvadaispball of the RPK
values within a library are count up. Then this number is divided by 1,000,000 which give the scaling
factor. Afterwards each RPK value is divided by the scaling factor. Therefore eachHawahe

same sum (1,000,000), when cunt up all TPM values and is comparable to other lidrheeEPM
values can be found in the&ppendix (TpT_10_TPM).

3.5.2. DeSeg? to identify differentially expressed genes

Read counts for each contig of the finasambly in each sample were computed using R&Ekhd

Dewey 2011with bowtie mapping. To identify th&rifoliumgenes that are differentially expressed
during the regrowth process a pairwise comparison of all treatments for differentially expressed
transcripts was computed using the DESe@@ve et al. 2014)ool with FDR <= 0.01 and
logFoldChange= 2. Between field HG13 mown (including replica TPM2a and TPM2f¢ldnd G08
(including the replica TPNM2a and TPNM2b); between field HG15 (including the replica TPM1a and
TPM1b) and HG42 (including replica TPNM3a and TPNM3b); between greenhouse mown libraries
(including replica TPGHM1a and TPGHM1b) and greenhouse awant fibraries (including replica
TPGHNM1a and TPGHNM1b). In addition to detect transcripts which with altmyvfrd change, |
repeated the analysis for the greenhouse samples witHogFoldChangeof < 1. Using the
Bioconductor(Huber et al. 2015package, Deseg@ ove et al. 2014nplemented in RStudi(Racine

2012) with the program R(Team 2014)The top 20 differential expressed candidate genes were
determined for each comparison based on the expression strength (log2foldchange). With the
existing annotation fronPhytozome(Goodstein et al. 2012)f the T. pratensegenome homologues

were searchedor each candidate contig within the next plant species other thapratenseand the

next homolog inA. thalianausing PhytozoméGoodstein et al. 20123nd TAIRBerardini et al. 2015)

In addition the description provided from Phytozor{oodstein etal. 2012)and TAIRBerardini et

al. 2015)for each contig and homolog was used as a base to perform extensive literature research
for each candidate contig to get more information. In additiorthe top 20 candidate genes, further

candidate genes were selected within the list of differentially expressed genes of the greenhouse
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mown and greenhouse not mown comparison (both lists were used) based on the classification.
Input files for DeSeq2 analis (logFoldChange >= 2)}Appendix folder TpT_01), information for
DeSeg2 analysis of greenhouse transcriptomes logFoldChange  =WApp&adix:

TpT_04_Rscript_second_Deseq_analysis, TpT_05 read_counts),

3.6. GO enrichment analysis

For further explore thaligital gene expression results and to find more candidate genes/ to identify
differentially expressed gene clusters an enrichment analysis with Gene Ontology (GO)Gamus

et al. 2003; Ashburner et al. 2000; The Gene Ontology Consortium 2@/ performed. Those

enrichment analyses can identify overrepresented GO terms. For each pairwise comparison, the up
regulated genes, for each treatment separately, were screened facleen and depleted GO terms

using the G&eq packagdYoung et al. 2010)The results othis analysis have been visualized with

the program GOplofWalter et al. 2015)mplemented in RStudi@Racine 2012)ith the program R

(Team 2014)Input files for GoSeq analysis can barfdine! LILISY RAE T2t RSNJ & ¢ LI Y n m
GOplotcanbe foundine LILISY RAE G ¢ LI ynHYD2LIE 20 Ay LIzGwFALE S&¢ D

3.7. Classification of the differentially expressed genes

So far the most databases for functional annotation like Gene ontolddne Gene Ontology
Consortium 2017Ashburner et al. 2000pr KEGG metabolism pathwagisanehisa 2000jnostly

relays on data (experimental or predieaf) based on model organisms (human, mousethaliang.
Therefore, best results can be obtained when using sequence or molecular genetic data generated
from those organism. When using those functional annotation databases withmaatel organism

the resuts are often misleading, unsatisfying, and patelgading to loss of information (personal
observation). To avoid and overcome those problems, | decided to create an own functional
annotation for the dataset including the differentially expressed gésts bbtained from the Desq2
analysis. Therefore | used the description and gene names obtained from TrEBHideh and
Apweiler 1997and SwissPraBoutet et al. 2009nd made a database searitttluding UniPro{The
UniProt Consortium 2017NCBINCBI Resource Coordinators 20463 TAIRBerardini etal. 2015)

to get further information if necessary. Based on my results | grouped the contigs in functional
groups. The groups were created based on the information which gene classes or families are active
during the regrowth process. For example growgtated genes were grouped in the class "growth",
genes related to development in the group "development”. Within those groups, if possible
subgroups were formed providing further information. In general it was waived to provide too much

information, as tle functional annotation should provide a simple classification method to A)
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describe the dataset and B) give hints which genes could be potential candidate genes. For the
selected candidate genes a comprehensive detailed literature research was perfdmietal, 1058
contigs were grouped in 16 main classes and 221 subclasses. Detailed information, to each contigs

corresponding class and subclase ba found in the eAppendix(TpT_06_Classes DEG)

4. Results

4.1. DNA barcoding

The T. pratensesamples fo the RNASegwere partly sampled in the field. Before collecting and
freezing the samples were taxonomically identified. Nevertheless to be sure about the identity of the
sampled material, | designed a DNA barcodeTiopratense Therefore | amplified p&s of the ITS
region followed by digestion with the enzyme Msel. The idea of this RFLP method is that due to the
high species specific variation within the ITS region the digestion of the amplicon will lead to species
specific number of fragmentof diffeent size (table ¥ what can be shown on a agarose gel. In figure

A6 a picture of the species specific fragment patterns of the two control planis pfatenseandT.
repensare shown. It is clearly visible, that depending on the species fragmentfferedi size and
number are produced. Fof. pratensethree fragments are visible (370 bp, 200 bp, 120 bp) as
expected based on the digestion with Bioedit (Hall 1999). The fourth fragment of 50 bp is not
displayed as the resolution of the agarose gel is bmd. Nevertheless, as just pratensewas
expected to produce more than two fragments this is an identification criterion. Also as expected
based on the Bioedit (Hall 1999) resulls repengroduces two fragments (150 bp and 450 bp). The
procedure wasconducted with all field samples prior the RNA extraction, and RNA extraction was
only performed with samples that successfully passed the DNA barcoding. All of the samples used for

the RNA extraction areagble A 3.

4.2. RNASegand reference transcript ome construction

RNA extraction was successfully performed and all quality and quantity requirements were matched
(see Material and Methods). Normalized species specific libraries were successfully constructed from

MRNA isolated from pooled samples offddints. Atotal of 608,041,012 raw reads were obtained.

4.2.1. RNASeqresults and de novoassembly

In order to investigate the transcriptome profile of the pesbwing and regrowth processes, the

obtained RNA libraries of. pratensecut/uncut plants fran field/greenhouse were used for deep
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sequencing with an lllumina &&q 2000. The RN§8eq produced a total number of short reads
between 44.7 and 58.fnillion for each library (table)6 Two libraries are an exception, consisting of
1.7 and 71.1 million r&ds. General statistical values have been calculated forTth@ratense
transcriptome and are shen in table 7 Thede novoassembly of the reference transcriptome Bf
pratenseproduced a total number of 4843 transcripts, of which it was possible tonatate 41505
transcripts and to identify 2981 transcripts as plant specific. The minimum length of the transcripts
was 124 bp, the maximum length 1171.31 bp. The N(50) value gives the information that half of the
nucleotides within the assembly belomg contigs with N50 length or longer, in my study the N50
value is 1656bp. The N(90) value is the minimum contig length to cover 90% of the reference
transcriptome for T. pratenseit is 539 bp. After thede novoassembly of theT. pratense
transcriptome, vith all 12 libraries, each library was mapped back against the reference
transcriptome individually. Therefore it was possible to identify which transcripts and transcript
abundance belongs to which library, therefore transcriptome. Additionally the magppinthe
individual libraries against the reference transcriptome gives a quality value, how much percentage
of the individual libraries are mapping against the reference transcriptome. Thereby a value above
70% is favorable. For thie pratensdibrariesthe values are étween 77.85% and 90.32% (table 8

Table6 Number of reads for each sequenced library (transcriptome 1D) before and after trimming.

Transcriptome 1D Number of reads before Number of reads after trimmig
trimming (bp) (bp)
TPGHNM1a 44,679,882 44,106,908
TPGHNM1b 52,669,329 52,139,019
TPGHM1la 57,463,076 57,116,250
TPGHM1b 48,727,256 48,173,113
TPNM2a 46,901,963 39,048,065
TPNM2b 58,548,464 50,712,601
TPNM3a 71,179,330 62,152057
TPNM3b 58,145,199 51,120,501
TPMla 49,461,360 42,936,125
TPM1b 17,393,123 14,660,131
TPM2a 48,390,622 40,114,769
TPM2b 54,481,408 44,674,878
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Table7 General features of the transcriptome of. pratense

Total number of transcripts 44,643

Total number of anntated transcripts 41,505

Min length of transcripts 124 (bp)

Max length of transcripts 15,551 (bp)
Mean length of transcripts 1,171.31 (bp)
Median length of transcripts 888 (bp)

N (50) 1,656 (bp)

N (90) 539 (bp)

Table 8 Overdl alignment rate. How good match the single transcriptome to the constructed reference transcriptome.

Values over 80% are good.

Transcriptome ID Overall alignment rate (%)
TPGHNM1la 77.85
TPGHNM1b 79.91
TPGHM1a 81.23
TPGHM1b 82.36
TPNM2a 85.49
TPNM2b 83.64
TPNM3a 87.21
TPNM3b 86.41
TPM1la 85.14
TPM1b 85.66
TPM2a 90.32
TPM2b 87.27

The data of the assembled reference transcriptome was mapped again$t fratensegenome 1.0
(GCA_000583005.) L &Pt SG I f & Hnwmn T Ther€faredthrgeSdsultSfar edci @ H 1
contig have been possible: 1. The contig could be mapped td th@atensegenome, to a known

locus and could be annotated with ah pratensed Sy 2YS ARSYUGAFASMDWOGCt Al
f20dza¢ 0 Hd ¢KS 02y praenseRSg 2RY 55 ovdziLILIS2R Hiy2 dnyK(Sy 2 ¢
Fyy20lFGA2yE adzyl{y26y 20dza€0 o OT. pratéhseDRWAIRSE  OR dz
G yy2ial (A 2y JThedeguissshoived Qiluati68% dfetid4643 contigs could be mapped to
theT.pratens@ Sy 2YS (2 | (1y26y 20dza o0ac¢t ¢ ITypsarnsd G A2y 0.
3Sy2YS G2 |y dzyly2e6y t20dza 6a-[ h/ € | yypeatersdl A 2 y 0
ISy 2 YS loyay 2(figlréilR)2 y 0
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Gdzy|y26y t20dzaé¢ FyR aly26y f20d&é 060t dzS O2f 2NBRatense2 (KS
transcriptome (red colored).

Within those three groups it was evaluated if the contig: A) got a pgpetific annotation B) no

annotation C) got an neplant annotation from the NCBI databagbCBI Resource Coordinators

2016) (figure 13, table A&). Within the contigs that add be mapped to a known locus to the
pratensegenome 86% could be identified as part of the Viridiplantae, 6% could not be annotated

with the NCBI database the remaining contigs were grouped to other species (Insecta, Virus etc).
Within the group of catigs that could be mapped to an unknown locus opratense68% belong to

the Viridiplantae and 25% could not be annotated. In the group of contigs that could not be mapped
against theT. pratensegenome, in total 28% could be identified as plapecifc and 13% attained

no annotation. The remaining contigs got annotations from other species, different to plants. As

1657 contigs with a plargpecific annotation could not be mapped against thepratensegenome

(new locus), it was decided to performda novoassembly and do a mapping against thepratense

genome afterwards. Instead of assemble all reads of thiliumtranscriptome by mapping all of

the reads to thel. pratensegenome directly, as so the information of the contigs that could not be

mapped against th&. pratensegenome would be lost. In total 67% (29781) of all annotated contigs

are plantspecific, 9% (3934) could not be annotated and the remaining 10928 contigs were not

plant-specific(figure 13, A 7)
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Figure 13 Annotation of the T. pratensetranscriptome. A. Contigs could be mapped to th&. pratensegenome, to a

known locus and could be annotated with th&. pratensed Sy 2YS ARSYGAFASNI 6dac¢t alyy2aGl A2
contig could be mapped to thd. pratensedI Sy 2 YSS odzi G2 Lty dzyly26y f20dzda o6a-[ h/ é
Contigs could not be mapped to thd. pratensed Sy 2Y-6 byy2il GA2yT ayS¢é 20dzaé¢0d 50

annotation. Percentage of the contigs belonging to: Viridiplar(green colored), no hit (light green colored), Insecta (ligt

brown colored), Virus (purple colored), Bacteria (light purple colored) and other species classes (brown cplBrgdre

was made usindnkscapeAlbert et al. (2014)V. 0.48; available at: hfis://inkscape.org/de/).

4.2.2. Annotation with the help of several databases

The plantspecific contigs have been annotated with different databases like cluster of orthologous
groups (COGTatusov et al. 2000r GO(Ashburner et al. 2000; The Gene Ontology Consortium
2017) In total of the 44643 assembled contigs, Z81 contigs could be annotated with plant
specific. The results of the annotation with SwissR@wutet et al. 2007) Tremble(Bairoch and
Apweiler 1997) COGTatusovet al. 2000)and PInTFDBPérezRodriguez et al. 201@re listed in
table 9
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Table9 Annotation of T. pratenseplant-specific against different databases

total plant-specific caitigs 29,781
PINTFDB 6,254
E.C. number (Swissprot/Tremble) 9,781
GO (Swissprot/Tremble) 25,648
COG 28,947
Gene naméSwissprot/Tremble) 16,547

4.3. Functional description of whole transcriptome database

The assembled reference TranscriptomeTofpratense was described using the PInTF[MBerez
Rodriguez et al. 201@nnotations €-Appendix TpT_13 TF_Potsdaand the COG Classifications
(Tatusov et al. 2000)e-Appendix TpT_03_annotatipn In addition the esults of the whole
transcriptome annotation against the PINTFDB of the st@iakrabarti et al(2016) have been
included as well as the annotation of the whole genomesGofnax (Wm82.a2.v1)A. thaliana
(TAIR10)M. truncatula(Mt4.0v1) andT.pratense(JGI(v2)) provided from the PlantTFDB (PeKikig)

et al. 2017; Jin et al. 2014; Jin et al. 2009)e functional annotation of the reference transcriptome
with the transcription factor database resulted in a total of 6027 annotated contigs. The main
transcription factor family is the NAC (609 contigs) family, followed by the FAR1 family (579 contigs),
MADS family (526 contigs), and WRKY family (404 corffigsye 14A. Within the study of
Chakrabarti et al(2016)in total 8373 contigs out of 37,565 contigsut be annotated with the
plant transcription factor database. The largest transcription factor family within this transcriptome
study was MADS (613 contigs), followed by C3H (600 contigs), FRA1 (522 contigs) and NAC (510
contigs)(figure 14B) Both wholetranscriptome annotations with this database show similar results,
as well as in the number of annotations and the main represented transcription factor families.
Within the T. pratensggenome 2065 contigs got a transcription factor annotation. The twgelstr
groups of transcription factors are bHLH (162 contigs) and ERF (141 c@igigs) 14F) In the M.
truncatulagenone 2741 annotations against the plant transcription factor database) also bHLH (259
contigs) andethylene responsive factorsERF, 197contigs) are the two largest groups of
transcription factor familiegfigure 14E)Within theA. thalianagenome (2269 annotations) the two
major groups of transcription factor families are bHLH (225 contigs) and MYB (168 c(itigs)
14C) In the genme of G. max6150 contigs could be annotated with the plant transcription factor

database, resulting in two major groups bHLH (548 contigs) and MYB (430 c(igig®) 14D)
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Figure 14 Distribution of transcription factor fanilies within transcriptomes and the genome of red clover and genomes
of model species. (A) abundance of plant transcription factor families within the whole transcriptomes of shoots and
leaves of mown/not mown red clover (annotated with the plant transctipn factor database of Potsdam) (B)
abundance of plant transcription factor families within the whole transcriptome of red clover flowers,rott and leaves of
the study of (Chakrabarti et al. 2016Jannotated with the PINTFDB Potsdam) (C) abundance of transcription factor
families within the A. thaliana genome(annotated with the PlantTFDB Peking) (D) abundance of transcription factor
families within the G. maxgenome (annotated with the PlantTFDB Peking) (E) atamce of transcription factor families
within the M. truncatula genome (annotated with the PlantTFDB Peking) (F) abundance of transcription factor families
within the T. pratense genome (annotated with the PlantTFDB Peking). -FC data available at
http://pl anttfdb.cbi.pku.edu.cn/index.php (Jin et al. 2017;id et al. 2014; Jin et al. 2015Figure was edited using
InkscapeAlbert et al. (2014)V. 0.48; available at: https://inkscape.org/de/)5 | G @A adz t ATl GA2y 61 & AR
Toolbox addin for Excel, version 7.2.12, by Daniel Kraus, Wirzburg, @®rriwww.xltoolbox.net)(Kraus 2014)

An additional functional annotation for describing the reference transcriptome wag deing COG
classifications (figure 16 ¢ KS YIF Ay Of dzZAdSNJ 2F GKS Fyy20FG4A2Y

YIEYSR dGaz2oAf2YS tNRLKFISAa ¢NIryallRazyacés GKS &S
LINERAOGAZ2Y 2yfeod ¢KS G&KANRY Iy RI NI2ydzaNRidO GANRYdzLIAS C
(Posttranslational modification, protein, turnover, chaperones). Those functional annotations with a

few selected databases could help to get an overview oflthgratensaeference transcriptome.
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Figure15 COG functional annotation of the reference transcriptome ©f pratense The number of contigs belonging to

one of the 26 COG groups is shown in (A). The corresponding code to identify the COG classes is showkigaréBjvas

edited using InkscapeAlbert et al. (2014)(V. 0.48; available at: https://inkscape.org/de/)Data visualization was aided
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2014)
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4.4. Differentially expressed genes analysis reveals divers subsets of genes

involved in regrowth influenced by location and environmenta | conditions

4.4.1. Sample to sample distances and heatmap of d ifferentially expressed

genesgive an overview of number of genes possibly involved in regrowth

Prior to the digital gene expression, the quality and the similarity of the 12 transcriptomes wer
examined. Therefore, the Euclidean distances had been calculated between the samples. In
preparation data normalization (rlog transformation) was done, in order to avoid that the distance
calculations are dominated by some highly variable expressedgsoatid to make sure that all
contigs have roughly the same contribution. The results are presented in a strgdenple
distance (SD) heatmap and a hierarchical tree using Dedexy2 et al. 2014(figure 16) Figure 16
shows the similarity of each of the 12 transcriptomes to the remaining transcriptomes. The similarity
of one sample to another is expressed in the color intensity of a shared square. The darkeothe col
of the square the more similar two samples are. In addition a dendrogramm at the top of the graph
provides a hierarchical graph, representing the relationship between the 12 transcriptomes. The
graph shows that the highest similarity occurs when twontdml samples are compared to each
other. It became visiblg¢hat the greenhouse samples are more closely related to each other as to the
field sample as it was expected based on the experimental desidso the hierarchicalée shows

this relationshipas thetree shows two large branches leading to two groups. One group consisting of

greenhouse samples and one group consisting of field samples.
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Figure 16: Heatmap of sample to sample distances and hierarchical clustering. Haptrshows the similarity of the
greenhouse transcriptomes of the different treatments transcriptomes "mown" (mown) and "not mown" (mown). Color
intensity represents correlation of samples. Dark color means high similarity. Dendogramm shows the Euclidiancgis
between the single transcriptomes. Shows which samples are similar to each other and which are different. Can help
answering if this does fit to the experimental design.Heatmap shows the Euclidean distances between samples of rlog

transformed data.

For the understanding of the detailed processes happened during regrowth and stress response to
mowing or cutting processesnoa molecular levea digital gene expression analysis with Deseq2
(Love et al. 2014yvas preformed Therefore the following comparisons: field HG13 mown (Fad/)

field HGO8 not mown (FaNMfield HG15 (FbMys HG42 (FbNMyreenhouse mown libraries (GM)

vsgreenhouse not mown (GNM)) were analgZer differentially expressed contigs (figuré)l
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mown

not mown
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Vs.

Figurel7: Mowing reaction. Relevant combinations &f. pratenselibraries for digital gene expression analysis (with the

R package DeSeq2) to determine contigs differentiadiypressed between condition (mown/ not mown). Large black
lined squares symbolize defined groups for comparison; colored squares symbolize the transcriptomes libraries,
consisting of two replicas. & shows the analysis schemes. A Differentially expresseatigs between field HG13 mown
(including replicas TPM2a and TPM2b) and field HGO8 (including the replicas TPNM2a and TPNM2b); B Differentially
expressed contigs between field HG15 (including the replicas TPM1a and TPM1b) and HG42 (including replicda TPNM
and TPNM3b); C differential expressed contigs between greenhouse mown libraries (including replicas TPGHM1a and
TPGHM1b) and greenhouse not mown libraries (including replicas TPGHNM1a and TPGHIRML®.was made using
InkscapeAlbert et al. (2014)V. 0.48; available athttps://inkscape.org/de/).

For every comparison (figure X7results have been listed in an excé$t | (eAppendix:
TpT_07_Deseq_logfold2_results, TpT_08_Deseq_logfold1l_result8h&)analysis was conducted
using the following pameters:adjusted pvalues (jadj) <0.02, expression strength/Log2FoldChange
(log2ZFolg <2 (<1) For a first impression, the number of differentially expressed contigs of each
analysis was documented, in addition with the information how many contigs of iffierehtial
expressed contigs are up/down regulated under which condition/treatment/locatiablé 10. The
results of the digital gene expression using the k@ <2, showed, that for every analysis the
number of DE contigs is between 1192. The numér of upregulated contigs is similar to the
number of downregulated contigs. When the Fmid®ange <1 was used for the analysis of the DE
contigs between the greenhouse samples, approximately 780 more contigs could be identified to be

differentially exprassed. Thereby over 50% more contigs are upregulated in the greenhouse mown
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treatment (GM2) than in the not mown sample€&SNM2) The second analysis of the greenhouse
transcriptomes with a lower log2FoldChange (<1) made it possible to include also ¢batigse
6SETSN RAFFSNByiGdAlLtte SELINBaaSR o0SiG6SSy avz2seyé

nevertheless might have an influence during the regrowth process.

Table 10 Table shows the differentially expressed transcripts (contigstween libraries (Analysis). Upor down

regulation for each comparison is shown.

Analysis total Number of transcripts up regulated Number of transcripts up regulatec
DEG (library) (library)

GM vs. GNM 119 54 (greenhouse mown) 65 (greenhouse not mow)

FaM vs. FaNM 142 49 (mown) 93 (not mown)

FbM vs. FbNM 122 59 (mown) 63 (not mown)

GM2 VS. GNM2 901 605 (greenhouse mown) 296 (greenhouse not mown)

(logroldChange<1)

To further investigate the results, heatmaps using the TPM values ofliffexentially expressed
geneswere designedfor the contigs of the DeSeq analysis using logFoldChangéhe?heatmaof

all analyses shows the number of differentially expressed contigs between the safigulies 18)

Each contig is represented withsquare colored the spectrum red to blue, thereby red means a high
expression and blue means a low expression. The dendogramm on the top of the heatmap
represents the similarity or dissimilarity between the samples/replicates. The dendogramm at the

left side of the heatmap represents the hierarchical clustering of tifikedintially expressed contigs.
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A Fa(M) vs Fa(NM) B Fb(M) vs Fb(NM)

Color Key Color Key
nd Histogram

HG 8a HG 8b 7 HG 15a HG 15b
not mown mown

HG 13a HG 42a HG 42b

not mown

HG 13b
n

C G(M) vs G(NM)

Color Key

GHa GHb
not mown

Figurel8: Clustering analysis of expression patterns for differentially expressed corntyg-C<2)A. Heatmap shows the
differentially expressed (DE) contigs between the field transcriptomes FaM (mown) and FaNM (not mown) B. Heatmap
shows the DE contigs between the field transcriptomes FbM (mown) and FbNM (not mowrble@map shows theDE
contigs between the greenhouse transcripmes GM (mown) and GNM (not mown). Shown are both replicas of each
library. Bars represent single contigs, expression strength is symbolized by coloe: tneans low expression, red means
high expression. A row dendogramm at the top shows the similaritytleen the samples. Figure was made using
DeSeqdLove et al. 2014and edited usingnkscape (V. 0.48; available at: https://inkscape.org/de/).

Theattained results ofthe DeSef analysis were examined and investigated in different ways. First,
all DE genes were classifigd functional groupgo identify groups of genes thare differentially
expressedetweenthe different treatments Afterwards, n order to find sinfarities, it was searched

for shared contigs between the different treatments. In a next step for the identification of potential
candidate genes, the top 20 differentially expressed (DE) genes were identified. In a final step
candidate gneswere selectd for further functional analysis, based on the log2 fold change and/or

based on their descriptian
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4.4.2. Classification of differential expressed genes shows major groups
involved in regrwoth
In total 1279 DE contigs could be identified in the four gsed(table 10) Those 1279 DE contigs

have been grouped in 16 main classes consisting of 248 subclaséds {1, eAppendix
Ge¢ LI Yyncyw/ ) aaSaPs59DE

Table1l1 Main classes based on the DE contigs. 16 main classes were developedup the DE contigs.

Main class

Definition

abiotic stress

abiotic/biotic stress

secondary
biosynthesis

metabolism

general cell functions

biotic stress

growth

signaling

photosynthesis

development

not available (na)

phytohormone

senescence

symbiosis

transcription

transposon

abiotic stress, includes all genes involved in pathways that are responding to a
stress like , salt, temperature (cold and heat), light, mechanical stress, drought s
water stress,. IPAddition all genes related to detoxification processes and path
were also included in this group. Including detoxification, (ROS und detoxifice
remove of radicals and other harmful metabolites

Includescontigsthat play a roé in both processes

secondary metabolite biosynthesis includes genes involved in pathways or ir
production of metabolites that do not belong to the primary metabolit
(carbohydrates, lipids, proteins)

metabolism unifies all genes related to storage, carbohydrates, energy production
other catabolic and anabolic processes

general cell functions involving processes necessary for normal cell survival, like
processing, ubiquitiation (other than signaling), cytoskeleton, transport (other th
signaling

biotic stress includes all contigs related to plant defense, pathogen attack, grow
response to pathogen attack, wounding

growth includes genes diregtlinvolved in growth process, also genes related to !
wall modification processes, secondary cell wall componentseleigation.

signaling includes genes related to processes for signaling like second messenge
surface proteins, trasmitting or transforming signals

photosynthesis includes genes related to photosynthesis and chloroplast genes

development includes genes related to development of embryos, seeds, flc
reproduction, morphogenesis, organogesis

na includes genes that have no annotation or a too general annotation which me
impossible to group them in one of those classes

phytohormone includes genes related tphytohormones pathways, inhibition,
synthesis signal transduction, indirectly or direcihytohormones

senescence includes genes related to plant cell death pathways, promoting senes
processes

symbiosis genes related to the symbiosis of legume plants with bacteria ¢eaali
nodule formation

includes all contigs that encode for transcription factaatso contigs that can binc
DNA contigs that are involved in gene expression regulation

transposon includes gene identified as transponsons alsoedticated transposons
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After the classification of the contigs of the DE lists, the percentage share of each class within each
individual list was calculated. The results were separated according to the treatment "mown" and
"not mown" , and according tohe log2FoldChange used in the DeSeg2 analysis (<&hdlapplied

on a bar chart together for comparisdfigure 19, figure 20)Within the samples of the "mown"
greenhouse cluster the three representing classes were "growth" (22%), "transcription” (@P6) a
"biotic stress"(9%). The smallest classes were "metabolism" (4%), development (1%) and
"abiotic/biotic stress" (2%). In total 54% of the contigs belong to classes most likely involved in the
regrowth process ("growth", "transcription”, "biotic stress"signaling”, "phytohormone" and
"development)(figure 19A, pink bars)The representing classes of the "mown" field FaM samples
were "abiotic stress" (6%), "metabolism"(5%) and "transcription"(4%). The groups that contribute
with just small number were "abtic/biotic stress" (2%), "growth"(2%) and "secondary metabolite
biosynthesis"(2%). In total 33% of the contigs belonged to classes most likely involved in the
regrowth procesgfigure 19A, brown bars)ithin the contigs of the "mown" field samples Fhikie
dominating classes were "growth" (15%), "biotic stress"(15%) and "general cell functions"(10%). 41%
of the contigs contributed to the contigs most likely involved in the regrowth proffeasre 19A,

green bars) Within the "not mown" samples, the repsenting classes of the greenhouse samples
were "metabolism"(12%), "biotic stress"(11%), and "transcription"(7%). The smallest classes have
been "general cell functions" (1%), "transposon”(1%) and "photosynthesis({igWk 19B, light pink

bars) The samles of the "not mown" field &M were represented by the main classes "biotic
stress"(25%), "growth"(16%), and "metabolism"(10%). The smallest classes were
"phytohormone"(1%), "signaling"(1%) and "symbiosis"({figlire 19B, light brown barsThe contigs

of the "not mown" samples of the field FONM were represented by the classes "biotic stress"(25%),
"general cell functions"(13%) and "transcription"(10%). The classes containing the smallest number
of contigs were "abiotic/biotic stress"(2%), "developmd@®) and "photosynthesis"(2%ligure

19B, light green bars)he results of the classification of the DE contigs lead to the hypothesis, that
the field transcriptomes are more influenced by environmental conditions, which is reflected in the
DE contigs.nl contrast the transcriptomes from the greenhouse samples display more DE contigs
involved in regrowth processes and less contigs related to environmental conditions, as those are not
as abundant as in the greenhouse. Therefore the DE contigs of the gnesmihwere further
investigated by repeating the digital gene expression with a lower log fold change, to detect more

genes related to regrowth.
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Figure 19 Classification of differential expressed contigBeSeq2 analysis log2lE@hnage <2Percentage share of each class to the corresponding gene list is shown. Gene lists were prior
ASLI NFGSR AY aY2p6yé YR ay2G Y2eyeéd avY2gyé al YL SayY INB S p&s ad field b (FlaMR | R NJE NBISy | 002 2 &
Y246yé &l YL SAaY 3ANBSYyK2dzaS oDbaT fA3IKEG LAYy] O02f 2NBR 0 K&rchloredl bafs). Rgule was €ditdr aisThikdcadpeniiait etdo NP
al. (2014)(V. 0.48; available at: tps:/finkscape.org/de/). 5 G @GradzZ t AT I GA2y 61 a8 FIARSR o0& 5lyAastQa [ ¢22fo62E | RR
(www.xltoolbox.net) (Kraus 2014)
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Figure20 Classificationof differential expressed contigs. Percentage share of each class to the corresponding gene list is
aK2gyd DSyS fAaia 6SNB LINR2NMYRALIVRISYER XNW286YZ26VE YLIX SaYy 3N
O2t 2NBR O0INROD ay20i Y24y$é al YL SayY 3INBSYK?2dza Bksaamehleen T f A IK{
et al. (2014)(V. 0.48; available at: https://inkscape.org/de/)Data visuah T | GA 2y 61 a | ARSR o6& 51 yASt(
for Excel, version 7.2.12, by Daniel Kraus, Wirzburg, Germany (www.xItoolbox(Kefus 2014)

¢KS O2ydA3da Ay (KS f AailawitldgFoldBaBgeaANBSepriserded By a Y2 4 )
the main classes "growth" (28%), "metabolism" (13%) and "biotic stress"(8%). The smallest classes

are "transposon” (1%), "symbiosis" (19dd'abiotic/biotic stress"(1%). In total 54% percentage of

the contig belong to the classes most likely involved in the regrowth prdtigase 20A) The contigs

2F GKS fA&0 dzLINB3IdA I GSR Ay ay2d Yz2éeyé LI Fyda

a Y S dliend' (16%), "biotic stress" (8%) and "general cell functions" (9%). The smallest groups are

GABYOAZAAAE OM:I0ZT &GN yaLRHBarg20B)n do2 0 FyR aaSysac

4.4.3. Shared differential expressed genes between transcriptome libraries

In order to find similarities between the treatments and locations, the list of DE contigs were
examined for shared contigsThe Venn diagram shows the number of shared contigsirwitie

GY2oyé Al YL Qi ESAAdRAB Wabye RWitiniheS & 2@ ¥ E 3 dNB LI 18 2
F2dzNJ O2yGA3a GKIEG FNB RAFFSNByGAlLffte SELINB&&ASR
G2 FASER GUNXyaoONRLIi2YSa 6Coadc¢tam0d YR Claotta
contigs are shared between the field transcriptomEbNM(TpNM3) and FaNM(TPNM2)). No contigs

FNBE akKFNBR 0SiGgSSy Ittt GKNBS al YL Saz ySAGKSNI A

treatment.
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Figure21 Shared contigs between the different treatments and locations. The Vemagdams show the number of shared

O2yliAada oAGKAY GKS aY2syé alYLXSa o6!0 YR GKS ydzyoSNI 2F ackl
made using Vennyayailable at: http://bioinfogp.cnb.csic.es/tools/venny/index.html) Oliveros, J.C. (2062015) and

edited usinglnkscape (V. 0.48; available at: https://inkscape.org/de/).

¢tKS O2yGA3a GKIFIG 6SNB akKFENBR o0Si6SSy GKS (NI yac
GLIKRUG2K2NXY2y S aaSYSNIft OStf FdzyNIiyARGMNRE LG Ad20yAs2dE A
the contigs could not be annotatdthble 12, el LIISY RAE &G ¢ LI ynpy/ I YRARF GSyPl
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Table12 Shared contigs that are differentially expressed between at least two conditions. The table shows timsdript
name, the libraries in which the contig was found to be shared, classification, the homolog Phytozome and Tair ID and

the description of the homolog based on Phytozome ID.

Transcr Shared class Transcript name Phytozomeprotein description A. thaliana A.
ipt ID T. pratense locus name thaliana
gene
name
1 tdn_17 FaM/F growth XLOC_019311 - - -
5393 bM

2 tdn_60 FaM/F phytohormone Tp57577_TGAC_ GIBERELLREGULATED PROTEIN- AT1G75750 GASA1l
472 bM v2_mRNA7542.v RELATED
2

3 tdn_15 FaM/F general cell Tp57577_TGAC_ TUBULIN BETACHAINRELATED TUBUL AT5G62690 TUB2

2500 bM functions v2_mRNA8499.v  BETA4 CHAINRELATED
2
4 k45 61 FaM/F - Tp57577_TGAC_ - - -
20 bM v2_mRNA2166.v
2
5 tdn_11 GNM/F transcription Tp57577_TGAC_ MADS BOX PROTEIN AT5G1B00  AGL2,
0743 bNM v2_mRNA22030. SEP1
v2
6 tdn_12 FaNM/ biotic stress Tp57577_TGAC_ CHITINASE AT5G24090 ATCHIA
9843 FbNM v2_mRNA8012.v
2

7 tdn_93 FaNM/ development Tp57577_TGAC_ LEUCINRICH REPEAT (LRR) PRO AT4G2880 =

637 FbNM v2_mRNA2969.v ASSOCIATED WITH APOPTOSIS IN M
2 TISSUE
8 kb5 12 FaNM/ transcription Tp57577_TGAC_ PROTEIN ARGININE - ATPRMT6
670 FbNM v2_mRNA28947. METHYLTRANSFERABEIGATED
v2

9 tdn_15 FaNM/ - - - - -
2262 FbNM
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4.4.4. Top 20 differential expressed genes

Thetop twenty differentially expressed contigs lemson the log2 fold change of each analysis were
listed (table 1315, eAppendix: TpT_09_ Candidate_annotatiamd annotated with theT. pratense
genome and corresponding description available in Phytozome. In addition the homologous genes
within another pecies (and the corresponding description) and the homolodgoubalianaloci have

been searched in Phytozome. Far thalianaadditional information (gene name, description) have
been searched within the TAIR database. The TAIR ID correspondsAtotithbanahomologue and

is mentioned becausd@. thalianais the best studied plant model organism. In order to get more

information of each contig in the top twenty list, extensive literateeearch was done
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Table13 top twenty differentially expressedcontigs of GM vs. 8M analysis.The table shows the transcript name, log2foldchange of the corresponding transcript, the library in which the
transcript is upregulated (pattern), gene name based @n pratensegenome annotation, caresponding Phytozome description, gene name and species name of next homologushand
thaliana gene name and locus name based on information available on Tair.

ID Patter Contig ID log2 class Gene nameT. Pratense protein descriptionT. pratensgPhytozome) Next homologe next homologe A. A. thaliana
n Fold genename species name thaliana locus name

Chan gene
ge name

1 GHNM  tdn_99733 -9.5 growth Tp57577_TGAC_v2_mRNA4544.v - Medtr4g029550.1 M. truncatula - -

2 GHNM  k41_54584 -6.3  biotic stress Tp57577_TGAC2vmRNA28349.v2 EXO70 EXOCYST COMPLEX SUBUNIT (EX Medtr59073620.1 M. truncatula ATEXO70 AT5G58430

WRKY DNAINDING DOMAIN (WRKY) B1
3 GHNM tdn_92791 -5.5  abiotic/biot Tp57577_TGAC_v2_mRNA20498. CALCIUMDEPENDENT PROTEIN KINASE Medtrlg041150.1 M. truncatula ATCPK1 AT5G04870
ic stress RELATED

4 GHNM k41 13021 -55 - - - - - - -

8
5 GHNM  tdn_53091 -4.8  phytohorm Tp57577_TGAC_v2_mRNA39912. - Medtr4g010250.1 M. truncatula - AT5G20190
one
6 GHNM tgg_43136 -4.4  ftranscriptio Tp57577_TGAC_v2_mRNA29629. - Medtr4g098630.1 M. truncatula ANACO071 AT4G17980
n
7 GHNM  tdn_14183 -4.3 abiotic Tp57577_TGAC_v2_mRNA760.v2 GLUCOS&PHOSPHATE/PHOSPHATE Medtr2g022700.1 M. truncatula ATGPT2 AT1G61800
7 stress TRANSLOCATOR 1, CHLOROPLASTIC REL/
8 GHNM  tdn_40997 -4.2 abiotic Tp57577_TGAC_v2_mRNA25718. HEAT SHOCK 70 KDA PROTEIN 5 Medtr4g130540.1 M. truncatula HSP70B  AT1G16030
stress
9 GHNM  k71_5292 -4.1 biotic stress Tp57577_TGAC_v2_mRNA23166. LEGUME LECTIN DOMAIN (LECTIN_LEGB) Medtr0163s0020.1 M. truncatula LERK AT5G10530

IX.1
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table 13 continued

10

11

12

13

14

15

16

17

18

19

20

GHNM

GHM

GHM

GHM

GHM

GHM

GHM

GHM

GHM

GHM

GHM

k59_6358

tdn_86219

k23_11578

5

tdn_91159

k65_43517

tgg_18067

k61 38813

k49_82496

k67_38815

k45_11164

tdn_25484

8.0

8.0

8.1

8.3

8.4

9.0

9.0

9.1

9.6

9.6

growth

biotic stress

abiotic

stress

biotic stress

phytohorm

one

abiotic/biot

ic stress

biotic stress

transcriptio

n

growth

Tp57577_TGAC_v2_mRNA12337.

Tp57577_TGAC_v2_mRNA29036.

Tp57577_TGAC_vZ2_mRNA22071.

Tp57577_TGAC_v2_mRNA7745.v

Tp57577_TGAC_v2_mRNA6281.v

Tp57577_TGAC_v2_mRNA32019.

Tp5757_TGAC_v2_mRNA37976.\

Tp57577_TGAC_v2_mRNA41666.

Tp57577_TGAC_v2_mRNA29953.

Tp57577_TGAC_v2_mRNA13093.

POLLEN ALLERGEN (POLLEN_ALLERG_1) Medtr3g435430.1
LIPOPROTEIN A (REBKE DOUBIHES| BETA

BARREL (DPBB_1)

BETAGLUCOSIDASE,

PHLORIZINHYDROLA8H related proteins

HEAT SHOCK PROTEINSIP90 CGHAPERON

AHA1

PLANT
INHIBITOR SUBFAMILY PROTEIN

AMIDASE / ACYLASE

CHINTASE

Ataxin-2 cterminalregion(PAM2)

INVERTASE/PECTIN METHYLES'

M. truncatula

Medtr49066210.1 M. truncatula
Glyma.01G001000.1 G. max
M. truncatula

Medtr4g035870.1

Medtr1g082750.1 M. truncatula

Glyma.06G268800.1 G.max

Medtr0062s0020.1 M. truncatula

Medtr3g092510.1 M. truncatula

Phvul.006G033800.

ATEXP15

BGLU12

ATAMI1

ATRBP37

Phaseolus vulgaris -

AT2G03090

AT5G42260

AT5G58110

AT5G62360

AT1G08980

AT4G04790

AT4G10610
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Table14: top twenty differentially expressedcontigs of FaM vs. BV analysis.The table shows the transcript name, log2foldchange of the corresponding transcript, the library in which the
transcript is upregulated (pattern), gene name based @n pratensegenome annotation, corresponding Phytozome description, gene naamel species name of next homologus arid
thaliana gene name and locus name based on information available on.Tair

ID Patter  Contig ID log2F class Gene nameT. pratense protein description T .pratense Next homologe gen next homologe A. thaliana A. thaliana

n oldCh (Phytozome) name species name gene name locus name
ange
1 TPNM2 k33_17052 -9,0 biotic Tp57577_TGAC_v2_mRNA21474.v. CYSTEINE PROTEABE PROTEIl Medtr4g079440.1 M. truncatula na AT1G06260
stress RELATED
2 TPNM2 k43 11179 -8,8 biotic TpP57577_TGAC_v2_mRNA26333.vc O-METHYLTRANSFERREEATED Medtr8g101900.1 M. truncatula CCOAOMT AT4G26220
2 stress 7
3 TPNM2 tdn_34568 -8,6 - Tp57577_TGAC_v2_mRNA9104.v2 - Glyma.13G061800.1 G. max - AT5G39530

4 TPNM2 tdn_49640 -8,6 - - - - - R i,

5 TPNM2 tdn_58745 -8,5 biotic Tp57577_TGAC_v2_mRNA20190.v. GDSL ESTERASE/LIPASEREXIATTED Medtr8g075200.1 M. truncatula - AT1G75900
stress

6 TPNM2 tdn_47209 -8,5 growth Tp57577_TGAC_v2_mRNA10703.v. - Medtr1g053315.1 M. truncatula - AT1G03390

7 TPNM2 tdn_48478 -84 biotic Tp57577_TGAC_v2_mRNA19516.v. LEUCINRICH REPELDNTAININC Medtr2g099020.1 M. truncatula - AT3G59510
stress PROTEIN

8 TPNM2 k41_17597 -8,4 growth Tp57577_TGAC_v2_mRNA8526.v2 CAFFEIC ACIBDSMMETHYLTRANSFERAS Medtrlg036490.1 M. truncatula ATCOMT, AT5G54160

ATOMT
9 TPNM2 k51 82581 -8,2 growth Tp57577_TGAC_v2_mRNA23127.v. 3-KETOACYLOA SYNTHASERBLATED Medtr2g436480.1 M. truncatula KCS21 AT5G49070
10 TPNM2 tdn_82424 -8,1 growth Tp57577_TGAC_v2_mRNA17103.v. 3-KETOACYLOASYNTHASE 15 Medtr2g013740.1 M. truncatula KCS10 AT2G26250
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table 14 continued

11

12

13

14

15

16

17

18

19

20

TPM2

TPM2

TPM2

TPM2

TPM2

TPM2

TPM2

TPM2

TPM2

TPM2

k49_380

tdn_49869

tdn_54983

k37_9029

k45_6120

k71_23808

k59_3541

k59_360

k53_38903

tdn_12997
8

7,5

7,6

7,7

7,8

8,4

8,4

8,4

8,6

9,0

9,6

develop

ment

develop

ment

develop

ment

metaboli

sm

abiotic

stress

Tp57577_TGAC_v2_mRNA37185.v. BED ZINC FINGEREED) // HAT FAMIL SapurV1A.0885s0040 Salix purpurea

Tp57577_TGAC_v2_mRNA2166.v2

Tp57577_TGAC_v2_mRNA3212

Tp57577_TGAC_v2_mRNA34193.v.

Tp57577_TGAC_v2_mRNA21875.v.

Tp57577_TGAC_v2_mRNA37328.v.

Tp57577_TGAC_v2_mRNA9328.

GTERMINAL  DIMERISATION  REC 1
(DIMER_TNP_HAT)

- Medtr2g007510.1

B3 DOMAINCONTAINING PROTE Medtr1g021320.1

REM16

CYTOCHROME P450 CYP2 SUBFAMIL Medtr4g089030.1

PYRUVAT KINASE Lus10012445

- Medtr8g063190.1

EMB Medtr7g062280.1

M. truncatula

M. truncatula

M. truncatula

Linum

usitatissimum

M. truncatula

M. truncatula

DAYSLEEP AT3G42170

R

CYP71A26

PRIN2

AT4G33280

AT3G48270

AT1G50020

AT1G10522

AT5G01140
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Table 15 Top twenty differentially expressed contigs of FbM vs. [RM analysis. The table shows the transcript name, log2foldchange of the corresponding transcript, the libraryiam wie
transcript is upregulated (pattern)gene name based off. pratensegenome annotation, corresponding Phytozome description, gene name and species name of next homologus. and
thaliana gene name and locus name based on information available on.Tair

ID Patter
n

1 TPNM3
2 TPNM3
3 TPNM3
4 TPNM3
5 TPNM3
6 TPNM3
7 TPNM3
8 TPNM3
9 TPNM3

Contig ID

tdn_100726

tgg_49631

tdn_152262

tdn_56712

tdn_87762

tdn_86129

K55_46241

tdn_55533

tgg_51443

log2
Fold

class

biotic stress

biotic stress

biotic stress

biotic stress

general cell

functions

growth

abiotic stress

growth

Gene nameT. pratense

Tp57577_TGAC_VRIRNA24659.v2

Tp57577_TGAC_v2_mRNA37846

Tp57577_TGAC_v2_mRNA30556

Tp57577_TGAC_v2_mRNA10533

Tp57577_TGAC_v2_mRNA10207

Tp57577_TGAC_v2_mRNA31452

Tp57577_TGAC_v2_mRNA39263

Tp57577_TGAC_v2_mRNA37076

protein descriptionT. pratense(Phytozome)

ISOFLAVONERYDROXYLASE

LEUCINE RICH REPEAT (LRR_1) // LEUCIN
REPEAT-RERMINAL DOMAIN (LRRNT_2) // LEUI
RICH REPEARR_8)

LEUCINRRICFREPEATONTAINING PROTEIN

METACASPASE

DNADIRECTED RNA POLYMERASE V SUBUNI1

HISTONE H4 (H4)

EXPORTHN (XPO1, CRM1)

CONIFERWLCOHOL GLUCOSYLTRANSFI
(UGT72E)

Next homologus.
gen name

Medtr4g094772.1

Medtr6g034470.1

Medtr89g027540.1

Medtr7g451400.1

Glyma.11G15450
0.1

Medtr4g128150.1

Medtr5g007790.1

Medtr5g019580.2

next
homologe

species name

M.

M.

truncatula

truncatula

. truncatula

. truncatula

. max

. truncatula

. truncaula

. truncatula

A.
thaliana
gene
name

CYP81D

ATMCP1B,
ATMCPB1

RPBE

histone 4

ATCRM1,
ATXPO1

UGT72E2

A. thaliana
locus name

AT4G37340

AT2G34930

AT1G02170

AT3G54490

AT2G28740

AT5G17020

AT5G66690
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table 15 continued

10

11

12

13

14

15

16

17

18

19

20

TPNM3

TPM1

TPM1

TPM1

TPM1

TPM1

TPM1

TPM1

TPM1

TPM1

TPM1

tdn_136706

tdn_140636

tdn_154158

tdn_65187

tdn_100956

k63_21505

tdn_142681

k45_6120

tdn_52922

tdn_65185

tdn_109277

-4,7

8,8

8,9

9,1

9,2

9,3

9,3

9,6

10,1

10,9

11,7

general cell

functions

general cell

functions

transposon

metabolism

biotic stress

secondary

metabolite

biosynthesis

transcription

Tp57577_TGAC_v2_mRNA28209

Tp57577_TGAC_v2_mRNA39482

Tp57577_TGAC_v2_mRNA30115

Tp57577_TGAC_v2_mRNA9542.\

Tp57577_TGAC_v2_mRNA19467

Tp57577_TGAC_v2_mRNA15473

Tp57577_TGAC_v2_mRNA2166.v

Tp57577_TGAC_v2_mRNA41271

Tp57577_TGAC_v2_mRNA29560

MALATE DEHYDROGENASE

SEH-LIKE PROTEIN

REVERSE TRANSCRIPTASEDEREAIDENT DN
POLYMERASE) (RVT_1) // SERPIN (SERINE PF
INHIBITOR) (SERPIN)

PROTONEXPORTING ATPASE
TRANSLOCATING ¥PE ATPASE

/PRO1

LEUCINRICFREPEATONTAINING PROTEIN

ANTHOCYANIDIN -GBGLUCOSYLTRANSFERAS
URIDINE DIPHOSPHOGLU@GSHOCYANIDIN- !
O-GLUCOSYLTRANSFERASE

RETROTRANSPOSON GAG PR(
(RETROTRANS_GAG) // REVERSE TRANSC
(RNADEPENDENT DNA POLYMNSERERVT 2)

LEUCINRICFREPEATONTAINING PROTEIN

Medtr8g005980.1 M. truncatula

Medtr3g114970.2 M. truncatula

Prupe.4G011200. Prunus

1 persica

Carubv10008027 Capsella

m rubella
Medtr3g022400.1 M. truncatula

Medtr8g074550.1 M. truncatula

Medtr2g007510.1 M. truncatula

mrna20290.1
v1.G-hybrid

Fragaria

vesca

Medtr5g028610.1 M. truncatula

GNAD
MDH2

AHA2

AT5G43330

AT5G55150

AT4G29090

AT4G30190

AT3G14470

AT2G18570

AT1G21280

AT3G14460
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Theresults of the top 20 DE genes, lead to the first impression, that the greenhouse plants displayed
the regrowth reaction, as they grow under controlled conditions, while the field plants have to

integrate the influence of variable environmental conditions.

Each tableshowing the top 20 DE contiggives the expression strength (log2FoldDge), the

expression pattern (up or down in M or NM) as well as Thepratensetranscript name and the
corresponding description from Phytozonj@oodstein et al. 2012able 1315). Further the table

shows the homologous gene name of the next homolog species and the homolégdhaliana

gene name and locus name. For a better description of the candidate genes the classes are
mentioned. Within the top 20 DE contigs from the greenhouse analysis three contigs got no
annotation (table 13 h ¥ GKS O2y A 3da GKIFG 6SNB dzLJNB3AdzZ | G SK
ANBSYyK2dzaS d¢2 o0St2y3aSR (2 (KS OfdRalaA@ANRIILKKS
GFroA20A0 adNBaaészs 2yS (2 GKS Oflaa dalroA20A0Ko0A?Z2
YR 2yS G2 GKS OflFraa aiNlyAaONRLIGA2Yeéd 2 AGKAY (K
GY2oyé IANBSYK2 dBa D SHI2WIIHSRA 501 20 KNGS Of  aa ao0A20A0 &
aGNBaa¢eszr 2yS (2 GKS Oflaa aiGNIyaONRLIIA2YyéS 2YyS
FyR 2yS G2 GKS Oflaa daloA20A0koA20GA0 ithinitheaS 3 & ¢ @

[N

greenhouse samples encode for genes related to growth, stress response, transcription and
phytohormones demonstrating that the plants have to cope with regrowth as well as stresses,

maybe caused by the cutting. Within the field transcriptomes fthicture was different. Of the

contigs of field Féable 14) seven contigs could not be annotated. Within the upregulated contigs of

GKS ay2d0 Y2goyé LI Fyda F2dN) O2ydAa3a O2dA R 65 3N
ANR dzZLISR (12 sWiKKE ®OfckHBa ORYNEBA 3a 2F (KS aYzeyé al YLX

z

GRSOSt2LIYSyilé¢s aYSaGroz2ftAayYéd YR aloA2GA0 aiNBaa:
the field Fb(table 15) five could not be annotated. The contigs that were upregsl&t Ay GKS a4y
Y26yEé O2YRAGAZY O2dZ R 0S 3ANRJzZISR G2 GKS Ofl aasSa

GANRPGGKEST YR 2yS O2yiGA3a Ay GKS OfFraa a3ISySNI¢
GFoA20A0 aiGNBaas dwyekKS ALY BMI &0 20% R 0S5 @WR dzZLISR A )
Tdzy OliA2y&aé owm O2y(GATEA0I YR aYSOlIo2ftAaYEsS ailNI y3
AONBAAENI WRONALIGAZ2YES 2yS LISNJ Of I aao
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4.5. Selection of candidate genes for functional ana lysis

Based on the analysis of differential expressed genes (Deseq2) and based on the putative description
of the genes determined through the classification of the DE contigs, 14 candidate genes have been
selected for functional analysis, inding qRFP@R and A. thalianat-DNA insertion lines mutant
analysigtable 16) The contigs have been choseut of the lists of differentially expressed genes of

the two greenhouse comparisonsformation in which analysis the candidate gene was used is given

in table 17, further this table shows the expression pattern of each contig based on the DeSeq2

analysis and based on the TPM value calculation
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Table 16 Selected candidate genes for further functional analysiBable shows the transcriphame, classification, gene name based dn pratensegenome annotation, corresponding

Phytozome description, gene name and species name of next homologusfaridalianagene name and locus name based on information available on Tair.

Transcri  Clasdicatio Gene name T. proteindescriptionT. pratensgPhytozome) next homologue next homologue . A.

pt_ID n pratense gen name species name thaliana thaliana
gene
name

tgg_763 Dbiotic stress  Tp57577_TGAC_v2_r CYTOCHROME P450 CYP4/CYPRZEHSUBFAMILIES Medtrlg060550. M. truncatula AT2G27690 CYP94C1

56 RNA36638.v2 1

tdn_103 phytohormo  Tp57577_TGAC_v2_r GIBBERELLIN-@XIDASE Medtr3g096500. M. truncatula AT5G51810 ATGA200X2

259 ne RNA29146.v2 1

tdn_112 phytohormo Tp57577_TGAC_v2_r GIBBERELINBETADIOXYGENASE1 Medtr2g070870. M. truncatula AT1G78440 ATGA20X1

851 ne RNA27521.v2 1

tdn_125 general cell Tp57577_TGAC_v2_r HORMA DOMAIN Medtr3g085380. M. truncatula AT1G67370 ATASY1

117 functions RNA29237.v2 1

k65_98 metabolism  Tp57577_TGAC_v2_r GLUTAMATE-SEMIALDEHYDE DEHYDROGENASE / GLUT Medtr4g020110. M. truncatula AT3G55610 P5CS2

61 RNA18513.v2 GAMMASEMIALDEHYDE DEHYDROGENASE 3

tdn_146 development Tp57577_TGAC_v2_r MANNOSYGLYCOPROTEIN EMBEITAN-ACETYLGLUCOSAMINID, Medtr3g071610. M. truncatula AT5G05460 ENGase85A

439 RNA28678.v2 / ENDGBETAN-ACETYLGLUCOSAMMEE 1

tdn_694 growth Tp57577_TGAC_v2_r BIFUNCTIONAL INHIBITOR/ETRANSFER PROTEIN/SEED STC Medtr4g101260. M. truncatula AT2G45180 -

11 RNA38911.v2 2SALBUMIN SUPERFAMILY PROTEIN 1

tdn_858 biotic stres  Tp57577_TGAC_v2_r PECTINESTERASE/PECTINESTERASE INHRELARE2 Medtr2g044880. M. truncatula AT4G33220 ATPME44

89 RNA28181.v2 1
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table 15 continued

tdn_136
069

tdn_138
856

tdn_702
39

tdn_915
29

tgg_431
36

k65_98
61

transcription

abiotic stress

general cell

functions

transcription

transcription

metabolism

Tp57577_TGAC_Vv2_r
RNA13535.v2

Tp57577_TGAC_v2_r
RNA32623.v2

Tp57577_TGAC_v2_r
RNA5787.v2

Tp57577_TGAC_v2_r
RNA40282.v2

Tp57577_TGAC_v2_r
RNA29629.v2

Tp57577_TGAC_v2_r
RNA18513.v2

HOMEOBOX PROTEIN ATH1

MLPRLIKE PROTEIN 1BELATED

ZINC/IRON TRANSPORTER

ATNACRELATED

GLUTAMATE-SEMIALDEHYDE DEHYDROGENASE
GAMMASEMIALDEHYDE DEHYDROGENASE

/

GLU

Medtr1g016490.

1

Medtr8g012550.

1

Medtr2g097580.

1

Medtr2g080010.

1

Medtr4g098630.

1

Medtr4g020110.

3

. truncatula

. truncatula

. truncaula

. truncatula

. truncatula

. truncatula

AT4G32980

AT1G70890

AT1G55910

AT3G15510

AT4G17980

AT3G55610

ATH1

MLP43

ZIP11

ANACO056

NACO071

P5CS2
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Tablel7 Overview of functional analysis. 14 Selected candidatenge were either used for gRPCR 0A. thalianat-DNA
AyaSNIiAzy fAySa Ydzilyd lylLfeara 2N 620K oaevyoz2f Al SR oe

transcriptome the candidate gene is upregulat¢dased on DeSeq?2 analysis and on TPAlues

TranscripiD  Expression pattern Mutant gRT
analysi PCR
S

tgg_76356  GNM (GM=3;GNM=21;FbM=FaM=8FaNM=14; FbNM=19) X X

tdn_103259  GM'(GM=8;GNM=2;FbM=12;FaM=20;FaNM=7; FbNf=5) X X

tdn_112851  GNMZ(GM=7;GNM=19;FbM=7;FaM=8;FaNM=13; FobN/M=8) X X

tdn_125117 GMZ2'(GM=8;GNM=1;FbM=5;FaM=10;FaNM=1; FbNM%0.3) X

tdn_146439  GM' (GM=117;GNM=17;FbM=44;FaM=71;FaNM=24; FbNM=12) X

tdn_69411  GM' (GM=30;GNM=4;FbM=10;FaM=31;FaNM=11; FbN=4) X

tdn_85889  GMZ'(GM=34;GNM=9;FbM=43;FaM=32;FaNM=27; FbNM=22) X

tdn_136069 GMZ2'(GM=4;GNM=0.7;FbM=5;FaM=4;FaNM=2; FbNf=5) X

tdn_138856  GNM (GM=4;GNM=35;FbM=14;FaM=3;FaNM=13; FbNM=17) X

tdn_70239  GNMZ(GM=3;GNM=11;FbM=3;FaM=3;FaNM=10; FbN/M=9) X

tdn_91529 GNI\/II(Glel;GNM:46;FbM:5;FaM:5;FaNM:9; FbNK/I:9) X

tgg_43136  GNM (GM=0.1;GNM=5;FbM=2;FaM=1;FaNM=2; FbNf=3) X

k65_9861 GNMZ (GM=18;GNM=96;FbM=15;FaM=21;FaNM=68; FbNM=58) X

tdn_76635 GM21(GM=3;GNM=0.2;FbM=4;FaM=2;FaNM=O.5; FbeVIzl) X

! result based on digital gene expression with DeSeq2

?resultsbased on TPM values (averages of replicas)

4.6. GO enrichment analysis of differential expressed genes

In order to identify potential candidate genes to further functional analysis a GO (Gene ontology)
enrichment analysis was performed. Each gene can baeeor more GO annotation; and different
genes can have the same GO annotation. Therefore the lists of differential expressed genes were

examined. Each contig within the list was annotated. Afterwards the subset consisting of the DE
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3SySa

S & yRYi2 &R YBE B I &

adrarxaadaortte

02 YLJ NBR

T. pratensetranscriptome. The result of the enrichment analysis shows which GO terms are

statistically overrepresented withia defined subse{e-Appendix: TpT_12_GO_enrichment_Ggpse

Therefore it is possible to select a GO term possibly involved in regrowth process and to define the

corresponding genes as candidate gerBse included subset werdist of DE ofFa(M) vs Fa(NM)

comparison,list of DE contigs of Fb(M) vs Fb(NM) aisti &f DE contigs oGH(M) vs GI(NM)

(logFoldChange <=2)ue to the structure of the G@nnotation system, contigs can have more than

one GO annotation; therefore these contigs can be present in more than one group. In order to get

more information aboutthe enriched groups, the annotation of the contigs of each group was

checked using thél. pratenseannotation and theT. pratenseclasses filg(TpT_03_annotation;

TpT_06_Classes_DEGome annotations are exemplary mentioned.
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U] &} @] Q &} V] O &} U] O &} O] O] &} O] O] &}
Z-score
decreasing increasing
1D Description ID Description

G0:0009607 response to biotic stimulus GO:0003676 nucleic acid binding
G0:0019538 protein metabolic process GO:0005975  arbohydrate metabolic process
G0:0008152 metabolic process
G0:0009987 cellular process
G0:0009056 catabolic process
G0:0015979 photosynthesis
G0:0009605 response to external stimulus
GO:0005576 extracellular region
G0:0009579 thylakoid
GO:0005575 cellular_component
G0:0016787 hydrolase activity

enriched GO terms GHM (TPGHM) vs GHNM (TPGHNM)

Figure22 Results GO enrichment analysis. Enriched GO terms within the list of DE genes between GHM vs GHNM, are
LNBaSyidSR F2NJ SI OK

GNBI GYSyi

b6aY26YyES

LJdzNLX S =

ayz2iG Y2gayéx

(biological process), CC (cellulamreponent), MF (molecular function. Bars are labeled with the GO number (ID), GO

numbers are explained in the legend under the graph (description). Color intensityc(re) provides the expression

strength (log>0, log<0) calculated for each GO term based the log fold values of the corresponding contigs.

Significance of each term is provided lajog (adj_pval).
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2 AGKAY GKS 3INBSyK2dzaS GNYyaoONRLII2YS fAald 2F 59
GO ND2KERNI (0SS YSGlo2f A0 (KGR OB2ayaldA IaNBdzLINYSNIPID K $iFS R |
greenhouse sample@igure 220 ¢ KS 3INR dzZLJ ay dzOf SAO | OA Rclagsésy RA y 3 ¢
GONIyalLlRazye¢ 2N O2ydA3aa GKFG O2dZ R y@abonet&l. | yy 2l
2009) (AmiGO 2 versioB:4.26 (amigo2b), available at http://amigo.geneontology.org/amigo

accessed: 17 Novemb@&01® A G A& RSTFAYSR | & d-toyaleStiNwiBanyy 3 &St
ydzOf SA O CGORRIMR dzIKSG OF ND2 KERRDODESaérSkiyorazROa LI O2
I Yy 2 0 IGOYC@SMDEHYDROLASE FAMIINRSl SAY a3 ¢6KAOK o0Sf2y3a G2
hydrolyse the glycosidic bond between carbohydrates, they in addition play a role in defense against
pathogens. In addition cdigs with annotations more related to growth or biotic stress were found

Ay GKAA& 3INEPdzL) FECHNESTERESE | LYV 20K Si A®w2 it Y26y é INBSYK
11 GO terms are enriched, including GO terms of metabolic processes and relatetdutar ce
LINEOSaaSay GLINRPGSAY YSUGlFo2tA0 LINRPOSaaés avSidlozt
GSEGNY OSt f dzft | NJ NBIA 2y fligureé 2R In @ddifoh {Garttdrme) re@@drtol?2 v Sy (i -
OKf 2NRLX Fad FyR LK20G2aa&yzarkes/aEiAKaS alANE 31 fadizK 85 yF NIRROKRSF
LR2aaAroftS NBfFGSR G2 aiNBaa NBalLkRyaSa aKeRNRfeas
G2 SEGSNYLt &atGAYdAf daéod 2AGKAY GKS SyNAROKSR Dh (!
with the l Yy 2 (i IDELNAR-FYRBOLINECARBOXYLATE SYNTHASEINR 6 6t &8 Ay @2f SR
oA2a8dyiUKSaAa YR FoA20A0 &l NDBAMEIHYATRANSRERASEA 28/ | (
found., as well as a contig encoding a protein involved in the amino Acl & & y GKUI ATHIDNEY
STRANSFERASE KB
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http://wiki.geneontology.org/index.php/AmiGO_2_0

enriched GO terms FaM (TPM2) vs FaNM (TPNM2)
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Z-score
decreasing increasing
1D Description 1D Description
G0:0019748 secondary metabolic process G0:0006091 generation of precursor metabolites and energy
G0:0008152 metabolic process G0:0015979 photosynthesis
G0:0007049 cell cycle G0:0016049 cell growth
G0:0007275 multicellular organism development GO:0007154 cell communication
GO:0009653 anatomical structure morphogenesis GO:0005794 Golgi apparatus
G0:0009058 biosynthetic process G0:0005737 cytoplasm
G0:0000003 reproduction G0:0009579 thylakoid
G0:0009987 cellular process
G0:0016043 cellular component organization
G0:0006629 lipid metabolic process
G0:0005576 extracellular region
GO0:0005615 extracellular space
GO:0005618 cell wall
G0:0005764 lysosome
G0:0016787 hydrolase activity
G0:0003824 catalytic activity
GO0:0003674 molecular_function

Figure23 Results GO enrichment analysis. Enriched GO terms within the list of DE genes between FaM vs. FaNM, are

LINBaSyidSR F2NJ S| OK

GNBIFdYSyi

(biological process), CC (cellular component), MF (molecular function. Bars are labeled with the GO number (ID), GO

numbers are explained in the legend under the graph (description). Color intensityc(@e) provides the expression

strength (log>0, log<0) calculated for each GO term based on the logfold values of the corresponding contigs.

Significance of each term is provided kajog (adj_pval).

The enrichment analysis of the DE genes of the samples FaM (TPM2)\Ms(FPNM2) provided in

total 24 enriched GO term@igure 23) Within the "mown" samples seven GO terms were enriched.

Those include GO terms related to photosynthesis ("photosynthesis”, "tylakoid"), GO terms related

to cell components ("Golgi apparatugy,Oe (i 2 LX  aY b0 @

AmiGO databaséCarbon et al2009) using the definition fromSmith (2000) I &

oY

¢t KSNBoe

ab2ft 3A

0 4 Y Srapfig ate divideNJdnlfthBE dotaihg B8P Y2 6y é =

L

aG! O2YLR dzy|

membranous cytoplasmic organelle of eukaryotic cellsnsesting of flattened, ribosoméee

@gSarofSa

I NNJ y3aSR

Ay

Y 2 NB

2NJ f Saa

NB 3 dz |

NJ

produced on the ribosomes of the rough endoplasmic reticulum; such processing includes

modification of the core oligosacchides of glycoproteins, and the sorting and packaging of proteins
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for transport to a variety of cellular locations(Smith 2000) O @LAtlLofS
http://amigo.geneontology.org/amigo/term/G0O:0005794accessed 17.11.2017). In addition GO

terms possibly related to regrowth and stress response ("generation of precursor metabolites and
SYSNHeéh>x HOStft INRBgGKhI HOStf O2YYdzyAOFiA2yb0 &
INRglGKE O2yiA3aTa 6SNB ARSY-RRAG[AISIRI 55 ytORMRMY1Ib T Nd X |
NB3IdzZA F i SR FNRY (KS LKEG2K2NX2yS TJA0O0SNBtftAyaz Ay
o G | LINRBOGSAY Ay@2ft @SR Ay NR2{G 3INRgOIKdr Ly (K:
at , wht | h-FRUCTO&B-PFHOSPHATEL-PHOSPHOTRANSFERASE SUBUNIT® BE®BA a
identified, involved mainly in energy metabolism. Within the enriched GO terms of the "not mown"
samples several terms related to metabolic processes could be identified ("secondary metabolite
process”, "metabolic proess”, "biosynthetic process"”, "cellular process", "lipid metabolic process").
Additionally terms related to reproduction ("reproduction™), growth ("cell wall"), cellular transport

and cell division ("biosynthetic process", "cell cycle", "cellular compboeganization”, extracellular

region”, "extracellular space") and development ("multicellular organism development", "anatomical
structure morphogenesis") as well as catabolic processes ("lysosome", "hydrolase activity", "catalytic
activity) have been idé G A FASR® ¢KS Dh GSNY avYdzZ GAOSE t dzf F NJ 2N
SyO2RAY3 F2N) 4/ @8G20KNRYS tnpn Ttnn.wmé Ay@2f oSSR
SyO2RAY3I F2NJ GKS LINRGSAY a1l hel 9! 5¢6 GgKAOKI A& Ay(L
g f f BECTINESTERASE/PECTINESTERASE INHIBZT@R R 6S ARSYUGUAFTASRSE 0dz
LIN2PGSAY Ay@2f @SR Ay LI REPAIEDWRETSIMEREAS dt ! ¢1 hD9b9{
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enriched GO terms FbM (TPM1) vs FbNM (TPNM3)
BP cC MF
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ID Description ID Description
G0:0019748 secondary metabolic process GO:0008152 metabolic process
G0:0009908 flower development GO:0006629 lipid metabolic process
G0:0009056 catabolic process GO:0005737 cytoplasm
G0:0030154 cell differentiation GO:0005615 extracellular space
G0:0008219 cell death G0:0030234 enzyme regulator activity
G0:0019538 protein metabolic process GO:0005488 binding
G0:0005975 carbohydrate metabolic process GO:0003824 catalytic activity
G0:0008152 metabolic process
G0:0005615 extracellular space
G0:0005576 extracellular region
G0:0003676 nucleic acid binding
G0:0016787 hydrolase activity

Figure24 Results GO enrichment analysis. Enriched GO tmnithin the list of DE genes between FbM vs. FbNM, are
LINEaSyGdSR F2NJ SFOK GNBIFdYSyid oav2eéyésr LIzNLI ST ayz2i Y26yezx
(biological process), CC (cellular component), MF (molecular function. Bars are labetadtivé GO number (ID), GO

numbers are explained in the legend under the graph (description). Color intensityc(re) provides the expression

strength (log>0, log<0) calculated for each GO term based on thE log old values of the corresponding contigs.

Spnificance of each term is provided kyyog (adj_pval).

In total 19 GO terms were found to be enriched in the list of DE genes for FbM (TPM1) vs. FbNM
(TPNM3), thereby seven were found to be enriched in the "mown" treatment and 12 in the "not

mown" treatment, respectively(figure 24) The enriched GO terms of the "mown" treatment are

related to metabolic processes ("metabolic process”, "lipid metabolic process"), cell related
("cytoplasm®, "extracellular space"), enzymatic and catabolic processes ("enegulator activity",
bOFGIE&GAO OGABAGEDHY FYR GKS Dh GSNX boAyRAY3Ib
involved in the ethylene biosynthesis. The enriched GO terms within the "not mown" samples
belonged to metabolic processes ("protein taeolic process”, "metabolic process", "secondary
metabolite process", "carbohydrate metabolic process"), catabolic processes ("catabolic processes”,

"hydrolase activity") , cellular structures ("extracellular space", "extracellular region"). In add{@ion G

terms related to stress response, growth and development were enriched (“flower development",
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defense.

5. Discussion

5.1. RNASeq and de novo assembly

For myRNASeq approacthe Illlumina sequencing techniqueas usedBentley et al. 2008; Bentley
et al. 2008; Canard and Sarfati 1998hereby singlstranded DNA fragments are attachtxda solid
surface (singlenolecule array or flow cell) and a septiase bridge amplification of singheolecule

DNA templates are amplified (see Introduction).

Table18 Comparison of transcriptome studies df. pratense Main feaures of the three transcriptome studies and the
present study are shown. Including information on the sequenced tissue, as well as the experimental setup. In addition
important statistical and characterizing values describing the transcriptomes are pre=&nThereby mainly values are
presented that are used and mentioned in all studies to enable comparison. Table reviews the studi@éatés et al.
2014; Chakrabarti et al. 2016; Kovi et al. 2017)

Present study Yates et al(2014) Chakrabarti et al. Kovietal.(2017)
(2016)
Data RNASedTranscriptome data RNA RNA RNA
SedTranscriptome SedTranscriptome SedTranscriptome
data data data
Tissue Shoot, leaves, axial meristen Leaves (four pooled Leaf, root and flower 12 flower bud (three

(12 pools, one pool four
individuals)

Experimental  Mown(cut)/Unmown(uncut)

setup
Assembly de novoassembly, reference
based annotation
Total nr.of 44.643

transcripts

Total nr.of
annotated
transcripts

41.50 (29.781)

samples, one pool-20
individuals of control
or starting/ending
stress)

Drought and control,
greenhouse

De novaassembly
(with EST)

45.181

34.534

(triplicates for each
tissue)

different tissue,
greenhouse

De novaassembly
supported byYates
et al.(2014)data

37.565

30.145

stages, four
accessions, tetraploic
red clover)

early, middle and late
flower development
de novoassembly,
referencebased

annotation

80.328, 83.489,
84.545, 84.442

n.a
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table 18 continued

Min. length of 124 (bp) n.a 67 n.a
transcripts
Max. length 15551 (bp) 13855 (bp) 13.66Qbp) 7469bp), 7295bp),
of transcripts 7447bp), 7339bp)
Mean length 1171.31 (bp) 933 (bp) 1262bp) n.a.
of transcripts
N(50) 1656 (bp) 622 (bp) 1707bp) o (bp  dbp)H
M Nbp)>  dbp)H

5.1.2. Assembly

The assembly of th&. pratensdranscriptome worked well. Thde novoassembly in combination

with a reference based approach for the annotation lead t64B!contigs of which 29781 could be
annotated as planspecific. With the priorde novoassembly it was possible to attai051
additional contigs that could be not found within the genomeTofpratensel.0 (GCA _000583005.2)
OLOGGtYS]T Si Ff & nThe esimatedgérndmeysid of gsaiensést~440 Mopm T 0
(Sato et al. 2006) The T. pratensetranscriptome data during my study was ~55Mbp that
corresponds to ~12.5%. This lies within the range of other transcriptome studiespotensehat
attained approximately ~10% (42MbgYates et al. 2014)Nevertheless it should be taken into
account that this number includes all attained transcripts. In order to get a more accurate number it
would be necessary to have the exact genome siZe pratenseas well as a god annotation of this
genome. Then it would be possible to map all plant specific transcripts to the genome and to
determine how much percentage genes are expressed under a specific condition within the
transcriptome compared to the genome. Withimy dataset | found additionally contigs that are
plant specific but could not be found within the genome annotation. ThereforeTth@ratense
genome requires more improvement for such a statement. After the comparison with other
transcriptomic data fronT. pratensd can state that the data fulfill the same quality requirements as
other transcriptome studies using. pratensepresent(table 18) Thereby | compared the number of
contigs from our study with other studig¢able 18) We could gain 44.463 ntigs, (Yates et al.
2014)provided 45181 contiggChakrabarti et al. 201§jrovided 30.566 contigs. Only the study of
(Kovi et al. 2017provide around 50% more contigs (80,328;83,489;84,545;84,442 contigs per each
of their four transcriptomes). A possibkexplanation for these discrepancies is that transcriptome
data are a snapshot of the genes expressed at a specific time point, under a certain condition in a
certain tissue, as the time points, tissues and conditions differed between all those studkes it

realistic that also the expressed genes differ. Unfortunately it is not clear if the total number of
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contigs provided of each study includes also contaminations or if the number of contigs refer to
plant specific contigsyates et al(2014)state that they mapped against seatibacteria genomes

and excluded contigs that matched, but they did note state if the tested against other
contaminations like insect, mammal or viruses. Nevertheless it is difficult to find or determine
quality standards for transcriptome data. There @@me values that express the quality of the
sequencing like for example sequence coverage and N50 value. But beside them there is just the
approach of description. In contrast to genome data transcriptome data have no specific size,
because they represerthe actual expressed genes. Therefore it is hard to speak of completeness of
a transcriptome. The use of N50 or N90 values can lead to misinterpretation because of the variance
of the present of specific transcriptéartin and Wang 2011; Soneson and Delorenzi 2013)
Depending on the high abundance of long or short transcripts based on the transcription rate during
the treatment, those values can be misleading and are no indicator of the actual quality. Which
different in genomes as there longer contigs are favored and longer sequenced contigs give a good
guality value. Nevertheless the mapping back rate of the single libraries to the constructed reference
transcriptome gives a good hint for the quality thie data and can be presentg@oneson and
Delorenzi 2013)

5.1.3. Annotation

The quality and the functionality of transcriptome data can be determined with the help of
annotation by describing the species annotatiof each transcript (contamination) and by providing
functional annotations. This makes it possible to determine if the transcriptome data can be used for
further analysis. For my data a pselection was done to guarantee clean and plant specific
transciptome data. The annotation df. pratensas difficult asT. pratensds a noamodel organism.

Even though there is genome data available, less information of gene function based on functional
genetic approaches are present, althoughpratensds an agicultural and economical important
crop. Therefore it is crucial to verify the annotation information and to not accept them without
guestioning. Approximately 4051 contigs lack an annotation but show sequence similarity to
Viridiplantae when blasted agahthe NCBI database; in addition 3934 contigs lack any annotation
(figure 13, A). It might be possible that those contigs are Fabaceae specific and do not have an

annotation yet due to lacking of functional studies of rondel organism specific genes.

5.2. Description of the whole transcriptome

The description of the whole transcriptome was made to present an overview of thefttaiee 14,

figure 15) It should be taken into account that those data unifies all locations and treatments and
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cannot be used to describe the regrowth reaction. Nevertheless the results can be used for an
overview and for comparisons with other studies. The comparison of the Plant Transcription Factor
Database Potsdar{PérezRodriguez et al. 201@ynotation with other transcriptome and genome

data displayed differences in the number of contigs that could be annotated with the database as
well as which transcription factor families are overrepresentiggure 14) By comparinghe both T.
pratensetranscriptomes with the genomes it became obvious, that within the transcriptomes more
transcriptions factors are present. This makes sense as the transcriptomes are a snapshot of the
expressed genes under a certain condition. In castt genome data display the collection of all

genes and other parts of the genome like repetitive sequences or intron structures.

Within the T. pratensdranscriptome generated in this study the transcription factor family NAC was
one major group(figure 14A) NAC transcription factors are known to be involved in growth and
developmental processes, but also are crucial during the response to abiotic and biotic stresses
(Nuruzzaman eal. 2013) Another major group FARL is involved in the light response processes of
red/far red light photoreceptors and influences the photoreceptor phytochrome A signal
transduction, which is necessary for the light dependent subsequent adaption of lgrand
developmental processed.in et al. 2007; Hudson et al. 1999he two major groups within the
transcrippme study ofCh&rabarti et al.(2016)are MADS and CHBgure 14B)Especially the MADS
transcription factor family is known to be involved in flower developmental proce¢$bgiRen et al.
2016)and CH3 which is suggested to be involved in developmental processes including early stages
of development like emtyo developmeniMalik and Ashraf 2017; Li and Thomas 1998ixhin the

two transcriptome approaches the major transcription factor families are involved in growth,
development pocesses, as well as response to abiotic and biotic stresses. The major group within
the T. pratenseranscriptomes differs from the major groups within the remaining genomes. This
makes sense as the transcriptomes represent the stress response to acspeaifinent. The bHLH
transcription factor familythe dominating group within all genomes are involved in secondary
metabolite biosynthesis, light transduction, flower and fruit development in pléBtsk and Atchley
2003; Chezem and Clay 20X6yure 14GF) Within the A. thaliana and the G. maxgenome the
semond largest group of transcription factor families is the MYB family group of transcription factors,
involved in various processes within the plants, including development, morphogenesis, responses
to abiotic and biotic stress, phytohormone responses aedosdary metabolite biosynthesis
(Ambawat et al. 2013ffigure 14C and 14DAnother large transcription factor familyithin the
genomes wasthylene responsive factors (ERBinily. Involved in the signal transduction, gene
expression regulation in response to abiotic and biotic stregXeset al. 2008jfigure 14GF) The

major groups within the genomes are involed in secondary metabolite biosynthesis, metaboli
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processes, abiotic stress responses and development. It seems that within the transcriptomes the

major present transcription factor families represent the stress reaction to the specific treatment,
contrasting to the major transcription factor familieieh are more involved in normal processes.

The whole transcriptome description based on the COG classifications showed that four major
groups are dominating the transcriptom@gure 15) Of those four groups, one group describes
Gaz20Af 2YST tCNBLKEILEPSR yIa R LG Oy 6S R2dz00GSR GKI
contigs with such an annotation. The other group describes conitgs with general function prediction

only. The other two groupsi ¢ ¢ d6aA3dylf (NI yaRdzOGA2Yy YhEIOKI y A &
modification, protein, turnover, chaperones), fit more to the expectation, that groups related to

transcription or gene regulation/expression are mainly dominating the transcriptome.

5.3. Selection of candidate genes using different methods

Within this study several approaches were used and are presented to identify the most promising
candidate genes for further functional analysis. Therefore the functional annotation and the digital
gene expression are important tools. One approach based on the Idigitee expression, used the

top 20 differentially expressed contigs from every comparison as candidate ¢&ids 1315).
Another approach was made using an enrichment analysis and to identify within the enriched GO
terms possible candidate genegdigure 22-24). The third approach was based on my own
classification system; thereby candidate genes within the whole differentially expressed genes were
used as a basis for classificati(iable 11, figure 1&nd figure20). In thisstudy candidate genes

have leen selected based on the annotation in combination with literature research. Based on the
logFold@anges the top 60 DE genes have been determined as candidate genes. Based on the
putative description further literature search was performed to attain mmfermation and to get

an impression of the processes during regrowth. In the following the literature research results of all
top 20 DE genes is presented and evaluakaised on the Deseg2 analysis DE genes or contig could
be identified. Those contigs ragrovide necessary information which processes and pathways are
involved in the regrowth process and which genes are characteristic for the different transcriptomes.
In order to get a better impression of the processes, pathways and genes, all top 2§scoain

every comparison have been described and their potential role during the regrowth process will be
discussed in the following paragraph. To provide a better overview the discussion is separated in the
different transcriptome comparisons and withihose groups additional separated in the condition
GY26y ¢ YR ay2i Y2igbasedon th&dscripiom antldforiakich yrovided by
Phytozome and TAIR, arslrelated to the T. pratensedescription, the description of the next

homolog speciand theA. thalianadescription
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5.4. Evaluation of different classification systems to structure RNA -Seq data

for candidate selection

RNASeq experiments create a large amount of data. Several steps in the downstream analysis of
such large datasets areecessary to extract the relevant information for the experiment. The digital
gene expression as well as the functional annotation provides a good overview of the generated
data. Further enrichment analysis is thought to facilitate the process of candigste selection. In

the following paragraph the results of the processes to extract relevant information of the large
dataset including, the digital gene expression, the functional annotation (including the classification
in defined groups) as well as th&®©@nrichment analysis are discussed and evaludtedthe digital

gene expression the DeSe@balysiswas chosen Contrasting to the rough transcript abundance
estimation using the TPM normalizatiadhe DeSeg2 analysis includes a statistical evaluatidheo
differentially expressed contigs. Therefore providing avafue for each transcript within a
comparison, making the results more reliablehe digital gene expression showed the number of
differential expressed contigs for each analysis, revealirag tlsing a loBoldChangeof <2 the
number of DE contigs for every analysis as well as the number-@ngpdownregulated contigs is

very similar(table 10) By using a IdgpldChange of <1 for the analysis of the DE contigs within the
greenhouse samplesdame out, that much more contigs are differentially expressed and the largest
proportion was upregulated within the mown sampl@éable 10) Leading to the suggestion, that
during the regrowth process contigs slightly differential expressed between #etntients are
responsible to coordinate the processes during regrowth, rather than contigs very highly expressed.
In addition it seemed that within the mown plants more contigs are upregulated, so more genes or
processes are involved in the regrowth proce$® further explore the DE contigs from every
analysis and to determine if the DE contigs could be responsible for the processes during regrowth
or if they are just involved in maintain general cell functions, a classification system was created,
based onliterature research. This resulted in 16 main classes and was used to describe the list of
upregulated/downregulated contigs for every analygable 11, figure 19, figure 20The hypothesis

was that genes related to biotic stress, transcription, depalent, growth, signaling and
phytohormonesare involved in the regrowth processes. Therefore | checked to which proportion
those groups are represented in the mown/not mown list of DE contigs for each analysis. The results
showed that within the mown gredrmouse samples 54% of the contigs are in those grdfigare

19). For the field samples just 38% and 41% of the contigs are in the classes suspected to be involved
in the regrowth proces§figure 19) A possible explanation is, that the field plants arerenexposed

to environmental conditions and have to struggle, e. g. due to the loss of protective biomass, with

the consequences of mowing due to exposure to theswironmental conditions(Gastal and
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Lemaire 201p Therefore the greenhouse samples are supposed to reflect more the processes that
take place during regrowth. The extension of the list of DE contigs by repeating the analysis with a
lower logFoldChangéor the greenhouse samples, resulted in the samepprtion of contigs (54%)
grouped in classes related to regrowfigure 20) This supports the former impression and justified

the decision to selected candidate genes preferentially of the differentially expressed genes of the
greenhouse. Even thoughdhanalysis of the shared contigs between the DE contigs of all lists led to
the results that no contigs are shared between all analyses, exploring the genes description and
looking at the classification results led to another impressi@able 12, eAppendx
TpT_06_Classes_ DEBased on those results it is possible to state that within all transcriptomes,
similar genes are expressed. The classification of the DE contigs, could help to describe the long gene
lists and provided a good overview. However, compS R 2 G NBIF R& (G2 dzaSé¢ 7Tdz
like provided from GO the system, it is more time consuming. Nevertheless it is possible to define
groups individually related to the questions of the experiment. This makes it possible to have a
defined vocahlary which is understandable and project related. In addition as many genes have
more than one function or are involved in more than one pathway depending on many factors like
abiotic or biotic stresses or speciesated it is possible to group a certagene in the most likely
correct class based on the knowledge and the context. For example a gene that is involved in
reproduction inA. thalianacan be involved in growth processedMntruncatula AsM. truncatulais

more closely related td. pratenseit makes more sense to place the gene in the group of growth
rather than reproduction (development). Especially for smoadel organisms it makes sense to
define own classes including the results when possible of studies including species othdy. than
thaliana. In my opinion, this is a disadvantage when using GO annotations. It is not always clear how
the annotations are made or it would also be time consuming to find out how exactly for each
annotation. Moreover there are defined GO terms which cannoirterpreted intuitively or they

are too general. Nevertheless the advantage of using GO terms is that they are more global and it is
possible to directly compare them to other studies, as they provide controlled vocatsilafi
defined terms based gene pilact characteristicsThese cover three domains: Cellular component,

the parts of a cell or its extracellular environment; molecular function, the elemental activities of a
gene product at the molecular level, such as binding or catalysis; and biologicakg, operations

or set of molecular events with a defined beginning and end, pertinent to the functioning of
integrated living units; cells, tissues, organs, and organihstiburner et al. 2000; The Gene
Ontology Consortium 201.7The GO ontology is structured as a diregtciic graph where each term

has defined relationships to one or more other terms in the same domain, and sometimes the other

domains. The given examples of contigs within the GO terms and the corresponding annotation in
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the results section show, that GOrtes and enrichment analysis should be handled with cau@n
Appendix for further details TpT_12_GO_enrichment_GosEgpecially for non model organisms
like T. pratensethe GO terms lead to misinterpretation or were too general to draw conclusions or
select the most promising candidate genes. Therefore the other approach to search in the literature
for basic information of each annotation and group them in own defined classes, seems more
promising. In both cases the information should be checked and do¢ exclude further proper
literature research. Nevertheless the own classification system worked better and is more suitable
to draw conclusions or select candidate gen€arnielli et al.(2015) reviewed the functional
annotation oflarge datasets with thenrichment analysis, that results of the top enriched GO terms
can differ based on the GO annotations that were used, as the results can changarih@8&tions

are actualized. This would mean to repeat the enrichment analysis with every update of the GO
database to guarantee actual results that can be globally interprdteéng et al(2009)did GO
enrichment analysis with different tools and found out, that the top ten enriched GO terms differed
depending on the used tool. Even though this do not influence the quality of one of the used toals, it
does mean, that results of GO enrichment analys® just be interpreted global when the

compared studies used the same tool for the enrichment analysis

5.5. Top 20 DE contigs of field and greenhouse transcriptomes show

location specific pattern

In the following section the DE corgigound as a resulof the DESe2 analysis for the three
transcriptome comparisons are presented in detédure 17) Therefore each contig was described
based on the corresponding putative annotation, followed by a literature research to attain more
information of the desription. The detailed annotation for each contig can be looked uplite 13

15 and in the eAppendixd ¢ LIC ¢ n cpy/ I Y RA R IBés&dyon yhg gainkdiinfdnyation a

possible role or involvement during the regrowth process for each contigs was hyeitiesi

5.5.1. Top 20 DE contigs GM (GHM) vs. GNM (GHNM) description and

possible role during regrowth

Tow contigk49_82496(upregulated in GM) anttin_53091(upregulated in GNM) got both similar
putative description indicating them to be involved in stressponse andohytohormones The
contig tdn_53091 is upregulated in GNMnd got the annotationdTETRATRICOPEPTIDE REPEAT

PROTEINS ¢t w0 é d ¢K24S LINRPGSAya o0Sftz2y3a (2 NBLISEHG LINR

plants (and other species), and akeaown to mediate proteirprotein interactions(Sharma and
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Pandey 2015)Some tetratricopeptide repeat proteins are involved in plant stress responses and
phytohormone sigaling. Studies irA. thalianashowed that tetratricopeptide repeatontaining
proteins are involved in the stress response to abiotic and biotic fa¢toest al.2015)and also part

of the regulatory machinery of plant hormone biosynthesis or plant hormone stress related
responses. For example it was shown that the TETRATRICOPEEFPEXT THIOREDGXKE 1

TTL1 inA. thalianais involved in the ABAregulated esponse, as a positive regulator of ABA
signaling during germination and seedling development under stress. Increases stress resistance
(drought and salt stresgRosado et al. 2006 AnotherTPR repeat containing protein SPINDLY (SPY)
found inA. thalianais a negative repressor of the phytohomone gibberellind arpositive regulator

of the phytohormone cytokiime, therefore involved in plant developmental procesd&r.eenboim
Wainberg et al. 2005)n addition ETRATRICOPEPTRHPEAT PROTEIWITRP1) irA. thaliana
interacts with the ethylene receptor ERS1 and influences development, as was indicated by
overexpression of AtTPR1, which resulted for examptivarf plants with reduced fertility, altered
leaf/silique morphology.(Lin et al. 2009) The M. truncatula homolog of the contigk49_ 82496
upregulated in mown plants got the descriptioinofn Phytozome, by similarityentatricopeptide
repeat (PPR) containing platike protein. PPR proteins are suspected to be involved in RNA editing
(Kotera et al. 2005)Proteins containing PPR motifs have emerged by the divergence of TPR motifs
(Sharma and Pandey 2013)s no further information was provided, it was concluded that the contig
might be involved in the abiotic/biotic stress response, but it remains unclear if tleeafothe
proteins is enhancing or depressing during regrowth. More information would be required to clearly
identify the potential function. Tow heahock proteins were found within the DE contig list of the
greenhouse plants, HSP7@ir{_40997 upregulatel GNM) and HSP9®&23 115785upregulated

GM). Heatshock proteins or stressiduced proteins are a group of proteins that is induced by
almost all biotic and abiotic stresses (including low/high temperature, osmotic, salinity, oxidative,
desiccation, highintensity irradiations, wounding, and heavy metals strejyseshich was
demonstrated inA. thaliana(Swindel et al. 2007) AFWhaibi (2011) reviewed that those proteins

are present in all living organisms. They further showed thair general task is to ensure the
correct folding and aggregation of proteins similar to chaperones under heat stress conditions. This
kind of defense on a molecular level is crucial for the survival and growth of plants. HSP70 function
as chaperons andgy a crucial role in protecting plant cells from the effects of heat stress, therefore
they can increase the heat tolerance of a plant. Proteins of the class Hsp90 also have the role of
chaperones, besides this, they are responsible for pathogen resiestapceacting with resistance
proteins (R), produced by pathogens to avoid an immune respons@/ifaibi 2011, Hahn et al.
2011) In additionPark and Se@2015)reviewed that HSP90 plays a dalcrole in plant normal
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growth and development. Therefore it can be assumed that in the GNM plants the upregulated
HSP70 is involved in pathogen defense processes, thereby the HSP90 upregulated in the mown

plants is might play a role in the regrowth presebesides its function as a stress induced protein.

DE contigs upregulated in mown greenhouse plants (GHM)

¢tg2 3IASySa SyO2RAYy3I LINRGISAya Ay@g2f SR Ay LI I yid R
greenhouse plantOne gene encodes@HITINASEG67_3815). Chitinases are enzymes involved in

the pathogen defense pathway, as they break down chitin molecules which are the main structural
O2YLRYSYld Ay Fdzy3Il t O S§Sharmacet d. 011 \GRoveA 0 R )Bighid Iika a1 St
upregulatedy aY2gyé LA Fydas a GKSe KFE@S (G2 O02LIS o6AGEK
open wounds through the cutting. Another identified gene involved in defense encodes for
0CYANOGENIC BEFIWJCOSIDASHEIN_86219).Betaglucosidases are found in all figi organisms

(including microbes, mammals and plants). They are present in many plant pathways and display a
variety of functions including lignification, catabolism of cell wall components, defense mechanism,
phytohormone activation, and secretion. In marals the betaglucosidase family containing
LACTASEHLORIDZIN HYDROLWHSIEN is responsible for the ability of lactose digest{ietudat

Cairns ad Esen 2010)In the close relative torl. pratense in T. repensthe/ , ! bh D9b L/ w
GLUCOSIDASE responsible for thedegradationof cyanoglucosidesiydrogen cyanidwhich is

initiated when the leaf tissue is damaged or woundaud is thought to prevengrazing trough
animals(Barrett et al. 1995)TKA & @2 dzf R KSf L) (fig againshérpivoresland: y G a
ensure a proper regrowthAmidase(contig: k65 43517 is upregulated in GM. The homologoAs

thaliana locus encodes for the proteiMIDASElwhich is involved in one pathway of auxin
biosynthesis(Hoffmann et al. 2014; SanchBarra et al. 2014; Pollmann et al. 200B)ants have

different pathways tosynthesize auxirone includes the hydrolization of indeBacetamide (IAM)

to IAA via AMIDASEL (AMI1)ArabidopsisThe gends highly conservedand is distributed widely

throughout the plant kingdom, which was demonstrated by phylogenetic sty@éache®arra et

al. 2014; Mano eal. 2010) The phylogenetic analysis showed 47 AtANK& proteins from 38 plant

species, including the Fabaceae fani®anchefarra et al. 2014)n addition functional studies of
uncharacterized amidase homologues witlnsativa Sorghum bicolgmM. truncatula, andPopulus
trichocarpacould demonstrate a similafunction (Sanche®arra et al. 2014)Therefore it might be

possible that withinT. pratensethe homologue gene shows a similar function to thehalianagene

YR GKIFIG GKS 3ASyS Aa dzLINB3dzZ F § SR fKogessdiayazngny ¢ LJE |
production The contigk45 1116& dzLINB3Adz I 6 SR Ay Da 2&termiiakS RS&C
NB 3 ATRe/egadt function of the protein is unknown in plants, so far it is knownAR&XIN is an

evolutionarily conserved protein. It contes a Lsm (lik&m, Sm are core proteins of small nuclear
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RNA) RNA binding domain and a polykiffling protein interacting motif 2 (PAM2)sm domains

are known to be involved in RNA processing, including RNA modificdifiken decapping or
degradation)and pre-mRNA splicingAlbrecht et al. 2004; Jiménédpez and Guzman 2014 A.

thaliana the gene encodes a RMNinding protein (AtRBP37). During in situ hybridization
experiments, it was demonstrated that the protein is only expressed in growigane, therefore

seems to be correlated with cell division but not with general transcripftéecht et al. 1997)In
GY2gy¢ Libobtikeli promites the regrowth after cuttingseveral genes encoding for
proteinsrelated to cell wall development armodification weref 2 dzy R 2 0SS dzLINB 3 dzf I
plants, includingXYLOGLUCANENDOHYDROICAB# (contig tdn_25484 based on homolg
annotation of P. vulgariy Plant cell walls consist of pectins and hemicelluloses. Xyloglucan is the
main hemicellulose in most plant cell walls and provides strength and stalfitity severalXTH

genes, the gene product was shown to have a xyloglecmiohydrolase activity, meaning that the

enzyme is able to breakdown xyloglucan, this was showiXTdigenes inO. sativaand A. thaliana

(Hara et al. 2014; Kaewthai et al. 201@ading to the suggestion that those genes are involved in

cell wall morphogenesis via cell wall loosening to enable expanEperiments inA. thaliana

revealed thatXTHgenes are invloed in cell expansion during tissue reufRitaksaringkarn et al.
2014b)Xyloglucan breakdown can also be initiated by the plant growth hormone gualravitch

and Ray 1974)Therefore activity of theXYLOGLUCANENDOHYDROIDABE be enhanced in the
aYz2gyé LI LFyhGa RdzS G2 GKS Ay ONBI geSaenchdizg dpfoteinNE R dzO i
involved in cell wall modification waBLANT INVERTASE/PECTIN METHYLESTERASE INHIBITOR
(tdn_91159. PECTIN METHYLESTERASE) acts on plant cell walls, by loosening the structure via
dimethylesterfication of pectin. PME is regidd by PECTIN METHYLESTERASE INH{BOIERS

(Hothorn et al. 2004)therefore, they play a role in plant development as well as in defense by
influencing the susceptibility of the wall to pathogens. This was tested and prov&nthaliana

where overexpression of gotin methylesterase inhibitar lead to an increase in pectin
methylesterification and increased the resistance to pathogéhmnetti et al. 2007)During the

regrowth dynamic growth processes related to construction and deconstrudaée place. For

those processes a loosened cell wall allows plant cells elongate fufbesum up thed Y2 6y €
greenhouse plants, show a high expressiogaries encoding for proteins involved in plant defense

and response to abiotic/biotic stress. Basmdthe literature research those defense reactions might

involve reactions against pathogens and herbivores. It should be considered that those defense
reactions might be immunity reactions to prevent damage caused by herbivory and pathogens to
protect thS LI I yiGa RdzZNAYy3I NBINRGIKP LY FFRRAGAZY GKS

related to processes promoting regrowth and processes changing the cell wall composition. It could
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be suggested that both processes are working together, as during regeleibsened and dynamic

cell wall can fasten growth processes.

DE contigs upregulated in not mown greenhouse plants (GHNM)

The contigtdn_9973332 (i G KS Ileftehgini M S2 yNBAJISI G LINRPGIGSMYE oyS

truncatuld). Extensins are a family of piaspecific cell wall hydroxyprolirgch glycoproteins and

are suggested to play roles in plant growth, development, and defense. They can be grouped into

different subclasses. A study investigating the existence and abundance of extensions throughout

the plant kingdom (in 16 sequenced plant genomes), revealed that extensins are present in all

investigated species includimd. truncatula Zea maysO. sativa andG.max (Liu et al. 2016)They

contribute to the insolubility in cell walls, affect cell expansion and normal flmgdn formation

and are involved in signal perceptiondaresponse to wounding or pathogens, as reviewetiinet

al. (2016) In Arabidogsis aproline-rich extensidike receptor kinase family (PERKduld be shown

to be associated with the ABA response and is therefore involved in growth inhifReinet al.

2009) As reviewed ihamport et al(2011) extensins are anent highly organized cell wall networks

and occur also in algae. In addition the review could summarize the induction of extension

accumulation leading to disease resistance after pathogen attack, also physical wounding induced

extensin biosynthesis. Besidheir role in plant cell structures they also seem to be important for

correct plant developmentDraegeretal. 2018 LG OFy 6S O2yaARSNBR (GKI

the protein promotes pathogen defense or maybe flower development. In addition it might be that

itisdownreguladdR Ay aY2gyée LIXlydazr a AG Aa Ay@2f SR

Expansins k69 6358 )are proteins involved in the loosening of cell walls and in addition are

involved in the regulation of the pHependent extension and enlargement of grogiplant cell

walls (Lee et al. 2001)Plant growth processes that inde changes in cellall pH levels are for

example;hormone-induced growthand inhibition of stem elongation; responses of shoots, roots

and leaves to biotic and abiotic stre€3osgrove 2005)n the T. pratensegenome the contig got the

Fyy2dtdi29ba! [[ 9wD9b th[ [ 9buw! [ [ 9wWDppulKE DOYRE G w! w9

PSIBEFBARREA 5t . . yMmMUOE X £ AGSNF GdzNB NBaSI NOK NBGSIFE SR

the expansin familyChen et al. 2016jahg et al. 2005and the rare lipoprotein like doublpsibeta-

barrel domain is found in the-drminus of allergen proteins (like expansifggnnawar et al. 2006)

Expression analysis by -RCR inO. sativa lead to the suggestion that pollen allergen genes,

belonging to the expansin family, are involved in productive and vegetative developi@iang et al.

2005) As the protein was found to inhibit stem elongatioratuld be suggested that for this reason

Al A& R2gyNB3IdA I GSR Ay aY2geyé LAFyGad hy GKS 2i

ANRSGK |yR RSOSt2LIVSy Gl f LIMEB énSoiatiofsy XKENGACHYR (i Y2 4 )
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SYNTHASE -RELATED (contkpl 82581 and 3KETOACYLOA SYNTHASE 15 (cokfig: 8258)

GSNBE F2dzyR gAGKAY GKS fAad 2F dzLINB3dzZA F SR 3ISySa
in the acylipid metabolism, which is part of the biosynthesis of cuticular wax. Cuticular wax is
mainly composed of very long chain fatty acids and their derivatives. These are produced via the
actions of3-KETOACYZOA SYNTHASEES\Wu et al. 2011p Ly RS yayFd yiaé GK
proteins might beresponsible for the wax biosynthesis, especially older ls@veduce such wax,

O2YLI NBR (2 FNBaKfe RS@St ThdRddtiginSI2BFuprequ@tedink S a Y2
Dba?0 320 (KSEALCIYNDERENODEN? BPROTEIN KINASH ATEDBAImodulindomain

1Ayl &S |/ 5.tCHlciumiEeiidént pfatein kinases are characterized to be involved in rapid

abiotic stress and immune signaling responses via the signal translation of changes in calcium ions
(C&") concentrations induced by pathoge EspeciallyCPK21 which seems to be a negative
regulator of the osmotic stress respon@&anz et al. 2011) eading to the suggestion, that the gene

isdow/ NBS3dzf F iSR Ay aY2gyé LI Fydadadad dr RANRELINS JWHK $
Y2oye LI IFyda AG O2dA R 0SS Ay@2t @d&ine legtinsldoritgk 2 ISy
k71_5292 upregulated in GNM)ave a variety of functions includingtamicrobial; insecticidal, and

antitumor activities (LagardeDiaz et al. 2017)The protein could be involved in plant defense

NBI OGA2ya Ay dGTyWedgeneyehdoging pratins §oripiadt defense have been found,
exocystsubunit exo70 family protein (contikdl 54584 and papain family cysteine protease

(contig: k33 _17052. In cells, the exocyst is recruited to sites of active exocytosis and membrane
expansion, thereby mediatinthpe fusion ofsecretory vesicles and tiretarget membrane. In plant

cells the exocyst complex is involved in regulation of cell polarity and morphogenesis, including cell

wall biogenesis, stress response including defense against patho@assky et al. 2013)
Experimentsn t-DNA insertion lines d&. thalianarevealed that Exo70Bik involved in resistance to
pathogens(Stegmann et al. 2013)Papaidike cysteine proteases are a large class of enzymes
involved in development, immmity, and senescence and are present throughout the plant kingdom.

The majority of those enzymes have unknown functions, due to redundant gene functions, it is
difficult to study protease functions in single gene knockout experimg@Ritshau et al. 2012Misas

Villamil et al(2016)reviewed the most important roles gfapain family cysteine proteasI(CP) in

plant immunity system. They explained that PLCPS are negdssahe plantimmune response to

increase resistance against pathogens, which was shown in several stuliethatiang Nicotiana
benthamiana and S. lycopersiam. In addition PLCPs are involved in the response to herbivore
attacks, as PLCP accumakin wounded tissue at. maizeand Caricapapaya(Papaya) where it is

among other things responsible for the toxicity of tissue against insects. Beside their active role in

plant defense, it was also shown that PLCPS activate signaling cascades ifultlcergplant
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defense mechanism@isasVillamiletal. 20180 Ly GKS ay2id Y2gyeé LI I yida
role in pathogen defense as well as senescence preseskie to the age of the plants. The contig
tdn_141837 6 & | yy 2 (i GLUSGSEPHASIPHATE/PHOSPHATE TRANSL@GATOR y
thaliana the homolog gene encodes for GLUCBHHOSPHATE/PHOSPHATE TRANSLOCATOR 2
(AtGPT2). GLUCO&PHOSPHATE/PHOSPHATE TREBXIOR 2 (GPTP2) was demonstrated to be
significantly high expressed in the lotegm photosynthetic acclimation caused from changing light
conditions (from low light conditions to high light conditions), therefore plants lacking a functional
gene could noundergo the acclimatiorfAthanasiou et al. 2010Photosynthetic acclimation on a
biochemical levefor plants as sessile organisms is necessary to maintain efficient photosynthesis.
During the acclimation processes GPTP2 is involved in the starch biosyiiihesis et al. 2015)
GPTP62 plays also a role in seedling development and is expressgedtent leaveis A. thaliana

(Dyson et al. 2014; Niewiadomski et al. 28D5) Ly ay 28 Y26y é LI I yia RdzS

[atN

might be involved in processes leadingsenescence. The contigg_43136was found to probably
encode for a NAC transcrtiption factoin studies with cotton fibersGossypium hirsutuinthe
expression of NAC homolog was investigating and expression pattern of genes regulated via the
expression B NAC have been identifiehang et al. 2017aNAC is known to be involved in the
biosynthesis of secondary cell wall components. Genes downregulated during the expression of NAC
included, different transcription factors (MYB and ERF) aerdetizymes KCS aBETAKETOACYL
REDUCTASHRBCR) both involved in processes activated in synthesis of secondary cell wall
components(Zhang et al. 2017aYherefore it could be hypothesized that in the mown plants the
NAC transcription factorare downregulated in order to upregulate those target genes and thus
allow rapid cell wall strengthening. In contrast, genes upregulated during NAC expression seem to be
involved mainly in primary cell wall synthe§hang et al. 2017aYheaefore it could be suggested

that the NAC expression is immediately increased after cut to increase regrowth and the expression
is lowered during the two weeks after the cut to allow cell wall strengthening, increasing the stress
tolerance and resistanc& his was shown foA. thaliana(Asahina and Satoh 20153tudies iPA.
thaliana revealed the interplay of NAC transcription factor (ANACO071) and two members of the
XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HY BérailyASE$20 and XTH19), thereby it was
found that the expression of the three genes is correlated and axiucible in wounded stem

tissue (Pitaksaringkarn et al. 2014bA XYLOGLUCAN ENDOTRANSGLUCO®MEASBEN to be
upregulated in mown greenhouse plants. summary the contigs found to be upregulated in the
ay20 Y2gyé LA LFydaz | NBE Y 2dth tedesciknged feto@darR celh wall LINE O

components biosynthesis or normal growth and development processes including reproduction.
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Nevertheless some contigs were found encoding for genes possibly involved in the regrowth process

of the mown plants, as thedtownregulation would promote growth in the mown plants.

5.5.2. Top 20 DE contigs FaM (TPM2) vs. FaNM (TPNM2) description and

possible role during regrowth

Within the list of DE genes of both field samples comparisons, some ctiggl8478upregulated

in FaNM;tgg 49631 tdn_56712 upregulated in FoNMk63 21505, tdn_109277upregulated in

FbM) expressed in mown and not mown plants, were annotated WRIR (Leucinech repeats).
Nucleotide binding site leucirech repeat proteinscharacterized by nuclewle-binding site (NBS)

and leucinerich repeat (LRR) domains as well as variable anaind carboxyterminal domainsare

mostly encoded by disease resistance (so called R genes) in plants. Little is known about function of
those proteins or how their expssionis controlled, so far it is known that the proteins (NBBR

are maybe involved iplant defense responsg#icHale et al. 2006; Moffett 200ZJ his could be the

assumed function iff. pratenséut needs further investigation.

DE contigs upregulated in mown field plants FaM (TPM2)

The contigtdn_129978 (upregulated in FaM) gothe annotation EMBIGIN The geneEMBIGIN
belongs to the immunoglobulin super family and is a transmembrane glycoprotein, which is
expressed in early stages of mouse embryogenéSisankar et al. 2016No further information
could be found about possible functions in plants. Leading to the suggestion, that the annotation
might not be reliableThe contigk53 38903(upregulated in FaM) encodes most likely faoratein

called PLASTID REDOX INSENSITIFRIRY which is involved in photosynthetic processéhe
chloroplasts in plants are the place of the photosynthetic light reactions (converting sunlight into
usable energy). In legume seeds it was shown thidroplasts can supply developing plant embryos
with energy and therefore promote growth and developméRolletschek 2003)in higher plants,
chloroplast genes are transcribed from different RNA polymerases, one is the plastid encoded RNA
polymerase (PEP), which mainly promotes thens$@iption of photosynthesiselated geneqYu et

al. 2014; Hajdukiewicz et al. 1997; Ishizaki et aD52@PRIN2s a plant protein involved in the full
expression of genes transcribed by RERRmnev and Strand 2014; Yu et al. 2004)NA insertion

line mutants inA. thalianaof PRIN2 showed a misregulation of photosynthesisociated gene
expression as well as defects in plant egtbdevelopmen{Kindgren et al. 201Xremmenev. After
cutting or mowing, energy supply is necessary to guarantee a proper regrowth. Therefore
photosynthetic processes are beside the mobilizatdrexisting energy reserves important for the

provision of energy. An upregulation of PRIN2 in mown plants could enhance the photosynthetic
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process and therefore energy productioDAYSLEEPER (coniti4®_38Q upregulated in FaMis a
domesticated transpsase inA. thalianait plays a major role in normal plant development as well as

in the regulation of the expression of other genes. Plants with-dddanction or overexpression did

not develop normally and showed among other things retarded gro{@hndock and Hooykaas
2005) The investigation of the expression pattern of DAYSLEEPER revealed that it is predominantly
expressed in meristems, developing flowers and fruikip et al. 2013)DAYSLEEREER genes
(SLEEPER genes) are unique to angiosperms amadsarpresent in for exampl®. sativa Mutants

of O.sativalacking the correct function of the gene displayed phenotypic abnormalities, indicating
that these genes are functional and important for normal development in (adp et al. 2012)
These findings lead to the suggestion that the gene is involved in the regrowth and development of
the regrowing plants. Within the list of DE genes of the field mown transcriptomes (FaM/TPM2) the
contig k59 _3541 (upregulated in FaM), encoding for CYRZ6 inA. thalianawas found.In A.
thaliana, it was demonstrated that AtCYP71 interacts with histonehi8regulates gene expression
patterns that are responsible for plant development and morphogenesis, therefore the knockout
cyp71lmutant plants showed delayed development, reducediliéy and morphological changdsi

et al. 2007; Li and Luan 2010YP71 has also a role in plant defense againsivoeybwhich was
shown inP. trichocarpa P. trichocarpaproducesnitrogenous components in responge tissue
wounding due to herbivory, genes of the family CYP71 were shown to be responsible for the
conversion of aldoximes to nitrildrmisch et al. 2014)In addition the role in plant defense or
resistance cold also be indicated iA. thaliana here members of the CYP71 family are involved in
camalexin synthesis, an, indadtkaloid produced aftepathogen infection(Nafisi et al. 2007)in the

mown plants this gene might promote the growth, as well as support the defense against pathogens.
The contigk71 23808 (upregulated in FaMWwas annotated with planspecific B&DNAbinding
domain protein/AP2.The REM (reproductive meristem) gene transcription factor familyAof
thaliana is part of the B3 DNAinding domain superfamily, but little is known about this family.
REM16 is highly expressed during flower developmerA.ithalianaand showed correlatin with

the gené protein LEAFYLFY which is responsible for regulating the floral transition of the shoot
apical meristem(Mantegazza et al. 20147 he expression pattern of the contigs fits to the mown as
well as to the not mown plants. It might be possible that the magelents already prepare their
selves for the reproduction. Also it is possible that the not mown plants already finished the
development of the flowers and the reproduction, therefore the genes is downreguldtezl mown

field plants FaM showed a highermgssion of genes related to energy production, growth and

development.

83



DE contigs upregulated in not mown field plants FaNM (TPNM2)

Within the DE list of not mown field plants (FaNM) the cotdig 58745(annotation GDSL LIPASE
LIKE 1 (GLIP1)) was foundbe differentially expressed. IA. thalianathe enhanced expression of
protein GDSL LIPASKE 1 (GLIPI)creases resistance to pathogelogal treatment with GLIP1
proteins activates systemic resistance, inducing both resistance gene expressioratuoden
resistance in systemic leav@éwon et & 2009) GDSL esterases/lipasaéght play an important role

in the regulation of plant development and morphogenesis GDSL esterases and lipases are hydrolytic
enzymes with multifunctional properties such as broad substrate speciffdkyh et al. 2004)n the

not mown plants they might show a higher expression because the plants have to fight against
pathogens. Further a contig (contigk43_ 111792 with the annotationda / ! C GOOA, @
METHYLTRANSFERKSCoAOMThased onM. truncatulahomlog protein description)M. sativa
plants in whichCCoAOMWas downregulated showed a higher persistence against pathogen attacks
and a lower lignin conten(Gill et al. 2017)In Z. maizethe downregulation oiCCoAOMTeads to
reduced lignin productiorfLi et al. 2013)Both studies demonstrating th&ZCoAOMTs involved in

the lignin biosynthesidn addition CCoAOMT was suspected to be involved in defense response to
pathogens inPetroselinum crispunfPakusch et al. 1989Within the not mown plants the gene
could be responsible for the lignin production. As its downratjoh leads to increased pathogen
resistance this might be the reason why it is downregulated in mown planesddition two contigs
related to cell wall growth processes have been fouRKXXETYPE ACYLTRANSFERABEQ:
tdn_47209 upregulated in FaNMis responsible for incorporation of ferulate (found in plant cell
walls) into aliphatic suberin (an extracellular lgpich heteropolymer, found at thinner surface of

the primary cell wall of certain tissues) @frabidopsis(Kosma et al. 2012)CAFFEIC ACID O
METHYLTRANSFERAS®ENtQ: k41 17597 is involved in key step in the biosynthesis of
monolignols, which is a main component in the formation of lignin in plant cell walls. Studies in
Lolium perennemutants in which CAFFEIC ACIDMETHYLTRANSFERA®E downregulated
showed changesiilignin level and composition, is showed enhancedigestibility, this can help
increasing forage wuplity (Tu et al. 20@). The not mown (FaNM) plants showed a higher expression

of genes related to secondary growth and pathogen defense.
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5.5.3. Top 20 DE contigs FbM (TPM1) vs. FbNM (TPNM3) description and

possible role during regrowth

DE contigs upregulated in mown field pl ants FbM (TPM1)

Four contigs involved in increasing resistance to environmental conditions have been found within
the DE ikt of mown field plants (FbMY.he family of ubiquitin protein ligases (E®n(_154158,SEL
1-like protein) play important role inubstrate recognition and ubiquitination. There is a great
interest in human research as many E3s are often mutated, absent or malfunctioning in some
disease like neurodegenerative disorders and cancer, which also accounBEkdfArdley and
Robinson 2005; Biunnet al. 2006) Another study oZhang et al(2017b)revealed the function of a
protein belonging to the ubiquitin protein ligasamily in droughtesponse. They showed that in
response to drought, several protei that are repressing droughésponsive proteins are
degenerated via ubiquitination. This enables the accumulation of those drought responsive proteins
and starts the downstream expression of further genes. A key protein in the degradation of the
suppresing proteins was found to be abBIQUITINPROTEIN LIGASd&entified in wheat.
Experiments inriticum aestivunand A. thalianademonstrated increased drought resistance when
the UBIQUITIN PROTEIN LIGA&EoverexpressefZhang et al. 2017b)nA. thalianathe SELDene
was upregulated and involved in the degradation of unfolded proteins during artificial induced
endoplasmatic reticulum stress, due to accumulation of unfolded proteins in the organelle unfolded
protein (Kamauchi et al. 2005 Comparative sequence analysis revealed that the gshélis
conserved throughout many species, including plants, fungi, mammals and ieg&&mno et al.
2002) As mown plants are more exposed to light and wind in the field like not mown plants, as they
lack the biomass which provides shelter, they have to cope with droddie contigtdn 142681
(upregulated in FbNM was found to probably encode forANTHOCYANID 3O
GLUCOSYLTRANSFERASE / URIDINE DIPHOSPHAGIIHOCGSANIDIN  -CB
GLUCOSYLTRANSFERASEPaeonia suffruticosathe expression of ANTHOCYANIDIN-CB
GLUCOSYLTRANSFER@ASHigher in plants with red flowers than in plants with white, leading to
the sugyestion that the enzyme is involved in the anthocyanin biosynth@hso et al. 2015)in
LIS OK OdzAf GABFNE OWEAPHYAQBI BKRdzy i &KBQ 3 Slyy6R SEWBIBE a a
with the anthocyanin content in peach flowef8Ven et al. 2014)similar expression patterns in
correlation with anthocyanin content could be demonstrated Foeesighybrid (Sui et al. 2011and
strawberry Fragaria x ananas$gGriesser et al. 2008)n T. pratenseplants this gene mighbe
involved in the anthocyanin biosynthesaes in A. thaéina it was shown, that in response to removal
of the inflorescence stem anthocyanin accumulation occurregetber with high expression of
stress induced gendsi and Strid 2005)n M. sativa overexpression dfIALATE DEHYDROGENASE
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(contig: tdn_140636) an enzyme involved in malate synthesled to increased tolerance to
aluminum(Al) (Tesfaye et al. 2001n T. pratenselants the contig could be involved in general cell
functions or also in enhancing Al tolerance proces$hs. contigdn_65187got various annotations:
Reverse transcriptase (RM&pendent DM polymerase) (RVT_1) // Serpin (serine protease
inhibitor) (Serpin) // zindbinding in reverse/ Endonuclease/Exonuclease/phosphatase family
(Exo_endo_phos) /// Ribonucleaselide superfamily protein, which will be presented in detail.
Reverse transcriptes (RTs) are mainly involved in fsgtand complementary DNA (cDNA)
synthesig(Tzertzinis et al. 2008)n A. thalianagenes ofthe serpin family were found to be crucial

for normal growth and developmerfAhn et al. 2009)DNA Replication is not continuous; therefore
DNA damage during replication causes broken replication forks, which need to be repaired. Studies
revealed that the ENDONUCLEASE/EXONUCLEASE/PHOSPHAT#ISES necessary fothe
reparation of stressed replication forkim et al. 2017; Wu et al. 2015 ibonuclease #ke (RNHL)
superfamily, consist of numerous enzymes imedl in nucleic acid metabolism armtocesses of
mitosis; members are for example RNases and deoxyribonucleases, and endonucleases
(Majorek et al. 2014)In the mown plants the genmight be involved in tle possibily enhanced cell
division during regrwothRetrotransposons (contigdn_52922)belong to the group of transposons
which are mobile elements that can copy and move themselves in the genome. The long terminal
repeat (LTR) retrotransposons are tlagest and most represented group in eukaryotic genomes
(Havecker et al. 2004)it was shown, that retrotransposons are involved in epigeneiia
transcriptional processes via small RNgMcCue and Slotkin 2012)n N. tabacum a specific
retrotransponson is upregulated during pathogeattacks, implies the hypothesis that
retrotransposons might be involved in the pathogen defefi@eandbastien et al. 199%r that
during pathogen attack the plant has to cope with the pathogen defense and cannot control the
transposons anymoreln addition two contigs have been described, encoding genes related to
metabolic pathways and energy suppBYRUVATE KINAB&ntig:k59_360)is an important enzyme

of glycolytic pathway that also functions in providing carbon skeleton for fatty acid biosynthesis
(Turner and Turner 2014ATPases (contigdn_100956)are crucial molecular componentisat are
involved in the majority of cellular pathways and as they can transfer the energy stored in ATP to
their targets to enable reactionfRappas et al. 2004)n summary the mown plants of the field
(FbM) present genes related to metabolic pathway, as well aseased resistance against

pathogens and environmental influences, but also in processes promoting growth.

DE contigs upregulated in mown field plants FbNM (TPNM3)

Two contigs were found upregulated in the list of DE genes of FbNM (TPNM3), involved in plant
pathogen defense. IMypericum calycinunthe homologies of CYP81 (contigdn_100726)are
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found in the pathway of xanthones biosynthes{einthonesare a group of natural products found in
fungi, lichens and higherlants, involved in plantesponse agast herbivores and pathogens. In
addition they have pharmacological activities used for humans for example;Alhgimer
properties (EFAwaad et al. 2016)In M. truncatula CYP81EQMtCYP81E9) encodes for an
L{hC[! *HYDROXYWASE 0 | 0 ® ¢KS SHI Gl WNRYOAnyAY dyTOfI1Sd NE
i K I (i wak shown to be expressed Eraleson whichmethyl jasmonatevas applied or wounding
was inducedand is a key enzyme in the formation of complex isoflavonoids in leg(mest al.
2003) Isoflavonoids are a large group of plas#condary metabolites and have bed@entified
primarily in leguminous plants werglay important roles in plant defense against pathogens and
herbivores. They alsdisplay significant health benefits for animals and humans as they have
antioxidant, and anticancer activitie@Vang 2011)It can be suggestechat CYP81E9 is involved in
the pathogen defense in thd. pratenseplants, either by downregulation in mown plants or
upregulation in not mown plantsvietacaspasen (contigdn_87762)are cysteine proteases present

in plants, fungi and some protists whidre upregulated in response to stress like pathogen
infection and can induce programmed cell dedffagundes et al. 2015 hroughout the plant
kingdom metacaspasen can be, based on their praséincture, classified into the types | and Il. In
N. benthamianaand O. sativathey were shown to play a role in plant resistance against pathogens
(Fagundes et al. 2015)n A. thaliana AtMC1lacts as a positive regulator of cell dedtBoll et al.
2014) In the not mown plants it could be possible that the contig is veolin senscence realted
processes due tage of the plantsln addition three contigs were found upregulated related to cell
division, DNA replication also involved in abiotic stress and development:CDRECTED RNA
POLYMERASE V (contig; 86129) is akey protein in the RNAlirected DNA methylation pathway,

as its transcription eventually allows epigenetic factors to access chromatin subgiviteske et al.
2009) In A. thalianastudies revealed that this pathway is responsible for the DNA methylation,
which is an epigenetic modification via gene silengWierzbicki et al. 2008 DNA methylation in
plants remains mostly static but wasostn to be dynamic during developmental procesfeswy and
Jacobsen 2010MHistone poteins (H2A, H2B, H3 and H4, conkigs_4624) organize the eukaryotic
DNA into units called nucleosomes, therefore they regulate the access of the DNA to transcription
factors and RNA polymerasé@sornberg 1974)The nutear export of proteins is induced by nuclear
export signals.EXPORTIN {XPO1, contigitdn_55533), formally known as CHROMOSOMAL
MAINTENANCE 1 (CRM1) is part of the mechanism of nuclear export of proteins and messenger
RNAs and is therefori@volved in tke distribution ofmolecules, also identified iA. thaliana(Stade

et al. 1997; Haasen et al. 1999) A. thaliana,mutations of the exportin locus (ATXPOL1) lead to heat

intolerant plants, demonstrating that @ortins are in addition essential for he@tlerance(Wu et al.
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2010) Increased expression during several cancers in humans including osteosarcoma and ovarian
cancer has been observéboske et al. 2008; Ho 2009)he contiggg_51443was annotated with
UDRGLUCOSYLTRANSFERASE FAMILY PROTEIN/GANIBERYL GLUCOSYLTRANSFERASE
(UGT72E), which is a key enzyme involved in the llgasynthesis by producing single components

of lignin(Lim et al. 2001)All those contigs sew to be involved in normal cellularocesses and
functions in the ot mown plants.The analysis of #h DE genes within the mowplants leading to

the impression, that the mowplants are busy with regrowth and development, as well as immune
reactions and plant defense. This might be reasonable, as regrowing plants; imgdiesh leaves

that are more attractive to herbivores. In addition as they do not have the high biomass as not
Y2y L IFydas GKSe@ INB Y2NB aSyardAagsS G2 LI GK23S\
an upregulation in many genes related to preses that invlye reproduction, senescengmthogen
defenseor normalcellularprocessesThis makes sense as the plants are adult, and therefore contain
older plant material which attracts several pathogens. The results showed that it is not that simple
to identify the possible role of a gene based on the annotation. Genes can have various functions
and influencing a number of pathwayk addition the annotation gives no information if the
function might be inhibiting or enhancing, as sometimes thisffergint depending on the pathway

or environmental influences as well as developmental stafge function can also be species
specific. Additionally it should be taken into account that neither the annotation nor the function
can lead to suggestions abotite importance of a gene within a specific pathway during certain
conditions. Therefore it is crucial to proof the function of the gene in functional studies.
Nevertheless the annotation and the information provided on the literature can help to create

hypothesis.

5.6. Selected candidate genes displaying a broad spectrum of functions for

further functional analysis

For further functional analysis including, gRTCR and phenotypic monitoring Af thalianat-DNA
insertion lines 14 candidate genes have beatected (table 16, table 17) As the regrowth
processes ofl. pratenseare not investigated yet, candidate genes belonging to different classes
have been selected, to represent a board spectrum of possibilities which classes are responsible for
the regrowh process. As a gene can have enhancing or repressing function depending on
condition, developmental stage, plant speciasd pathwayor can also influence other pathways
selected contigs that are upregulated in mown plants but also contigs thatieregulated in not

mown plants. The selection of candidate genes out of different classes with different expression

pattern out of the greenhouse libraries is a good basement to unravel important processes. The
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contig tgg_43136 (class transcription, uprgulated in not mown plants (GNM)) was already
described in the previous section. The contiln_76635 (class phytohormone) upregulated in
mown and encodes iA. thalianafor CYP715A1. It belongs to the CYP71 family, but not much is
known @out this geneThereforethe same putative description as the conk§9_3541,encoding

for CYP71A26 iA. thaliana(see section above) was assumed.

5.6.1. Candidate genes upregulated in mown greenhouse plants

The contigtdn_125117is upregulated in mown greenhouse planand belongs to the class of
general cell functions. The homologous proteirAinthaliang ASY1 (MEIOTIC ASYNAPTIC MUTANT
1) is required for meiotic crossirgy@ S MIhsiolved in the repair system of double strand breaks
during meiosis, chiasmata forrtian and additionally plays a crucial role in the regulation of genes
involved in the homologous recombination proc€esrdous et al. 2012; SanchHépran et al. 2008;
SancheaMoran et al. 2007; Muyt et al. 2009)n T. aedivum it was demonstrated that ASY1 is
necessary to promote interactions between homologous chromosofBesien et al. 2009)Mown
plants prepare the reproduction during regrowth. Therefore an enhanced expression of ASY1 could
improve the meiotic cell division processes and generating more variability, as it increases the
number of crossingver events. The contigdn_146439(upregulated in mown greenhouse plants
(GM))is found in the homologues locus #f thaliana AT3G11040. The contig is upregulated in
mown greenhouse plants and belongs to the class development. It encode<i6Tr@SOLIC ENDO
BETAN-ACETYLGLUCOSAMINIDESESASESSB). Knockdown mutants of this gene have no visible
phenotype inA. thaliana(Fschl et al. 2011)Those proteins are involved in the processing of free
oligosaccharides in the cytosol. Endoglycosidases releaggchins from glycoproteins by cleaving
the betal,4-glycosidic bond in the N,Miacetylchitobiose coréSuzuki et al. 2002nd are involved

in the production of highmannose type free MNlycans during developmental processes and fruit
maturation in plants(Kimura et al. 2011)The enhanced expression within the movplants,
suggests that the gene participates in developmental processes involved in regrbwghcontig
tdn_69411is upregulated in mown greenhoug#ants (GM) and belongs to the class of growth.
During a study ofArteagaVazquez et al(2006) the locus was found to encode for @otease
inhibitor lipid trarsfer protein (LTP). LTBee secreted and located in treell wall ands suggested
involved in cutin biosynthesis defense reactions against phytopathogens, symbiosis, and the
adaptation of plants toenvironmental conditiondKader 1996) The gene influences the cell wall
structure which is neceasy during regrowth as during this processes cell walls are new created or
expanded to enable growtiThe contigdn_85889is upregulated in mown greenhouse plants (GM).

Its homologous locus iA. thalianais AT4G33220, the homologous gene encodes forptiogein
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PECTIN METHYLESTERASE 44 (PME44). Their function include the demethylersterification of pectin
which was found to be important for mechanical strength of cell wglgarvis 1984)
Demethylesterification of pectin within the cell wall structure, increases the elasticity of the cell wall

and is the first mechanical event in organ development, like le@®esucelle et al. 2011Jhe contig
tdn_136069(upregulated in mown greenhouse plants) encodeArabidopsighe protein ATHL. The

gene was foundto be involved in flowering time regulation iA. thalina via transcriptional

regulation(Proveniers et al. 2007)

5.6.2. Candidate genes upregulated in not mown greenhouse plants

TheT. pratensecontigtgg 76356is upregulated in not mown greenhouse plants amt@des inA.
thaliana for the protein Cytochrome P450 94QTYP94C1)t belongs to the class of biotic stress.
This proten is involved in the inactivatioaf the plant hormonegsmonoyiL-isoleucine (JAle). The
transcription of the gene encoding CYP®4€ enhanced by stress, treatment with the hormone
methyl jasmonate and wounding@andel et al. 2007The jasmonic acid (JA) signaling pathvstays
important roles in adaptatiorof plants to environmental condition8Videmann etal. 2016) The

first impression is that the gene is upregulated in the not mown plants to inactivate the stress
induced response of JAE due to abiotic or biotimfluences As it is downregulated in the mown
plants, it could be hypothesized that theomn plants are still under the influence of-0& induced
stress response ad thus try to enhance pathogen defense during regrowth as freshly developed
leaves are especially susceptible against pathogéms.contigk65_9861(upregulated in not mown
greenlouse plants, (GNM)) endes for the protein P5CS_MESGRA. thalianamutants show a
decreased root elongation anteduceddry weight for plants grown under low water potential
conditions(Sharma et al. 2011b; Sharma et al. 201pBst4 mutantsare less salt stress tolerant
and show signs of increased oxidative strésan wild type plants(Szekely et al. 2008As it is
upregulated in not mown plants, it might be involved in abiotic stress mespoNevertheless in
mown plants it could be involved in growth inhibition processes, as the knockout mutant of
P5CS_MESCR shows a dwarf phenotiygmekely et al. 2008)The homologue oftdn_138856
(upregulated in not mown greenhouse plants) codeA.ithalianafor MLRLIKE PROTEIN @4AJOR
LATEX PROTEIN LIKE 43). The gene was found to be positive invaR&dsignalingWang et al.
2016) In response to drought stress the knockout mutant of MLP43 wasitsve to drought stress,

in contrastMLP43overexpressing transgenic plants were drought toler@ffang et al. 2016)So it

is thinkable that the gene is expressedlinpratensaluring regrowth as a stress response. In mown
plants it might be downregulated to not further support the ABA signaling, as ABA is known to

inhibit growth. The contigtdn_91529 is upregulated in not mown greenhouse plant and is the
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homologue of a gene first discovered in wheat, which encodes for the protein NAC transcription
factor NAMB2, which is associated with the GRAIN PROTEIN CONTENT (GPC) proteins. It plays a role
in accelerating senescence and increases nutrient remobilization from leaves to developing grains
(Uauy et al. 2006) Studies with cloned full length NAC gene frdm latifolium (LIaNAC),
demonstrated that the LlaNACamscript is upregulated by cold stress and downregulated in
response to varying concentrations of abscisic aaticylic acicand ethyleng(Aslam et al. 2012)n

T. pratenseplantsthe contig might beanvolvedin stress response and adaption tovitonmental
conditions. The contigtdn_70239 it is upregulated in not mowi. pratenseplants and it was

Of raaAFASR Ay GKS &3Sy SANIhdlianaihg fcdntig Eranf®© forAzPy1iE Of | 2
member of putative zinc transporter ZIPHke family. | decided it to chooghis geneas an outlier
candidate gene, to get the chance itnprove the knowledge about the gene and to see if maybe
also genes related to general cell functions are involved during the regrwoth process. ZIPs are zinc
transporters and are responsible for the zinc uptake in ¢8stz et al. 1998; Plaza et al. 200Zinc

is involved in many physiological events, as it cdivae or influence the expression of other genes.
Homologies of ZIP geneswere identified inT. aestivumand revealed a higher expression in
response to low Zn concentratiofBvens et al. 201 AWVithin the selection for further analysis of the
candidate genes | included two genes that encode for genes which are indglutleel biosynthesis

as well as the deactivation of the plant growth hormone gibberellind\.irthaliana GA200X2
(tdn_103259 upregulated in mown greenhouse plantm)d GA20X1tdn_112851 upregulated in

not mow greenhouse plants). Thereby the digital geaxpression sowed that GA200X2 is
upregulated in mownT. pratenseplants, contrary to GA20X1 that was found upregulated in not
mown T. pratenseplants. Gibberellic aci§GA)is a plant hormone involved in shoot elongation,
flower initiation under short dg conditions and growth{Eriksson et al. 2006; Wilson et al. 1992;
Stowe and Yamaki 1957 A. thalianathe GA200X2 is involved in the biosyntheses eflitoactive

GA form(Phillips et al. 1995)n the mown plants the gene is probably upregulated to eweathe
production of GA, which promotes growth. The Gi@dase is the major enzyme of GA catabolism
and deactivation(Thomas et al. 199). GA20X deactivates the bioactive GA1 and GA4 through
oxidation to GA34 and GAS8. Loss of function mutants, in which all five genes that encode for GA20X
were knocked out, resulted in taller plants with larger rosette raqRigu et al. 2008n P.sativum

the homologous gene it is predominantly expressed in roots, flowers, young fruits and seeds and
plays a major role in GA20 deactivati@ioactive form of GA ifP. sativunm (Lester et al. 1999;

Martin et al. 1999) It is downregulated within the mown plants to inhibit an inactivation of GA,

which would inhibit growth.
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6 Functional analysis of the candidate genes

6.1. Expression analysis by quantitative real ti me Polymerase chain
reaction (q RT-PCR)

6.1.1. Plant material, RNA extraction, Primer design, cDNA synthesis

Two different gRIPCR experiments were conductdd for the validation of the expression level and
pattern observed during the digital gene expression analysis, 2) and to further investigate under
which conditions, and in which stages and tissue, candidate genes are exp(tasied19) Samples
included young seedlings, flower buds, flowers, leaves, axial shoot meristems, as well as the 12
samples used for RN®eq figure 25, A6, 8). For the growth conitions of the field plants see
material and methodsection within the publicatioierbert et al.(2018) First sampling took place

at May 20, 2016. fie second sampling took place at July 12, 20kbthan after mowing at August 2,
2016. Ater sampling the tissue was collected in 15ml Falcon tubes anddimestly frozen in liquid
nitrogen. For each sample, three biological regiesgere sampled. For # validation of the
expression pattern observed during the digital gene expression, only axial meristem and leaves of cut
plants and control plants of the same age was used, as well as the samples used for t8edRNA
(figure 25 A5, 8). For the identificdon of expression pattern afandidate genes, all collected tissue

was used for gRIPCR,; i) to identify the expression pattern in cut vs. uncut tissue and ii) to identify

novel stages and tissues of expression.

Figure25T. pratenseplant material used forgRTFPCR in adult, mown and control plants (plants32wveek after mowing).
A: young inflorescencefflower buds) B: leaves, C: Inflorescences, D: Axial meristem (black cirBiejure was made by

Denise Herbert and Nicolas Ksen.
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For the procedure of thev b !
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fulfilled.

Table 19 List of contigs used for different gRT PCR experiments. The contig name is given with the corresponding
YR NB JSNE S testikarididntidgedes Biks@d (G S 32 NB
2-MOR @xperimehta lmddi@OBANR A y 3
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K2dza 81 SSLMAY3
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3SySao

primer efficiencies areyiven

SEGUNI OQliAzy

0¢KSNN2

NR

¢KS ydzYoSN) amé

4-Sef§ and &f@rénke tyansaiiptotne @  wb !
O 2 y a i NURDA AgRajitg and concentration was checked spectrophotometrically using a
{ OA Sy and TBsddf eguirdimieritsonBre 5 I NJIY &

02

ID transcript Forward Primer Reverse Primer Class Primer
Effizienz
1 k65 5754 CCCAAGCAAAGAAGAATT. TGTATCCGTATCAGCTCC Housekeeping 1.95
GA
2 RC31500Qrates TGATGAAACCAACACAAC GTTGGAAGAGTTCGTGA! Housekeeping 1.87
et al. 2014) A ATT
3 tdn_146439 CGAACCAACTTCATCTCC1 CCACTTATCATCTATGTA Candidatel 2.017
ACC
4 k65 9861 CTCCTGATTATATTTGAGT CTGGTATGGCTGAAGTA, Candidatel 1.994
GA AC
5 tdn_69411 CATCCACCTTCCACAAATT CCCTTTCCACAATAGTTA Candidatel 2.006
C ACC
6 tdn_85889 AACCGATACAAACTCTCA™ GAATCACAAATCCACTAC Candidatel 1.984
C A
tgg_76356_ AAATCCAACTTCGTCTCAT CACAACCATAGCTCTTTC Candidate 1.883
tdn_125117 GATTGGATGGAGAAAGGT GGTGCGGTTGATATTCA™ Candidate 2.208
G AC
9 tdn_112851 AATACCTTCTTCTCACCAC GAATCTTTAGCCCTTCTC Candidate 2 2.26
10 CMTS3 GGGCTATACTTTAAGGTT GCATACCACATCCACAAC( Candidate 2 1.87
TGG
11 tdn_76635 TGACTCCTAATGAACTCA/ GCAATAGCTTCTTCATCA Candidate 2 2,7
A
12 tdn_76356_a AGCAGCACATGAAAGTAT CCCACAATTCCTCTAACC Candidate 2 2,1
G Cc
13 tdn_103259 ATGACTCCTAATGABEAC GCAATAGCTTCTTCATCA Candidate 2 2,94
C
CANBG adGNF¥yR O5b! gl a a8y avinBs¥hst Srénd cDAA SpitesisKit ( K S

(Thermo Scientific) following the manufacturer protocol. A standard reaction mix was prepared by
using 1 ug ofotal RNA, 1 ul of 100 uM random hexamer primer, 4 ul of 5X Reaction Buffer, 1 ul of
RiboLock RNase inhibitor, 2 pl of 10 mM dNTP mix, and 1 pl of 200u/ul RevertAid Reverse
Transcriptase. Samples were mixed gently and briefly centrifuged. cDNA synthedisitiated by

incubating samples at 5 min at 25°C and 42°C for 60 min followed by termination incubation at 70°C

for 5 min. For longer storage, samples were kepB8arC.
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6.1.2. Quantitative Real -time qRT-PCR

PerlPrimer softwaréMarshall 2004)vas used to designRjl PCRrimer (table 19. Prior before used

inthe gRTIPCRassafy (G KS LINAYSNI LI ANRE I YLX AFAOIGAZY STFFAO
between 1.92.2). The Roche LightCycler® 480 system (Roche, Basel, Switzerland) was used to
perform the gRTPCR. The total reaction voluméeach sample was 20 pl consisting of 5 pl of 1:50
diluted cDNA template, 1 pl of each primer (10 pM), 3 pl sterjf@ Bind 10 pl SYBR Green | Master
(Roche). The gRACR was carried out with the following cycler settings: start with 95°C for 5 min and
95°C for 10 sec followed by 45 cycle at 60°C for 10 sec and 72°C for 10 sec. Primer efficiency test was
carried out with the same cycler settings, with standard cDNA dilution series (undiluted, 1:10, 1:100,
1:1000, 1:10000) as templates. Contig k65 _5754an@1B@Yates et al. 201d)ere used as
housekeeping (reference) genes for pratenseas their expression level did not change. Three
biological replicates with two technical re@ies were used for each sample and primer
combination. Calculations were carried out as describdefaffl(2001) For the transcriptome library
samples just tow biological replica exist, therefore just those tow could be used in th€QRT
analysisThe raw data of the experiment can be obtained at Prof. Dr. Annette Becker, -Liesbirp
University, Institute of botany, developmental biology of plants, HeinfBbf-Ring 38, 35392

GielRen, Germany.

6.2. Functional analysis of candidate genes with t -DNA insertion lines of A.

thaliana

Based on the results of the phenotypic monitoring expeninthe changes in plant morphology and
architecture as well as the regrowth behaviorTofpratensecould be describe@Herbert et al. 2018)

In addition the transcriptome analysis and the selection of candidate genes contributed the
information which genes show a correlating expression pattern in response to the cutting/mowing.
The next step was to bring those information and results togethleerdfore, | wanted to know if |

can describe the phenotypic observations (phenotypic plasjieiiyh the help of the differentially
expressed genes. For this reason | started to select candidate genes for further functional analysis
based on their predicted functional annotation. This should help to find out, if the predicted function
fits to the real function of the genes and if the function of the genes contributes to the observations
during the phenotypic monitoring experiment. For the functional analysis of the candidate genes, |
selectedA. thaliana t-DNA inselibn lines, in which the homologuef the candidate genes were
knocked out. For every candidate gene, -®NA insertion line was obtained from European
Arabidopsis Stock Cent(8choll et al. 2000; Alonso et al. 2008h the corresponding seagnces of

the selected candidate geng#9). The aim of the functional analysis was 1) to describe new
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Arabidopsismutants; therefore the wild type plants were compared with the mutant lines. 2) The
identification of the mowing reaction, therefore mutant ol plants were compared with mutant
cut plants. This should help to identify the function of the knockout gene and the role within the

mowing reaction.

6.2.1. The t-DNA insertion lines and genotyping of the t -DNA insertion lines

For my experiment | orded homozygote mutants, the position of the insertion was checked using
the Tair website (linkhttps://www.arabidopsis.org/index.jsp(A9). The tDNA lines of all candidate
genes were checked by PCR for homozygosity of-BigA. Therefore, the-DNA priner-LBb1.3 was

used in combination with gengpecific primersA10). With the Salk accession gesgecific primers

were designed using théSect tool website http://signal.salk.edu/tdnaprimers.2.html For the
validation that the ordered Salk lines were homnygous for the-DNA insertion, a-DNA genotyping

was performed. The genotyping is a PCR using three different primers, two gene specific primers
(forward and reverse specific for the individual Salk line) and eDBlA specific primer (LBb1.3).
Dependirg on the product size and the number of the amplicon(s), which can be made visible on a
agarose gel, it is possible to determine if the insertion is homozygote, heterozygote or if the Salk line

contains no insertion at all (wild typép'Malley et al. 2015)

6.2.1.1. DNA Extraction

Genotyping was performed on evenDNA insertion line. Therefore fivedividuals of each mutant

line were picked and one leaf was cut per plant. According to the prof@mlard et al. 2007; Wang

et al. 1993) the DNA of each leaf was iatdd by grinding the leafin 160f 2 ¥ n®dpa bl hl C
homogenizer and ceramic beads. Then, mMof 0.1M Tris pH 8 was added and the mixture was

centrifuged for 2nin at 15.50Qy. The supernatant was used as template DNA in the PCR

Table20 Master mix for PCReactions of tDNA insertion site irA. thaliana

Regent Volume per reaction
ddH20 mMn dgp>f
Forward primeté mn > a 0 nop >t

Reverse primero M > a 0 nop>t

T-DNA primer LBb1.3. (2M) nop>t

Buffer (10x Dream Taq)* H > §

dNTPs (10mM)* 0.5ul

Dream Taq (5U/pl)** 0.1pl

Template DNA 1ul

Total volume 20pl
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*ThermoScientific
*Dream Tag DNA Polymerase, Thei®oientific
1Dependng on used Salk line (table)22

The standard PCR was a set of standard PCR cycles followed (denaturation, annealing, and

elongation).

Table21 Cycler* settings for PCR reactions eDNA insertion site irA. thaliana

Cycler settings Temperature Duration
Initial denaturation 95 5min

Standard cycle 35 cycles
Denaturation do e 30 sec

Annealing' 58-60° 30 sec

Elongation THG Imin

Final Elongoation THGB 7 min

* Biometra

‘depending on used Primer (table ALO

The success of the PCR amplification, meaning the determinatidredfagment sizes and number

of amplicons, was evaluated by agarose gel electrophoresis. This made it possible to determine wild

type plants, heterozygote mutant lines and homozygote mutant lines. For this purpose a 1% agarose
(Biozyme) solution based orAE buffer (1X) was prepared and the DNA stain DNAstain® { S NI | 0
added with 10 pl per 500 ml gel. For each gel, approximately 50ml of 1.5% agarose gel solution was
used. After the agarose solidified, the chamber was filled with 1x TAE buffer until the gel was
covered. During the next step the gel slotswele RS R 6AGK | YAE 2F y>f t/ w
loading buffer (Thermo Scientific 6X DNA Loading Dye, Thermo Scientific, Frankfurt) with an
exception of one slot, loaded witb >¥b! fF RRSNJ dal dawdzZ SN 5b! [ IR
Frankfurt). Agarose gelvere run atL08V for 30min. Pictures were taken under UV light using the gel
documentation Ebox CX5% (Vilber, Eberhasrdzell,Germany)to display the DNA, intercalating with

5b! &dl Ay DeAppedd® NdD 1D A.thalina_mutant_gel_pictures)

6.3. Phenotypic monitoring analysis of Arabidopsis mutants

Growth conditions: Seeds fdkrabidopsiganutants were obtained from European Arabidopsis Stock
Centre(Alonso et al. 2003; Scholl et al. 200B)ants were growon soil under long day conditions

(16h light with 22°C and 16°C night) in a greenhouse with constant climate conditions. Plants were
watered every day or every second day. All plants were permuted in the greenhouse chamber in
order to provide similar lighintensity and conditions to each plant. Two weeks after sowing the

plants have been separated according to the experimental schéignerd 26 of each experiment.
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Cutting was conducted using a scissor; thereby the shoot was cut dowrcite(as mentionedn
Scholes et al. 2016

6.3.1. Documentation and measuring - Experiment 1a

A.thalianaseeds of 4 mutant lines and one wild type line were sown at2Q@l7(table 22, 7W

10W) Two weeks after sowing the plants were separate according to experimental scheme in figure
26. The measurements and documentation started 22.03.2017 and ended at 4.04.2017. The
measurements and documentation method were conduc&dievelopment stage 6 as described in
Boyes et al(2001) Therefore the plants were measured when flowering (appearance of first flower,
flowers were defined as when the first white petals were visible at the budsgainid they belong to

the cut group(figure 27A; 27B)The second measurement took place whea filants reached again
stage 6. The measured and documented parameters and morphologicalctdvéstics are listed in

table 23 To document the general growthabit of the plants, pictures were taken at with a Canon
Power Shot S5IS. Pictures were all taken at the same day and not at a specific growth stage;
therefore the comparability of the pictures is not provided. They can be found in the appendix, but

will not be shown in the result sectiqie-Appendix TpT_16_A.thalina_mutant_pictures)

6.3.2. Documentation and measuring - Experiment 1b

QELISNAYSYy(G mMo éFa& O2yRdz00G SR Schestdh@@aNgasd (Tardjlijali & 2
2017) The plants were sown by me, the Bachelor candidates performed the measurements,
statistical evaluation, documentati and had taken the pictures of the planismade the final
evaluation (calculation of percentage differences) and the final graphs and figures, shown in the
result sectionA. thaliana seeds of 6 mutant lines and one wild type line were sown at 21.06.20
(table 22, 1$%S) Two weeks after sowing the plants were separate according to experimental
scheme in figure26. The measurements and documentation started 14.07.2017 and ended at
3.08.2017. The measured and documented parameters and morphologicactéstics are listed

in table 23 Pictures of the general growth habit have been taketh a mobile phone camera
Unfortunately there is no documentation when the pictures have been taken (time or growth stage)
and no scale bars are available for atftpies. Therefore the pictures can be seen in the electronical
appendix  but will not be provided in the result section {Appendix

TpT_16_A.thalina_mutant_pictures).
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Table22 A. thaliana tDNA insertion mutant lines used in tow Eggments (1a;1B). The ordered Salk line is shown, the

corresponding conitg name of th&@. pratensetranscriptome analysis. In addition thd. pratensegen name is shown,

together with the Tair locus name oA. thalianaand the corresponding gen namé&he Short ID for the mutants is listed.

The predicted location of the insertion is shown. Mutant lines used during the Bachelor thesis are marked with a star.

Short Salk line Contig name T.pratensegene name A. thaliana A. thaliana Loation of
ID locus name gene name insertion
1S* SALK_012841C tgg_43136  Tp57577_TGAC_v2_gene286€ AT4G17980 NACO71 Exon
2S* SALK_113353C tdn_136069 Tp57577_TGAC_v2_genel30¢ AT4G32980 ATH1 Exon
3S* SALK_120099C tdn_70239  Tp57577_TGAC_v2_gene5594 AT1G55910 ZIP11 300UTR5
4S* SALK 137131C tdn_91529  Tp57577_TGAC_v2_gene389€ AT3G15510 ATNAC2 Exon
5S* SALK_055455C tgg_76356  Tp57577_TGAC_v2_gene354: AT2G27690 CYP94C1 300-UTR5
6S* SALK 033347C tdn_138856 Tp57577_TGAC_v2_gene315€ AT1G70890 MLP43 300-UTR5
7W SALK_029533C tdn_108259 Tp57577_TGAC_v2_gene281¢ AT5G51810 ATGA200X2 300UTR5
8W SALK_008477C tgg 76356  Tp57577_TGAC v2_gene354Z AT2G27690 CYP94C1  300UTR3
9W SALK_071937C tdn_76635 Tp57577_TGAC_v2_gene815: AT5G52400 CYP715A1 300UTR5
10W SALK 095011C tdn_ 112851 Tp5757 TGAC_v2 gene2661: AT1G78440 ATGA20X1 1000-Promotor
Cut plants Control plants

O O

T-DNA insertion

O O

T-DNA insertion

001000000

00000000

00000000
OJ[|CO00 0O

OO 000

OX® O

O O O

O O mutant O mutant

O O n=24 O n=24

O O O

O O Wildtype O Wildtype

O O A thaliana Col-0 O A thaliana Col-0

Figure 26 Experimental schemes of the phenotypic analysis Af thaliana mutants. The two big black lined squares

symbolize the plant tray (49.7cm x H31.7cm x Wscm). Eachplant trays contains the plants of the cut or control group

respectively. Within the tray eight pots of size 14.4 x H9.7 x W4.8 cm are placed (small black lined squares). Black

circles symbolize individuaA. thaliana plants. In this experiment 24A. thaliana mutants and eightwild type plants

belong in the cut group and the same number of plants was within the control grobjgure was made usintpkscape

Albert et al. (2014)(V. 0.48; available athttps://inkscape.org/de/).
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Table23 Overview of experiment 2 of phenotypic monitoring &. thaliana

Trait

0 ¢ day of sowing -

1 ¢ day of flowering Number of rosette leaves, radiussette, L/W and size of first caulini
leaf, number of all leaves, days until flowering, plaaignt

2 cday of flowering after Number of rosette leaves, radiussette, L/W and size of first caulins
cutting leaf, number of all leaves, days until flowering (after cutting), pl
height

6.3.3. Statistical evaluation

Measurement days were individualtlepending when the plant started to flower. For the statistical
evaluation of the differences between mutant plans and wild type, mutants and wild type plants at
stage of flowering were compared with each other. For the statistical analysis of thesdiféey in
response to the cutting, mutant/wild type plants of uncut stage of flowering were compared with
mutants/wild type plants cut at the stage of flowerirffigure 27C) For statistically comparison an
unpaired ttest was used, significance was detemsd when p<0.05 (e-Appendix
TpT_17_A.thalina_statisticsfhe raw data of the experiment can be obtained at Prof. Dr. Annette
Becker, JustukiebigUniversity,Institute of botany, developmental biology of plants, Heinrighff-

Ring 38, 35392 Giel3en, Gemmya

To identify different growth and regrowth pattern the percentage differences between MU/WU,;
MU/MC; WU/WC; MC/WC have been calcatht if they were significant they wereoded with
aevYoz2ta omlfraiAdayAaAFTAOoryd Ay ONBSI aSdif@dnéed)@KppehdixOl y
TpT_18_A.thaliana_growth_pattern).
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A\ Stage 6 B Experiment
— first Flower cut - regrowth
—> ~
Flower buds

primary shoot

Mutant stage 6 Mutant cut Mutant stage 6
(uncut, MU) 1cm (regrown, cut, MC)
first cauline leaf
regrowlh
rossette
—
wt stage 6 wt cut wt stage 6
(uncut, WU) 1cm (regrown, cut, WC)

C Statistical evaluation for the compairsons
1. MU vs WU 3. MCvsWC

(mutant uncut vs wt uncut) (mutant cut vs wt cut)
2. MUvs MC 4. WUvs WC
(mutant uncut vs mutant cut) (wt uncut vs wt cut)

Figure 27 Description of the A. thaliana phenotypic monitoring experiment. A: Schematic illustration of stage 6,
production of first flower, arrow indicates that growthcontinues no terminal flower (Boyes et al. 2001)B. Schematic
overview of the experimental design mutants/wild type have been cut at stage 6 to Iorheight and let regrown till the
next stage 6. C: Overview of the statistical evaluation of the experimen#t $how the different groups that have been
statistically compared with each other. Figure was made usimiscapeAlbert et al. (2014)(V. 0.48;available at:

https://inkscape.org/de/).

7 Results

7.1. Expression analysis of candid ate genes validates digital gene
expression

Two types of gRPCR experiments were conducted. Experiment 1 included the validation of the
digital gene expression resultIherefore selected contigs have been amplified and their expression

pattern has been investigated in different tissue. In total of the six selected candidate genes for

Experiment 1 (Candidate 1) four candidate genes could be amplified successful derigigfACR
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Experiment tdn_85889, tdn_69411, k65 9861 and tdn_146438ble 24) For the second
experiment four candidate genes have been selected and one of them could be amplified successful
tdn_112851(table 24) The contigdn_76356 shows up two timess twedifferent primer pairs were

tried out to amplify the contig, bt none of them did work. The contig k65_5754 was used as a
housekeeping gene, as its expression profile based on the normalized read counts was equal
throughout the all librariege Agendix: TpT_10_TPMJhe second housekeeping gene RC31500 was
used as a housekeeping gene in a previous study amas et al(2014) It could not be amplified

during my study.

Table24 Success of qRPCR experiments, in addition the contig name is lisestl during which gR'PCR experiment the

contig was used.

ID transcript Pattern gRTFPCR
1 k65 5754 Housekeeping success
2 RC31500Qrates et al. 2014 Housekeeping failed
3 tdn_146439 Candidatel  success
4 k65 9861 Candidatel  success
5 tdn_69411 Candidatel  success
6 tdn_ 85889 Candidatel  success
7 tgg_76356 b Candidatel failed
8 tdn 125117 Candidatle failed
9 tdn_76635 Candidate 2 failed

10 tdn 76356 a Candidate 2 failed

11 tdn_ 103259 Candidate 2 failed

12 tdn_112851 Candidate 2  success

For the validation of the gRFPCR results the expression profile of four randomly picked contigs were
investigated. The expression profile of those four contigs was examined vi@ @RTindifferent
tissues (axial meristem and leaves) of mown and not mown plantslardifferent transcriptome
libraries of mown and not mown plants. Afterwards the expression profile was compared with the
expression profile of the results of the digital gen@mssion(table 25) Each contig showed a very

unique expression pattern, indicating the complexity of expression studies.
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Figure28 Expression profiling of selected. pratensegenes: A) tdn69411 B) tdn85889 C) tdn146439 DXiH9861 E)

tdn_112861 examined by quantitative regime PCR(QRFPCR)n different T. pratensetissues;axial meristem, leaves,
Transcriptome library: TPM2, TPM¢ t DI a® Ly GKS avYz2gyé GNBFGYSYyd O2YLI NBR G2
expression levelsvere normalized to the internal control k65_5754. Graph shows log2fold changesa Dats represent

the mean +f SDlevel of relative transcript abundance of three replicate&iven is the contig name, classification in

functional group andA. thaliana gene/protein name. Figure was edited usingnkscapeAlbert et al. (2014)(V. 0.48;

available at: https://inkscape.org/de/).5 | G @A adzZ ¢t AT dA2y 6+& FARSR o0& 5FyAsStQa
7.2.12, by Daniel Kraus, Wirzburg, Germany (www.xltoolbwet) (Kraus 2014)

For tdn_85889 (homologue Tair ID and correspngdjene name AT4G332N\E44figure 2BB) it
was found that the expression level is higher in leaves of mown plants (log2fold 0.6+0.5) compared
to control plants. In the axial meristem tissue the expression was decreased in the mown plants
(log2fold-1.2+0.8). The expression level of tdn_85889 was hightdrdmrmown transcriptomes$-aM
(TPM2), GM (TPMGH) ,and FbM (TP&thypared to their not mown counterpart$og2fold1.6+1.6;
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1.6+0.5, 0.5+£0.2) which was in accordance based on the TPM values of the transcriptome analysis
data. The contig tdn_14643€NGASE85Agure BC was in every tissue and library of mown plants
higher expressed compared to the not mown plan&olelyin the axial meristem almost no
expression was detectable. Based on the digitghressim analysis the contigvas found to be
upregulatedwithin FaM (TPM2), GM (TPMGJdhd FbM (TPM1), this goes in accordance with the
findings of the TPM values. The contig tdn_4851 (AT2G3980R5CS_MESQRgure 28D) is
higher expressed in axial meristem of not mown plants compared to mown plag&fqld -1.9+0.2

in mownT. pratenseplants).The contig tdn_69411 TP family genfigure 28A) is upregulated in the

axial meristem of mowiT. pratenselants and showed no expression in leaf. Within the material of
the field transcriptomes of the mowm. praenseplants it was found to be upregulated compared to

the not mown condition. Within the greenhouse transcriptomes of mown plants it showed a weak
expression, but due to the large standard deviation the result was not reliable. Based on the TPM
values thecontig is expressed in GM and TPNIRe expression pattern of tdn_1128GATGA20X1
revealed that the contig is downregulated in flowers, axial meristem and ybudgand leaves of
mown plants figure 28B). In addition it is downregulated withill transcriptome samples

2 young seedlings vs different tissues

A tdn_112861 /phytohormone / ATGA20X1
12

10
8

6

I T N
I L bl

log2foldchange

flowers axial flower  leaves  flowers axial flower leates flowers  axial flower leaves (M)
(adult ~ meristem buds (adult (NM) meristem  buds (NM) (M) meristem buds

6 J plants)  (adult (adult  plants) (NM)  (NM) (M) (M)

plants) plants)

TPNM2  TPNM3 ~ TPM1  TPGHM TPGHNM

Figure 29 Expression profiling of selected. pratensegene Tdn_112861 examined by quantitative reeiine PCR in

different T. pratensetissues ;flowers (adult plants), axial mersitem (adult plants), young feEns (adult plants), leaves

(adult plants), flowers (NM), axial meristem (NM), young flowers (NM), leaves (NM), axial mersitem (M),young flowers

(M), leaves (M), Transcriptome library: TPNM2, TPNM3, TPGHNM, TPM2, TPM,TRGHighared to young seedlings.
Geneexpression levels were normalized to the internal control k65_5754. Graph shows log2fold changes. Haed

represent the mean +/ SDlevel of relative transcript abundance of three replicateBigure was edited usingnkscape

Albert et al. (2014)(V. 0.8; available at: https://inkscape.org/de)5 | (i} @A adz2 t ATl A2y 61 a | ARS
addin for Excel, version 7.2.12, by Daniel Kraus, Wirzburg, Germany (www.xltoolbox(Ketus 2014)
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Table25 TPM valueqrounded)for a rough estimation oft he expression strength fort he Candidate genes. a/b refers to

the replicas. High expression is hilighted.

TPGH TPGH | TPGHN TPGHN | TPM TPM | TPM TPM | TPNM TPNM | TPNM TPNM
Mla M1b Mla M1b la 1b 2a 2b 2a 2b 3a 3b
tdn_694
11 27.4 33.6 5.3 3.2 8.7 12 17.0 441 | 10.1 12 4.8 3.3
tdn_858
89 30.9 36.1 9.3 9 479 385 | 354 285 | 28.8 26 23.8 19.2
tdn_146
439 101.9 131.1 16.5 16.7 455 42 76.7 649 | 244 24.1 13.2 11.3
k65 986 26.6 14.4
1 18 18.5 89.5 102.2 176 119 | 6 9 7.7 58.9 21.1 95.1
tdn_112
851 6.5 6.7 13.1 255 7.6 6 7 8.5 15.6 10.9 7.1 8.9
k65 575
4 23.5 27.9 23.1 23.1 422 396 | 305 288 | 302 25.4 35 27.7

As | was interdged in which tissue and under which treatment the contitpn 112861is further
expressed and how strong | compared the expression strength of the contig within young seedling of
T.pratensewith other tissue figure290 @ ¢ KS a&2dzy3 &S SdifadioflBratorsitd Y LI S a
represent the baseline of gene expression to monitor the change in the expression levels for the
examined genes in the other tissues. | found that the contig showed a strong expression in flowers
and a weaker expression in axial mesi and young flowers of adult plants compared with young
seedlings (log2fold 6.7+2, 1.2+1, 1.5+1). It was weaker expressed in |Esgadsl(-1.3+2). In older
plants (adult plus B8 weeks) it was still highly expressed in flowdmgZfold 6.6+3) and aial
meristem (1.3£2), but was leave®.8+2). Further it was highly expressed in flowers of mown plants
(log2fold 4.6+1). But was down regulated in young inflorescences and leaves of mown plants
(log2fold -2.7+1,-2.8+1). Compared with young seedlings tuntig was downregulated within all

transcriptome libraries which consist of leave and shoot tissue.

7.2. A. thaliana Col-0 wilde type plants shows seasonal differences

As both experiments have been conducted during different seasons of the year (swanchetinter),

the wild types of each experiment differed in their appearance and trbegrowth behavior (figure

30). To ensure correct results the mutants of the winter experiment have been compared with the
winter wildtype and the mutants of the summexkgeriment have been compared with the summer

wildtype.
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| WWT uncut/ WWT cut " SWT uncut/ SWT cut
rossette radius (cm) S5G*** 18%**
length/width ratio of cauline leaf 582%* -12%**
Days until stage 6 (days after sowing) 24% %% 28***
number of leaves (n) 85*** 80***
plant height (cm) 186%** 18%**
size of cauline leaf (cm?) 58*** -14*
50 60
45
50
40
35 40
30
25 30
20 Osummer CokO(n117) DOwinter Cok0(n80)
15 Bsummer Cok0_cut(n56) 20 Bwinter Cok0_cut(n25)
o 10
5
0 0
rosselte  plant height number of length/width  size of Days until rossette  plant height number of length/width  size of Days until
radius (em) (em) leaves (n)  ratio of cauline leaf  stage 6 radius (cm) (em) leaves (n)  ratioof cauline leaf  stage &
cauline leaf  (cm2) (days after cauline leaf  {em2) (days after
sowing) sowing)

Figure30 Seasonal differences of the wild type GBIA. thaliana plants. (A) table shows the percentage differences for

each trait; winter wild type uncut ompared with winter wild type cut (WWT uncut/WWT cut) and summer wild type

uncut with summer wild type cut(SWT uncut/SWT cut). Significant levels are indicated in the table with asterix *=0.05,
**=0.01, ***=0.001. (B);(C)bar diagrams show thedifferent measured traits forWWT (uncut/cut (+SD)) and SWT

(uncut/cut (£SD).Figure was edited usingnkscapeAlbert et al. (2014)(V. 0.48; available at: https://inkscape.org/de/).

51 GF @gAradd tATlIdA2y 6F& | ARSR o0& 5FyAsStQa - \VizbBgRGeimay | RRAY

(www.xltoolbox.net) (Kraus 2014)

In order to understand the differences during regrowth better,tfitee two wild type variants have
been investigatedDue to seasonal differencés the experiments a summer and a winter wild type
form existed(figure 30) At stage six (the first flower appearance, figure27) the average winter wild
type (WWT) had a rosetteadius of 3.20.01cm and was 3.7+0.3 cm tall. The winter wild type had
round leaves (L/W=0.4+0.01) with a size of in average 107l In total it produced at the
appearance of the first flower 32.2+0.5 leaves and started to flower approximately 32attays
sowing(figure 30C) After cutting and regrowth to stage six, the regrown inter wild type had a 56%
larger rosette radius and was 186% (10.74#&hj taller compared with the uncut winter wild type.
The leaves were 58% bigger and more elongatelv(2.9+0.6). The regrown winter wild type

needed more days to flower and produced 85% more leéfiggre 30A30C)

The uncut summer wild type (SWT) had a rosette radius of 2.@80 &nd was in average 8.3+2Zvh

tall. It produced elongated leaves of an aage size of 1.4+0.6n". The average summer wild type
plants started to flower approximately 26 days after sowing and produced in average 20.4+4.8 leaves
(figure 30B) After cutting and regrowth, theegrown summer wild type ha@n 18% larger rosette

radius and was 18% taller, compared with the uncut summer wild type. The leaves were slightly less
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elongated (/W 2.5+0.4) and smaller (1.2+0087). In addition the regrown summer wild type plants

started to flower later and produced in average significaB0¢6 more leaveigure 30A, 30C)

7.3. Analysis of candidate genes in A. thaliana mutants revealed distinct
growth and regrowth pattern responsible for phenotypic adaption to

cutting

The analysis of the measurement and calculated traits revealed uniguelgand regrowth pattern

for each tait in each mutant line (table 26In total 16 different combinations of growth/regrowth
pattern have been identified. In this thesis the focus lies on the regrowth process in response to
cutting, therefore the patten were searched for pattern in which the regrowth behavior between
MU/MC and WT/Wdifferedd t | GG SNya GKIFIG RA&aLX @SR (K2aS RAT]
LI GGSNY GKFIG RAALX @SR y20 (K2 &téble R7) Babet NBtig OS & K|
second evaluation of the results, it was possible to see, that each mutant line displayed at least for
one trait a regrowth pattern that differed significantly to the regrowth pattern of the wild type.
Thereby three mutant lines 56/SALK_055455C/AT2G20@6 6S/SALK_033347C/AT1G70890;
8W/SALK_008477C/AT2G27H%ad two traits that differed from the wild type regrowth pattern.
Those were selected as the most promising candidates to unravel some mechanisms of the regrowth
process and will be presented hene detail The three selected candidate mutants were 5%;
SALK_055455C/AT2G27690 6% SALK _033347C/AT1G70890 C) 8W; SALK _008477C/AT2G27690.
Thereby SALK_033347C and SALK_008477C repr&dgAtinsertions of the sami thalianalocus
AT2G27690. Nevdreless the mutations were at diffent positions within the locysand both
mutants show significant differences within the regrowth process. The candidate m&t@ant
SALK_055455C/AT2G27680d 8W; SALK_008477C/AT2G2768@1 a knockout within the locus
enading for CYP94Ca&S; SALK 033347C/AT1G70890 had a mutation within the locus encoding for
MLP43. The corresponding contigs within tfie pratensetranscriptome where found to be
upregulated within the not mown plant#s the two out of the three selectechndidate mutants
encoded for the same locus and all mutants correspond to candidate genes upregulated in not mown
greenhouse plants, a fourth mutant was selected. The candidate mutant
TWISALK_029533C/AT5G51810, encodes for a GIBBEREOXNDASE and theorresponding

contig is upregulated in the greenhouse mown plaftse results of the phenotypic analysis of the

remainingA. thalinamutant analysis are shown in AKB8
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Table 26 Growth and regrowth pattern ofA.thaliana mutants. For eachA. thaliana mutant (short 1D the growth pattern for each trait in each growth phase is presented. 1: MU/WU

(mutant uncut/wt uncut) 2: MU/MC (mutant cut/mutant uncut) 3: MC/WC (mutant cut/ wt cut) 4: WU/WC (wt uncut/wt cut). Arrowgrsbolizing sgnificant increase/decrease, the

approximately-equal sign symbolizes no significant differences. Different colors highlight different growth pattern, same growth pattermighlighted in same color. Red/pink colored
rows show differences between the regwth patterns.

A.
mutant

thalina

Rosette radius (cm

1 2 3 4

1S
2S
3S
4S
5S
6S
W
8w
oW
10w

m ™ b b
m ™ b b
M M b Tb

length/width ratio
of leaves

plant height

(cm) size of leaf (cm2

3 4
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Table27 Identification of different regrowth pattern. If regrowth pattern between MU/MC and WU/WC differed, row was colored pink and3ab SR A G K amé X AF NBINR GG

RATTSNI NRB S

gl a t1roSt SR

number of different regrowth pattern.

A. thalianamutant

Rosette radius (cm

1S
2S
3S
4S
5S
6S
W
8w
ow
10w

0

o O O o

o O O o

length/width ratio of leave

g A0 K Althatianamftent (Earf naméBaRd eAcNIBad ave svodva. tastitalumiF shawks thd snof each mutant for to display the

size of leaf
days to flower (d] number of leaves (n plant height(cm) (cn)

0 0 0 0
0 0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0
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7.4. Phenotypic monitoring analysis shows the role of candi date genes

during regrowth in A, thaliana mutants

7.4.1.5S/SALK_055455C/AT2G27690

The A. thalianamutant 6S SALK_055455C/AT2G27690) showed significant differences to the wild
type in the uncut condition. The mutantas significantly11% taller and had 24 bigger and 9%
more leaves(figure 31D) Compared to the wildtype plants the leaves were more roundish
(L/W=2.6£0.5). In addition the mutant had its first flower approximately 2 days earlier than the wild
type (figure 31A) There were no significant difiences in the rosette radius when compared with

the uncut summer wild type plants. After cutting and regrowth, the traits of the regrown plants were
compared with the uncut mutant plantffigure 31C; 31D)The rosette radius in the cut mutant
plants was 2% lager than in the uncut mutant plants. The cut and regrown mutant plants needed
longer to flower again and had 36% smaller but 88% more leaves. No significant differences could be
observed for leaf form or plant height. In addition the regrowth pattefinttte cut and regrown
mutant plants were comparedto the cut and regrown summer wild type plantfigure 31C).
Therebyfor most of the traits (rosette radius, L/W ratio of the leaves, leaf size and number of leaves)
no significant differences could be @eted. In contrast the cut mutant plants had slightly more
leaves (15%) and needed a few days longer to flower again. The growth and regrowth pattern
analysisrevealed that for the rosette radius no significant differences could be observed by
comparing tke uncut mutant and uncut summer wild type plarfiigure 31D) During regrowth the
mutant as well as the summer wild type plants enlarged their rosette radiesiefore no
differences between the cut mutant and cut summer wild type plants can be obseftiedeaves of

the uncut mutant plants are lager compared to the summer wild type plants, nevertheless during
regrowth the size decreased in both, the mutant and the summer wild type plants. Therefore both
show the same regrowth pattern (leaf size decragi The same accounts for the days until stage
six and the number of leaves. Even if there are differences, the general regrowth pattern is the same
between mutant and summer wild type plants. Different regrowth pattern could be observed for the
length/width ratio of the leaves and the plant height. After regrowth the mutant plants and the
summer wildtype plants had no significant differences in height and leaf shape, but this came about,
that the mutant plants did not show any growth changes. The sumniler type plants increased

their height and produced more roundish leavégWf 2.5+0.4) compared to uncut, this enabled

them to catch up with the mutant plants. Those were at the beginning of the measurements taller
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with slightly more roundish leaves, buiddnot change this growth pattern in course of regrowth or

response to the cutting.

55 /SALK_055455C / AT2G27690/ CYP94C1
A MU vs WU B MU vs MC / WU vs WC
35 60
30 50
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20
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15
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10
0 o I L)
rossette plant height  number of  length/width size of cauline Days until rossette radius  plant height (cm) numher nf leaves length/width ratio size of cauline leafDays until stage 6
radius (cm) {cm) leaves (n) ratio of leaf (cm2) stage 6 (days {em) of cauline leaf (cm2) (days after
cauline leaf after sowing) sowing)
DSALK_055455C(n45) B Col-0(n117) OSALK_055455C(nd45) BSALK_055455C_cut(n21) M Col-0(n117) DO Cok0_cut(n56)
CMCvsWC D
60
50
20 55 SALK_055455C | 1MU/WU | 2 MU/MC | 3 MC/WC | 4 WU/WC |
rossette radius (cm) ns 22%* ns 184+
30 length/width ratio of cauline leaf -7 ns ns -12%%*
Days until stage 6 (days after sowing) [ 26** 3%+ 28%**
20 number of leaves (n) g*#* 88**+* 15%* 80***
plant height (cm) 11** ns ns 18%**
° size of cauline leaf (cm?) 24+ -36%** ns -14*
0
rossette plant height numberof length/width size of cauline Days until
radius (cm) (cm)y leaves (n) ratio of leaf (cm2) stage 6 (days
cauline leaf after sowing)
OSALK_055455C_cut(n21)  @Col-0_cut(n56)

Figure 31 Growth and regrowth pattern ofA. thaliana mutant SALK_055455C.-@ bar diagrams show the different

measured traits, of mutants uncutompared to SWT uncut (A), mutant cus. mutant uncut and SWT cuts. SWT uncut

(B), mutant cutvs. SWT cut (+SD). D table shows the percentage differences for each trait and each comparison 1 mutant

cutvs. SWT uncut. 2 mutants cuts. mutant uncut. 3 muant cut vs. SWT cut.4 SWT cus. SWT uncut. Significant levels

are indicated in the table with asterix *=0.05, **=0.01, ***=0.00Eigure was edited usintnkscapeAlbert et al. (2014)

(V. 0.48; available at: https://inkscape.org/de/)Data visualizations I & I ARSR o6& 5FyAStQa [ ¢22f
version 7.2.12, by Daniel Kraus, Wiirzburg, Germany (www.xltoolbox.(€tus 2014)

7.4.2. 6S/SALK_033347C/AT1G70890

The mutant plants were 13% smaller and produced smaller, more elongated and in total more leaves
compared to the uncut SWW planfigure 32A, 32D)Differences in rosette radius or days until
stage six could gt be observed. After cut and regrowth the regrown plants were 15% taller with
75% more leaves compared to the uncut mutant plafitigure 32C, 32D)The cut mutant plants
needed longer to flower and produced more roundisbW 2.5+0.5) leaves. No signiéint
differences in leaf size or rosette radius compared with the uncut mutant plants were observed.
When compared with the cut and regrown SWT plants, the cut and regrown mutant plants were
shorter £16%) and had a smaller rosette radit@6do)(figure 32B 32D) They needed slightly longer

to flower and no significant differences for leaf size, number of leaves or length/width ratio of the

leaves could be measured. In contrast to the SWT plants the mutant plants did not enlarge their
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rosette radius duringegrowth. In addition they did not reduce their leaf size after cutting. Those to

traits (leaf size and rosette radius) were affected from the mutation and did not respond to the

cutting.
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Figure 32 Growth and regrowth pattern ofA. thaliana mutant SALK_033347C.-@ bar diagrams show the different

measured traits, of mutants uncut compared to SWT uncut (A), mutant\sitmutant uncut and SWT cuis. SWT uncut

(B), mutant cutvs. SWT cut (£SD). D table shows the percentage diffeesnfor each trait and each comparison 1 mutant

cut vs. SWT uncut. 2 mutants cuts. mutant uncut. 3 mutant cutvs. SWT cut.4 SWT cus. SWT uncut. Significant levels

are indicated in the table with asterix *=0.05, **=0.01, ***=0.00Figure was edited usg InkscapeAlbert et al. (2014)

(V. 0.48; available at: https://inkscape.org/de/)5 | (i @A &dzZ ¢t AT FGAZ2Y 41 a | ARSR

version 7.2.12, by Daniel Kraus, Wiirzburg, Germany (www.xltoolbox.(€taus 2014)

7.4.3.8W/ SALK_008477C/AT2G27690

e

Compared with the WWT the mutant is 15% smaller, with less lea8@®) @nd a smaller rosette

radius €15%)(figure 33A,33D)The mutant needs slightly longer to flower and has more elongated

leaves (2.50.2). After the cut, the regrown mutant had a 36% lager rosette radius, was taller (195%)

and produced more leaves (75%) compared with the uncut mutant pléigtese 33B, 33D)The cut

plants needed longer to flower, but no differences in leaf morphology (leaf size and shape) could be

observed when compared to the uncut mutant. Nevertheless the cut mutant plants had significantly

(20%) smaller leaves and a shaalrosette radius £5%), when compared to the cut and regrown

WWT plants. The cut mutant plants needed longer to flower, but no significant differences in leaf

shape, plant height or number of leaves could be detected by comparing to the cut WWT Pplaats.
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regrowth pattern concerning the leaf morphology differed between the mutant and the WWT plants

(figure 33D) Contrary to the WWT plants the mutant did not change the leaf shape or size in

response to the cutting. The L/W ratio is not significdifferent between the cut mutant and cut

WWT because the WWT plants changed their leaf shape in response to the cutting (more

elongated). In Addition the WWT plants produced larger leaves and end up with 20% larger leaves

compared to the mutant plantffigure 33, 33D) The mutant did not respond with a change in leaf

morphology to the cutting.
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Figure 33 Growth and regrowth pattern ofA. thaliana mutant SALK_008477C.-@ bar diagrams show the different

measured traits, of mutants uncutompared to WWT uncut (A), mutant cuts. mutant uncut and WWT cut vs WWT

uncut (B), mutant cutvs. WWT cut (£SD). D table shows the percentage differences for each trait and each comparison 1

mutant cut vs. SWT uncut. 2 mutants cugs. mutant uncut. 3 mutants cut vs WWT cut.4 WWT cus. WWT uncut.

Significant levels are indicated in the table with asterix *=0.05, **=0.01, ***=0.0@4gure was edited usingnkscape

Albert et al. (2014)V. 0.48; available at: https://inkscape.

org/de/)Data visualizations & | A RSR

addin for Excel, version 7.2.12, by Daniel Kraus, Wirzburg, Germany (www.xltoolboxiKet)is 2014)

7.4.4. TWISALK_029533C/AT5G51810

o8 5FyAStQa

The mutant plants had a significantly larger rosette radius (21%), and more leaves (29%) compared

to the uncut WWT plant§figure 34A, 34D)The uncut mutant plants needed longer to reach stage

six and had 13%nsaller leaves. No significant differences could be observed in plant height or L/W

ratio. After cutting and regrowth the regrown mutant plants differed significantly in aspects

concerning plant architectural and leaf morphology traits from the uncut mupdemts (figure 34C,

34D) Thereby they had a larger rosette radius, more leaves and where taller (28%; 48% and 195%).
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In addition they had significant elongated leaves (4.2+1) and needed a few days longer to flower.

When comparing the regrown mutant plantwith the regrown WWT plants several significant

differences in plant architecture and leaf morphology could be obse(figdre 34B, 34D)The cut

mutant plants had more elongated leaves, more but therefore smaller leaves, compared to the

WWT. By invegtiating the regrowth pattern of the mutant and WWT plants, it could be observed,

that the changes in leaf size are due to a inhibition of the regrowth response of the mutant plants.
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Figure 34 Growth and regrowth pattern ofA. thaliana mutant SALK_029533C.-@ bar diagrams show the different
measured traits, of mutants uncut compared to WWT uncut (A), mutant gt mutant uncut and WWT cuvs. WWT
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mutant cut vs. SWT uncut. 2 mutant cuvs. mutant uncut. 3 mutant cutvs. WWT cut.4 WWT cuvs. WWT uncut.
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8. Discussion

8.1. Expression analysis during regrowth process with qRT -PCR

The idea was to have for each candidate gene-BRBR as well a&. thdianat-DNA insertion line
results. Unfortunately it was not possible to combine this information, as many of théRTfailed

or due to nothomozygotemutant that had to be excluded from the phenotypic monitoring. Within
the given time it was not posdito solve those problems. Anyway for the future it is planned to
repeat the analysis and to combine the results in the end to get a comprehensive picture of the
expression of the candidate genes in rdalpratensetissue. The gRPCR analysis was made t
validate the results of the digital gene expression analysis and to identify new expression patterns.
The results confirm the expected expression pattéigure 28, table 25)In addition with the use of

leaf and axial meristem tissue | could expand khewledge of the expression profiles of the contigs
figure 29) The contigtdn_85889is upregulated in GMranscriptomes, this expression pattern was
confirmed by the gRPCR results, which showed that the contig is upregulated within all three
mown trangriptomes (figure 28B)In addition the expression analysis showed that ttoatig is
upregulated in leaves and downregulated in axial meristem tissue of mown plants, compared to not
mown plants.lts homolog locus ii. thalianais AT4G33220, the homologme encodes for the
protein PECTIN METHYLESTERASE 44 (PME44). Their function include the demethylersterification
therefore the modification of pectin which is important for mechanical strength of cell (Hlvis
1984) Demethyesterfication of pectin withinthe cell wall structure, increasdbe elasticity of the

cell wall andtherefore facilitates growth(Peaucelle et al. 2011)fhe upregulation in mown
transcriptomes,especiallyin the mownfield transcriptomes could leath the assumption that the
mown plantsneed elastic cell walls to enable regrwotim addition the upregulation in leaves of
mown T. pratenseplants indicates that the contig ensures the cell wall elasticity to enable
development of neweaves. Theontigk65_9861encodes for the priein PSCS_MESOBuring the
gRFPCR analysis the contig was found to be upregulated in mown and regrowing plants, but
downregulated in axial meristem tissue compared to control plants (figure 28D. tinaliana
p5cst4 mutants show a low tolerance to sastress(Szekely et al. 2008)Vithin mown plants the
contig could be involved in shaping thieess toleance duringregrowth. The contigtdn_146439is

found in the homologues locus &f thaliana, AT3G11040During the expression analysis (§RCR)

it was found to be upregulated in transcriptomes of mown plants and downregulated in axial
meristem compared tountreated plants (figure 28C)n A. thaliana the gene encodes for a
CYTOSOLIC ENBBTAN-ACETYLGLUCOSAMINIDAGENGASE85B)and are involved in

developmental processes and fruit maturation in plafi{gmura et al. 2011 )which could also bthe
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reason for its upregulation in mown and regrowiiig pratenseplants. The contigdn_69411was
found to be upregulated in mown greenhouse transcriptomes during the digifalessioranalysis

In the gRTPCR analysis the contig was found to be upre¢gdlan the mown field transcriptomes

and axial meristem tissue of mown and regrowing plants (figure ZB#dcontig possibly encodes

for aLTP, thosare secreted and located in the cell wall and suggested in the participaticutim
formation, defense reactions against phytopathogens, and the adaptatitlm environmental
influences(Kader 1996)as alreadynentionedA y (i KS LINBSafdidatdgenes.dipnddulatéddn
Y26y 3INB Sy K ZrieseSindinks wguld Subpbrt tHeypothesisthat the contigis involved

in regrowth processes of. pratenseplants. The contigdn_112861was found to be downregulated

in transcriptomes of mowif. pratenseplants within the digital genes expressianalysis. Within the
gRTFPCR itvas found to be downmgulated in all tissue of mown plants compared to control plants
(figure28E). InA. thalana the homologuelocus encodes for GA20X2, a protein involved in GA
catabolism (Thomas et al. 1999)As GA is a phytohormone known to promote growth (see
Introduction), it might be necessary for regrowiiigpratenseplants to inhibit GA catabolism to
ensure a high concentration of GA. Compared tongpseedlings of . pratense the contig was found

to be upregulated irflowers, axialmeristem and flower buds of adult and not mown pratense
plants as well as in flowers and axial meristem of mown plants (figure 29)ed@ben for this nght

be that yaing seedlings need to promote growth, therefore they show in general a low expression of
genes involved in GA catabolism compared to the used tissue. Contrary the contig was
downregulated in flower buds and all transcriptome samples, as wéll laaves 6adult, mown and

not mown plants, compared to young seedlingsisTexpression pattern does not fi the previous
hypothesis. It is unclear why the contig shows a lower expression in for example adult not mown
transcriptomesamples which would mean thatronger expressed in young seedlings. It might be

that young seedlings are not suitable@ibrationfor the expression pattern of this contig.

8.2. Phenotypic monitoring of A. thaliana mutant plants during regrowth

8.2.1. Phenotypic monitoring of A. thaliana mutants displays seasonal
differences in regrowth behavior and emphasizes the growth pattern of

potential economic important candidate genes

The main emphasis of this work is the investigation of the regrowth process in response to cutting or
mowing, nevertheless the phenotypic monitoring analysis of Ahéhalianamutants open up new

possibilities to select candidate genes for improving economic characteristics to improve biomass or

increase total yield production. During the regrowth processdlferences between comparison 2
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(MU/MC) and 4 (WU/WC) have been compargable 26) To select candidates for improving
biomass or total yield characteristics the growth pattern of 1 (MU/WU) and 3 (MC/WC) should be
focused those showing an increaisethe favoredtrait in the mutant should be favored. In addition

the characeristics should be classified to identifigose that are important for yield increment.
Therefore the numbers of leaves, the leaf size as well as the plant height together with un earl
flowering are favorable traits. For example mutant SAIK 120099Gvhich encodes foZIP11
would be a good candidate for yield improving characteristics. By comparing the growth pattern of
the uncut mutant and uncut wild type it can be observed, ttiat knock out of the gene lead to an
increment in number of leaves and larger leaf size as well as larger rosette radius. In contrast the
plant height decreases. Leading to the suggestion, that further manipulations of the agpernd
influence the number bleaves and the leaf size and maybe reveal mechanisms responsible for plant
height. For Vitis vineferait was suggested thathe gene VVvZIP3 encodes for a zinc transporter
protein, that is responsible for the zinc distribution during reproductive develmr{GainzaCortés

et al. 2012) Demonstratinghat zinc anl genes involved in zinc uptak&ignaling and distribution

can play crucial role in developmental processeiich fits tomy observation that a knock out of

the gene influences normablant growth in A. thaliana In addition & Zinc deficiency can be
responsible for diseases in humans in addition the pollution of soils with such metals becomes more
and more a problem, and thus, it is one breeding goal for cropsTlikeestivums to improve the

zinc content and in addition inmpve the metal ion uptake in other plants to decontaminate soils.
Therefore an understanding how zinc homeostasis and uptake works is fundanieneéals et al.
2017; Grotz et al. 1998Further candidates can be found, displaying promigingwth pattern.
Nevertheless the experiments revealed seasonal differences in growth and regrowth pattérn of
thaliana wild type. Even though the plants were grown under standardized and controlled
conditions, some greenhouse conditions that are infllesh®y seasonal environmental conditions
(e.g. light duration, temperature) could have differ. Seasonal differences would mean that during
summer time the temperature and light intensity is higher, as well as the day length. In winter time
one would expecshorter days, less light intensity and lower temperatures. This goes in accordance
with findings of other studies investigating the temperature and day length depended growth
behavior ofA. thaliana Those demonstrated that plants grown in short days wild temperatures
produce mae leaves, more rosette leavesid need longer to flower (figure 3puared opez et al.
2001; Galvao et al. 2015; Kinmor#ehultz et al. 2016)n contrast plants grown in long days under
warm temperature, had less leaves and rosette leaves,glants were higher and needetiaster

time to flower (figure 3(McClung et al. 2016; Suarkeapez et al. 2001; Holalu and Finlayson 2017;

Galvéo et al. 2015; Kinmonfbchultz et al. 2016)s winter has short days and summer longer days,
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these findings can be transféo my experiment, ad fit to my findings. Even if dee seasonal
differences in the growth behavior of the wild type plants, the genesgrowth pattern between

the wild types are similar (figure 30Those observed pattern gm accordance witha study
investigating the regwth of A. thalianaafter cutting (Scholes et al. 2016J his studyshowed e.g.

that after cutting the rosette area of the plants is larger, which was also observed during my
experiment, in which the rosette radiumcreased | suggesthat to further use those mutants in
experiment focusing on yield increment they should be repeated in summer/ winter, meaning that
the summer mutants should be grown again in winter and the winter mistagain in summer. For

the investigation of theegrowth pattern, those seasonal differencesn be neglected, as the focus

is on differences. No regrowth pattern would change if the summer and wivitdrtype would have

been switched.

8.2.2. Major lat ex proteins (MLP) are involved in several abiotic and biotic
responses (SALK 033347C)

Major latex proteins (MLP) were originally discovered and characterized in latéXxapdiver
somniferumL. (opium poppy)(Nessler et al. 1985)Two subfamilies of MLP weridentified,;
members ofboth MLP subfamilies are highly expressed in latex, and to a lesser extent in flower
buds, roots and leaves. Studigentified MLP146 and MLP149 as members of MLP family, MLP15
subfamily. In total tow subfamiliethe MLP22 with three members and the MI5R&ith six members
(Nessler and Burnett 1992; Nessler 1994; Nessler and Vonder Haar 2880riated with plants
containing laticifer cells, extracting latex when tissueamédged, likeChelidonium majufNawrot et

al. 2016)but also in nodatex prodwcing plants homologes (orthologs) of MLP were found in
oriental medicinal planPanax ginsengA. thaliang N. bentiama(Sun et al. 2010)MLPs belongo

the Bet v | protein family, also known as the-BRfamily of plant pathogenesiglated proteins
(Radauer tal. 2008) The sameauthorsmentionedthat this groupshare not sequence but protein
structure and fold similarity. All of them show ligand binding activities revealing that their functions
were related to binding and metabolism of large, hydrophobimpounds such as lipids, hormones,
and antibiotics. Members including MLPs are predicted to be able to bind to RNA/DNA, the plant

hormone cytokinin and brassinosteroids, as well as flavonoids and fatty(&adauer et al. 2008)
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8.2.3MLPs were found to regulate ABA signaling pathway and are necessary

for normal plant development

Studies with loss of function mutss in A. thaliana(Salk 109337 and Salk 033347) lead to the
suggestion that MLP43 is involved in positive signafm§BA(Wang et al. 2016)Eyression analysis
revealed thatMLR13 transcription/expression was inhibited byBA, and various environmental
stresses (cold, osmotic, drought salt) but induced@%and isexpressed in cotyledons, primary
roots, apical meristem, rosedtleaves, and flower@Vang et al. 2016)ABA is a plant phytohormone
involved in biotic and abiotic stress response, mainly by inhibiting growth and promoting the
expression of wound and resistance related gef@estler et al. 2010)Further experiments were
conducted to verify the role of MLP43 in ABA biosynthesis or signaling, with the result that MLP43
interactswith SnRK2.6 and ABF1 inyaast twehybrid assayWang etal. 2016) SnRK2.6 and ABF1

are components of the ABA signal transduction. As review&utter et al(2010)the ABA signaling
transduction is not clearly resolved, but several modedsst trying to explain the recent findings.
One pathway is:ABA receptors, PYRABACTIN RESISTANCE 1/PYRABACTIN RES&ISTANCE 1
LIKE'REGULATORY COMPONENT OF ABA RECEPTOR (PYRBMALIR@AR)inhibit type 2 C
protein phosphatases (PP2Cs) in presencBA. This in turn activates SRELATED PROTEIN
KINASE 25nRK2), leading to phosphorylation of AB#ponsive element binding factors, including
bzip transcription factor family membg (AFB/AREB/ABI5). Thifluences the transcription of ABA
responsivegenes. So far it is not known which genes exactly areenfied of ABAincluding
activation of stress related genesdrepression of growth related gené€utler et al. 2010)Recent
studies found that micrARNAs(miRNAS) are involved iresponses to abiotic and biotic stresses
(Song et al. 2013MiRNAsre a class odmallnon-coding RNAs that can induce thegdadationof

their target MRNAsMiR394and its target gene. EAF CURLING RESPONSIVHENEGSe involved

in the shoot apical meristemSAM development, including the regulation of leaf developmes

well as in salt stress and drought responde8Rs downregulated by ABAiR394is upregulatecby
ABA(Song et al. 2013; Song et al. 20128} a possible target of LCR, MLP28 was identified. LCR
targets MLP28 for ubiquination that lead to degradation. DownregulatiobP28in artificial
miRNA lines (amiRNA) led to changes in plant phenotygpdtieg in dwarf plants with abnormal leaf
morphology. MLPs closely related to MLP28 like MLP31, MLP34, MLP43 can also interact with LCR. It
is assumed that themiR394LCR/MLP complex is necessary in mediating normal development
(Litholdo et al. 2@6). This in turn would mean that the described interactions could be an
explanation of the observed patternsf the A. thalianamutant plants during this study and provide

a hypothesis for the possiblmportanceand role of MLPs.
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8.2.4. Are MLPs major proteins involved in regrowth of T. pratense in

response to cutting?

In order to find an explanation for the observed phenotypic plasticity dufingratenseegrowth,

the previous findings were combined with the current knowledge of leaf developmentwaSR
demonstrated to interact with WUSCHEL (WUS) and CLAVATA 3 (CLV3), both involved in SAM stem
cell regulation. So far the target genes of MBRe unknown, it was demonstrated that their protein
structure enable them to bingphytohormones and act therefre as phytohormone receptors
(Litholdo et al. 2016)During my studies | found that th@. thalianaknock out mutant lines
Salk_033347 showa decrease in measured traits compared to the SWT pléigare 32) as it was
demonstrated before by domregulation MLRLitholdo et al. 2016)After cutting the regrowth of

the MLP mutant plants is disrupted. It might be possible that during regrowth the role of MLP is
enhancing growth inhibition. If MLP is involved in a positive enhancementeoABA signaling, a
knock out could have interrupted this mechanism, leading to a decreased expression of growth
inhibiting genes and instead increase the expression of growth improvement genes, which was the
case in my experiment, where an increment inrplaeight and number of leaves was fou(f@yure

35A) Nevertheless some traits were unaffected during regrowth in my experiment leading to the
suggestion that MLP is necessary for a proper regnowt change in leaf morpholognd plant
architecture cause by downregulation was observed prior in studies and leaded to the suggestion
that MLP (MLP28) and its interaction with miR394 and LCR might be important for a proper
development of the plan{Song et al. 2012; Litholdo et al. 20185 MLP could be responsible for

the regulation of CLV and WUS via I(f2feire 35B)thereby the repression of MLP could enhance
the expression of WUS, leading to morphogenesis. Thisttsefusupported of my results in which

leaf morphology as well as plant height regrowth pattern altered compared to SWT (ffayutse

32). Further MLP seems to be involved in the activation of stress and defense responsive génes, in
hirsutum GhMLP28 wadnduced bythe pathogenVertticillum dahliaand thereby enhanced the
expression of ETHYLENE RESPONSE FACTOR 6 (GhERF®6) involved in the defense response, that could
activate the defenseelated gene (PDF1.2) and pathogenesiated protein (PRY)Yang et al. 2015)
(figure 35C)Further investigations of possible interaction partners of MLP during regrowth could be
preformed via o-immunoprecipittion (ColP), yeas®-hybrid (Y2H), and bimolecular fluorescence
complementation (BiFC) tanravel protein-protein interactions. In case of getie interactions

chromatin immunoprecipitation sequencing (Ci8pq) or yeasi-hybridare suiable techniques
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Figure35 Schematic models of MLP mechanisms. A) In response to stress ABA increases and reacts with Pyr/Pyl/Rcars
complex. Thereby SnRK2 is released and can react with AFB/AREB/ABI5 transcription factorstrheseption factors

induce the expression of ABA responsive genes. MLP as a positive enhancer of ABA response can act down streaming the
ABA signalingWang et al. 2016)B) ABA enhances the expression of miR394, this im talters the expression of LCR
(enhancing or depressing is possible). Increased LCR levels inhibit MLP. Through the inhibition of MLP, WUS is activated.
Increment of WUS leads to expression of CLV which in turn inhibits WUS expre€Stomg et al. 2013; Song et al. 2012;
Litholdo et al. 2016)C) MLP activates GhERF6 which further activates genes involved in defense mech#¥iengset al.

2015) Dashed lines show hypothetical connection, red dashed lines show own hypothesis. Pink circle symbolize a gene
that was used duringDNA insertion line analysidzigure was made usintpkscapeAlbert et al. (2014)V. 0.8; available

at: https://inkscape.org/de/).

8.2.5. CYP94C1 is the major enzyme for JA catabolism (SALK_008477C and
SALK_055455C)

The CYP94C1 is a cytochrome P50. Phylogenetic analysis revealed that CYP94 family conserved
throughout the plant kingdomWidemann et al. 2015)CYP9€1 is together with CYP94B1 and

CYP94B3 responsible fbhhormone inactivation(Bruckhoff et al. 2016; Koo et al. 201fijure 36)
Thereby CYP941 takes part at the main inactivation pathway -GticgtJasmonoylL-isoleucine (JA
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lle) and JAPhe, but an also catabolize other Hmino acid combinationNidemann et al. 2015;
Kandel et al. 2007 0ther members of th&€YP74 family are involved in JA biosynth@3ign et al.
2005)and ¢&’P735 was fountb be involved in the cytokinibiosynthesiqTakei et al. 2004)JAis a

plant hormone that is involved in the regulation of a wide range of biological and physiological
processes including plant defense against environmental stresseses@nce, biotic and abiotic
stress tolerance (including herbivory and wounding) or growth corfasteviewedin Huang et al.
(2017) and Wasterrack and Sond2017). It is a derivate of the fatty acid metabolism and its
synthesis starts in the chloroplasts withliaolenic acid and terminates with the synthesis of-7+)
iso-JA in the peroxisoméd+)-7-iso-JA can then be modified intother jasmonatesOne dominant

form is JAlle, this form is present in all cells at any &mat low concentratiofAhmad et al. 2016;
Schaller and Stintzi 2009; Wasternack and Song 201&)thalianaan increase of JRe levels due

to wounding activates the interaction between CORONATINE INSENSITIVE1 (COI1) and
JASMONATEZIDOMAIN (JAZ). During this interaction JAZ is inactivated via ubiquination, this
releases JABound transcription factors, starting with the expression ofrdgponsive gere
(Carvalhais et al. 2017)JAamino acid conjugates such as-lA are synthesized by JAR1
(JASMONATEESISTANT 1) and also by the jasmonic acid synthase (Staswick an@0t¢alkuza

and Staswick?2008) Several models exist to explain the crosstalk of JA with other pyhtohormones
under specific conditions e.g. cold tolerance or leaf senesc@aest al. 2017; Huang et al. 2017)

Of murse phytohormone induced transcription of specific genes affettter pathways induced or
02y NRff SR 08 20KSNJ LIK&a(i2K2N¥2ySad {2 TFIN Al Aa
influence of a specific phytohormone differs depending on thigger (different abiotic and biotic
factors), age and developmental stage of the plant, also the crosstalk betplggohormoneswill

differ. Nevertheless as some studies suggest such connections between the phytohormone
pathways should always considersthen trying explaining diverse processes e.g. the regrowth
behavior of red clover in response to cutting. Recent studies show, that the complete signaling and
catabolism pathways of JA are still not completely understood, as new substrates and products

within those pathways a still identifig&itaoka et al. 2014; Widemann et al. 2015)

8.2.6. Analysis of CYP94C1 reveals unexpected functions of the enzyme in

plant development and stress response

During my experiments | found different growth pattern for the mutants SALK_008477C and
SA K_055455C of the same locus AT2G27690. SALK_055455C was already used in other studies and

the mutantshowed reduced level of 12COQKIle (Aubert et al. 2015; Widemann et al. 2015; Heitz

et al. 2012) The differences in growth pattefretween thetwo mutantsshow the same differences
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as the WWT compared tdhv¢ SWT and might be therefore seasonal variations. During regrowth the
pattern of both mutant lines are similgfigure 31, figure 33)Both enlarge their rosette radius, need
more time to flower, produce more leaves but show no changes in leaf shaperebifés are in the
response of plant height and leaf size. SALK_008477C increases the plant height in response to
cutting, but do not respond with altering the leaf sidgure 33) Contrary SALK 055455C alters its
leaf size in response to the cutting,esting the same regrowth pattern as SWT, but do not respond
with plant height(figure 31) Those variations in response to cutting of the two mutant lines might
be due to the different positions of the@NA insertion sitdKrysan 1999)Knock out mutants of
CYPs (CYP94B1 and CYP94B3) involved in catabolistfeaipsiream of CYP94C1 promoted plant
growth and biomass production after repeated woundif®pudel et al. 2016) observeda simiar
increment in biomass during my experiment. As in the CYP94C1 knock out mutentdAnot be
inactivated anymore, it is suspected that this leads to a phenotype influenced by growth inhibition.
In my experiment the growth inhibition was observed fant height (SALK_008477C) and leaf size
(SALK_055455€pmpared to the corresponding wiltype (figure 31, figure 33)t was also shown

that CYP94 influences flowering time and developmerA.irthaliang therefore CYP941 knock out
mutants (SALK_011298jarted flowering earlier than the wild typand flowers were shown to
contain a high concentration of 12COQHAIle (Bruckhoff et al. 2016)eading to the suggestion that
CYP94C1 has additional functions to the inactivation dfeJAeverthelesst was also suspected

that an increment of JAle due to CYP94C1 inactivation could enhance the expression of JA induced
genes and thus leading to enhanced resistance and growth inhibition, but the opposite was the case,
as it was demonstrated that the kok out mutant of CYP94C1 lead to an higher expression of JAZ
proteins, that are known to be involved in the repression ofldAesponsive gene transcription
(Poudel et al. 2016)Even thoul increment of JAle due toCYB4C1lknock ait did not show an
enhanced resistance against pathogéAsbert et al. 2015)Theaefore it was further hypnotized that

CYP94C1 could have also other function in addition to inactivatidAlle (Poudel et al. 2016)

8.2.7. CYP94CL1 induces crosstalk between phytohormones JA and GA

Poudel et al.(2016) hypothesized, based on the elevated transcript level of JAZ proteins, the
interaction of JAZ proteins with DELLA. DELLA therefore can no longer suppress the GA responsive
gene expression and, GA responsive genes are expressed and growth is promoteglré&yrdwth

in my experiment both mutant lines showed promoted growth relating to number of leaves and
plant height, supporting this hypothesis. The observed reduction in leaf size for SALK_055455C might
be a normal regrowth pattern, as the SWT plants shibwbe same reduction in leaf size,

nevertheless an influence of Ji& levels cannot be excluded. JAZ proteins (JAZ4 and JAZ8) were
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shown to be able tanteract with WRKY57 transcription factmr negatively regulate JA induced leaf
senescencéJiang et al. 2014As reviewed irHuang et al(2017)the growth inhibition induced by

JA is thought to enhance the plant fithess in response to stresses, as the plants cantcas on
defense mechanisrHuang et al. 2017)This in turn leads to the assption that during regrowth in

the late phase the contrarfiappensas the plants need to regrowti\s summarized irluang et al.
(20175A intiates the degradation ofDELLA proteins, which activates pathways that enhances
growth, further GA enables JAZs axtivate pathways inhibiting A induced gene expression. As
CYP941 is down regulated in regrowing red clover plants this could lead to amcedhaxpression

of JAZ proteins repressing the JA growth inhibition and promoting growth via the Della pfbteins

et al. 2010) this sis shown in the working model (figure 36), displaying a possible mechanism how
CYP941 is thought to bevolvedin enhanang GA levelslt is possible that at the beginning of
regrowth JA was necessary to prevent pathogen attacks but in this phase of regrowth growth

promoting processes are favored to gain more biomass.

A
12CO0OH-JA-ILE
ks

JA-ILE — JAZ

biotic stress
response DELLA

GA responsive genes

Figure36 Scheme of the rolef CP94Cin A. thaliana: CYP94C1 is involved of the inactivation froml&to 12COOHA

lle. CYP94C1 decreasesllevels. h the absence of CYP94C1 an overexpression of JAZ proteins is detected. JAZ can
interact with DELLA, this in turn can no longsuppressGA responsive gene expressi¢Bruckhoff et al. 2016; Kandel et

al. 2007; Heitz et al. 2012; Aubert et al. 2015; Hou et al. 20E@ure was made usintpkscapeAlbert et al. (2014)(V.

0.48; availalte at: https://inkscape.org/de/).
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8.2.8. Gibberellin is activated to promote growth and activate other
hormone pathways (SALK 029533C)

GAsaccount to the phythormones, they are involved different aspects of plant development and
growth, e.g. stem elongain, leaf expansion, seed germination, flower and fruit development.
(Daviere et al. 2008; Sun 200834 is the active GA in the regulation of shoot elongation and
flowering imitation under short day conditioria A. thaliana(Eriksson et al. 2006)n other plant
specied.dium temuletum GA5 and GAG6 are the active GAs during flower during long day conditions,
in contrast GA4 was found to be increased during flower differentiation and stem elongation and
growth (King et al. 2001; King et al. 2008 A. thalianathe gene GA200X2 is involved in the
biosynthesis of the bioactive GA forifhillips et al. 1995)The enzyme GA Zixidase is encoded by

five genes inA. thaliana(Lange et al. 1994)The genes showed different expression patterns and
have partly redundant functions, leading to the suggestion of altering influence of the GA
biosynthesis, depending on developmental stage, light d@ns and tissue typ€Rieu et al. 2008)

The geneAtGA200x&howed increase expression during petiole elongafidisamatsu et al2005)

Knock out mutants withA. thaliana demonstrated the contribution of GA200X2 to petiole
development as well as flower development is depended on light quality and daylength. The
knockout mutant did not show reduced plant height but more leavediced number of internodes

and flowers(Rieu et al. 2008Within my mutant analysis of the knockout line@RA200X2 used a
different Salk line, but attained similar results. The mutant plants produced maxedethan the

wild typeand had a larger rosette radius, but smaller leaves compared to the WWT. The plant height
did not differ between mutant and WWT. During regrowth especially the leaf size was affected,
resulting in smaller leaves than WWT. Thoseifigd in addition with my results leading to the
suggestion that GA200X2 is involved in gloamd regrowth processes. As the differenbesween

the untreated WWT and mutant plants are just slightly, this goes in accordance with the redundant
function of the five GA200X2 genes. During regrowth the gene is involved in the leaf size, as
GA2002 was not thought to be involved in leaf morphology development, a potential new function
has been revealed or this is a sign for the crosstalk between different phytaime pathways. Until

y2g ASOSNIf 27F &dzOK otkieNEhyichdrrhohes @i prodeh. Tinkrefoe! an | Y R
interplay between ABA and GA was already shown for root development and seed germination in
thaliana (Lee et al. 2016; Seo et al. 200®h etal. 2008) ! f &2 F2 NJ D! FYyR 1l . &c
demonstrated. They have an interplay for AUX and GA during flower development , thereby the
auxin signaling component INDGRRACETIC ACID 7 (IAA7)/AUXIN RESISTANT 2 (AXR2) negatively
regulatesthe expression of ATGA200X2 and ATGA200X1 additional interaction was shown as auxin
transport genes affecting GA homeostaditai et al.2011; DesgagnPenix et al. 2005)n addition a
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connection between GA and JA was also fouBA. and JA act together during stamen therefore
flower development, GA promotes JA biosynthesis to control several MYB gene expression (MYB21,
MYB24, and MYB57)hat are responsible for stamen developmerfCheng & al. 2009)
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9 Final Discussion

9.1. Molecular mechanisms underlying the observed phenotypic changes

In order to explain the observed phenotypic changes, several working models haverkagd to
explainthe different observed changes and processes andadecular level. The main response to
cutting of T. pratensdancludes changes in leaf morphology, the avoidance of growth stop of the cut
plants and the suspension of the first 30 days of initial growth, as well as the change in the growth
strategy (Herbert et al. 2018)Similar responses could be observed during Ahéhalianamutant
analysis. Thereby the wt type plants (SWT and WWT) both showedehin leaf morphologafter

cutting (figure 30) In addition all of theA. thaliana mutant plants exhibited changes in leaf
morphology and/or plant architecture, due to the knock out and/ or after subsequent regrowth in
NBalLlyasS (G2 GKS OdzidAyad ¢KSNBF2NB GKS aY2gAy3
species and involves changasplant architecture, leaf morphology and growth performance. As the
results of the mutant analysis of th&. thalianaplants demonstrated, those changes are governed

on a molecular genetic level. It is beyond the scope of this thesis to include alvatises made
during the functional analysis and all candidate genes different working models. Therefore a
selection will be presented, including the most promising hypothesis how those changes in response

to cutting could be achieved.

9.2. Arabidopsis and other plants: How comparable is the knowledge of

Arabidopsis and other plants to T. pratense?

The working model of the regrowth process is mainly based on the research and knowledge based
on the model plantA. thaliana As mentioned in the introduction bbtplant species have been
separated ~95 my@/ega et al. 2015figure 4) The fundament of the working model for pratense

is based on the findings of the functional analysis data (mutant analysis arB@RTesults) in
addition whenever it was possible, contigs the digital gene expression analysis with their
corresponding annotation have been included in the regrowth scheme. To provide a certain
structure, mainly the information oA. thalianawas used to create the working model. Nevertheless
whenever informéon was available it was checked if a certain gene might be also found in other
plants, responsible for a certain task. Therefore | assumed: If a gene has a certain fun&ion in
thaliana and it is conserved throughout the plant kingdom or a plant oréedqd it was shown to
have a similar or identical function in other plants, than it might be possible that it also have the

function in T. pratense Still this has to be proven by further experiments, but this hypothetical
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working model of the regrowth pr@ss is a huge step in providing further hypotheses to understand

such a crucial and complex process.

9.3. GA200X1/GA200X2 and GASAL, GASA14 induce shoot growth and leaf

development in T. pratense after cutting

GA is a phytohormone involved in shoot elotiga and leaf development (see Introduction). The
results of the digital gene expression analysis and the further candidate analysis revealed several
genes involved in the GA biosynthesis, signaling and catabolism. Thereby the @Ra8©X1
(tdn_97429, upegulated in FbM, Log2FoldChange (L2FC) ~2) @AQ00X2(tdn_103529,
upregulated in GM, L2FC ~2.2), both involved in the GA biosynthesis were found upregulated within
the mown transcriptomes an@A20X{tdn_112851, upregulated in GNM2, L2FC ~1.6)GAd0X8
(tdn_822077, upregulated in GNM, L2FC ~2.8), both involved in the catabolism of GA were
downregulated in the mown transcriptomeSun 2008; Hedden and Phillips 200The genes
involved in GA biosynthesis and catabolism were found to be conserved and sharing similar
functions in many plant species includifg sativaand G. max(Han and Zhu 2011Yhe expression
pattern inT. pratensedisplays that within the mown plants the GA biosynthesis is promoted and the
GA catabolism is downregulated. High levels of GA induce mechanisms to degrade DELLA proteins,
which leads to the expression of GA responsive géasseviewedin Thomas and Su(004)and

shown in e. gDill et al.(2004)and Silverstone et al1997). The degradation process of DELLA could

be further enhanced by JAZ peits, even though they belong to the JA signaling machinery they
were found to interact and thereby inhibit DELLA protdifauwels andsoossens 2011 herefore

the downregulation ofCYP94C{tdn_76356, upregulated in GNM, L2FC ~2.5), which induces an
increase in JAZ proteins might be a process involved in the signal enhancing of GA, which was
already suggested froRoudel et al(2016) In theT. pratensdranscriptome genes involved in this
hypothetical process are present and in addition several GA target genes coulikemmigied.
IncludingGIBBERELIREGULATED PROTE(SASAlupregulated in FbM and FaM, L2FC ~3.5 and
~2.7) andGIBBEREL-IREGULATED PROTHINGASAl4upregulated in GHM, L2FC ~1GBASAIs
suspected to be a target gene of GA and its expression ipeliéads to the suggestion that the gene

is involved in cell expansiofRaventos et al. 2000f5ASAlwas found to be related to th&A
STIMULATED TRANSCRIPAST]L from S. lycopersicum(Herzog et al. 1995)Studies inS.
lycopersicunfound that GASTlexpression isnduced by GA and is located in the shoots and it is
suspected to be involved in cell expansion, leading to shoot elongéBibnet al. 1992)Besides its

role in plant growth, GA is also known to be involved in leaf development. Therefore studies

revealed thatGASA14s involved in leaf expansion A. thaliana(Sun et al. 2013)The explained

127



procesgs are summarized in a working mod#owing how GA biosynthesis genes activate GA
which in turn activates the expression of GASA1 and GAGdure 37) Both GAarget genes might

be involved in processes leading to altered leaf morphologdy. ipratenseln addition those target
genes could be involved in the growth strategy change and enable fast regrowth during which the

plants skip the first 30 days of grth and exhibit no growth stop.

Figure37 Working model for the egulation
of shoot growth and leaf development via
GAin T. pratense GA200X1 and GA200X2
are upregulated in mown plants and initiate
the biosynthesis of GA. GA20X1 and
GA20X8 involved in the catabolism of GA
are downregulated in mown plants. As the
level of GA increases, DELLA which
suppresses the GA responsive gene
expression, is degenerated. The
degradation process of DELLA is further
enhanced by JAZ proteins. JAZ peots are
increased due toCYP94CHownregulation
in mown plants. GASA1lis a target gene of
GA and suspected to be involved in shoot
growth. Besides its role in plant growth, GA
is also known to be involved in leaf
development. GASAl4a target gene of GA
is involved in leaf expansion iA. thaliana
Both GASA genes are upregulated in mown
plants. It is shown for which changes
observed during the phenotypic monitoring
experiment of T. pratensethe hypothetical
pathway might be responsible. Arrows
show activdion or repression, dashed lines
show hypothetical activation or
suppression, purple circle show genes found
within the T. pratensetranscriptome, pink
circles show genes used in mutant analysis.
Green circles show observed changes during
phenotypic monitaing experiment of T.
pratensed ! NN ¢ga ySEG (2 G(GKS yIrYSa o0@Imd aK2g dzZLINBId8uheéiAzy | yR
al. 2013; Raventos et al. 2000; Herzog et al. 1995; Shi et al. 1992; Pauwels and Goossens 2011; Poudel et al. 2016; Sun
2008; Hedden and Phillips 2000; Herbert et al. 2018; Thomas amd 2004; Dill et al. 2004; Silverstone et al. 1997)
Figure was made usinimkscapeAlbert et al. (2014)V. 0.48; available at: https://inkscape.org/de/).
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