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Zusammenfassung

Zusammenfassung

Die Pflanzenentwicklung ist durch eine Vielzahl von Regulationsprozessen
charakterisiert. Allerdings ist bisher nur eine Minderheit von Gennetzwerken
verstanden, was die Notwendigkeit verstarkt, webtiskendeSignalwege detaillierter
aufzuklaren. Das konserviefl@ G1:Netzwerk reguliert fiinf verschiedene Merkmale in
Arabidopsighaliana und kontrolliert ein breites Spektrum regulatorischer Prozesse
wahrend der gesamten Pflanzenentwicklung, einsdidieffler Trichommusterung.
Dies wird durch das Zusammenspiel von Trichotfigdernden und-hemmenden
Faktoren erreicht, die als Aktivatoren und Inhibitoren bezeichnet werden.

Das regelmafig verteilte Trichommuster beginnt in einem Feld identischer
Zellen. Genfluktuationen stéren die Homogenitat ude novoMusterungsprozesse
werden initiiert. In dieser Studie wurdeRluktuationen von Proteinexpressian
aufgeklart, die die allerersten durchgefiihrten Experimente in Pflanzengeweben
beschreiben. Es wurdgemamstriert dass Proteinen Laufe der Zeitfluktuieren und
extrinsisches Rauschen die Hauptquelle fir Genfluktuationen in verschiedenen
ArabidopsisGeweben darstellt.

Nachdem die ersten relativen Unterschiede zwischen Trichomaktivatoren und
-inhibitoren die Musterbildung in Gang gesetzt haben, reguliert eine komplexe
Maschinerie die Trichompositionierung undentwicklung. Hier wurde die
Quantifizierung der transkriptionellen Expressionen all@Glabhangigen Trichom
musterungsgene in Arabidopsisirchgefiihrt, erweitert durch vergleichende Analysen
in zwei verwandten Spezies.

Die systematische Untersuchung von 15 differentiell regulierten Mugsr
genen in Arabidopsis Cdl Wildtyp und 21 mutierten Hintergrinden hob die
Kernkomponenten des komserten TTGXNetzwerks hervor und enthillte den
Einfluss der Genhomologie. Die umfangreiche Studie wies darauf hin, dass die
prominenten Mustemngsaktivatoren GL¥EGL3 und GL1/MYB23 als funktionelle
Einheiten betrachtet werden koénnen, und identifiziertee egegenseitige positive
Ruckkopplungsschleife zwischen ihnen, die zur Selbstverstarkung der hgser
aktivatoren bei der Initiierung eines Trichomzellschicksals beitragt. Uberraschender
weise zeigte sich, dass der HoméodomanemskriptionsfaktoiGL2 viel starker mit
anderen Mustenggenen verwoben ist als bisher angenommen, was ihn als reines

DownstrearmGen des Systems negiert.
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Zusammenfassung

Ein vergleichender Ansatz in den verwandten Brassicadeadpina und
C. hirsutaermoglichte erste evolutionare Einblickedas konserviert€ TGL:Netzwerk,
da er ahnliche und abweichende Funktionen zwischen allen drei Arten hervorhebt. Am
auffalligsten ist, dassGL1 -ein essentieller Faktor des thkatorkomplexes in
Arabidopsis- nur eine schwache biologische Relevanz imd@mine aufweist und die
Daten stark auf eine funktionelle Kompensation d@bhVERhindeuten.

Fur ein regelmalig verteiltes Trichommuster ist nicht nur die Genregulation
entscheidend, sondern auch die Stabilitat der translatierten Proteine. Hier wigde ei
signifikante Stabilisierung von MY4#roteinen durch bHLHProteine aufgedeckt, die
dosisabhangig sogar noch zunahm. Diese Studie liefert den Machbarkeitsnachweis, dass
- unter Verwendung des viralen 2¥paltungssystemsder adoptierteratiometrische
Ansatz anwendbar ist, um die Proteinstabilitdt durch die aquimolare Translation von bis
zu drei Proteinen aus einem offenen Leserastelantazu quantifizieren.

Darlber hinaus hat sichMYC1 als aulergewdhnlicher Vertreter der
Musterungsene herausgestelinerseits und im Gegensatz zu einer friheren Studie
wurde festgestellt, daggMYC1Uberall in der Blattspreite exprimiert wird. Zusatzlich
deckte die Quantifizierung eine Expressionsabnahme mit fortschreitender T+ichom
entwicklung auf. Andererseits unsehied sich das regulatorische Schema MXC1
von anderen Aktivatoren und es war unwahrscheinlich, dass es durch homologe Gene

kompensiert wurde, was die abweichende Rolle dieses Aktivators hervorhebt.
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Abstract

Abstract

Plant development is characterized by a multitude of regulatory procéksesver,
only a minority of gene networks iget understood, strengthielg the need to elucidate
crossinteracting pathways in more detaiRegulating five different traitsin
Arabidopsighaliana the conserved TG1networkcontrolsa wide range of regulatory
processes throughout plant developmemcluding trichome patterningThis is
achieved by the interplay of trichome promoting and repressing factors, called
activatos and inhibitors.

The regularly distributed trichome pattern begins in a field of identical cells.
Gene fluctuatios disrupt the homogeneityand de novo patterning processeare
initiated. In this study fluctuations ofprotein expressionwere ducidated, describing
the firstever conducted experiments in plant tissues. It deasonstrated that proteins
fluctuate over time and extrinsic noise representptimeary source of gene fluctuation
in different Arabidopsis tissues.

After the first relgive differences between trichome activators and inhibitors set
the pattern formation in motigm complex machinery regulates trichome positioning
and developmentHere, the quantification of thetranscriptional expressionsf all
TTGLdependent trichome patterniggnesn Arabidopsiswas performegdextended by
comparative analyses in two related species.

The systematicalnvestigation of 15 differentially regulated patterning genes in
Arabidopsis CceD wildtype and 21 mutant backgneds highlighted the core
components of the conserv@@Glnetwork and revealed the impact of gene homology.
The vast studypointed out thatthe prominent patterning activatoSL3EGL3 and
GL1YMYB23 can be considered functional uwiand identifieda mutwal postive
feedback loop betweethem contributingto the seHenhancement of thpatterning
activatorswhen initiatinga trichome cell fateSurprisingly it was revealedthat the
homeodomain transcription fact@L2 is much more interwovewith other patterning
genes than previously thought, negating & pare downstream gene of the system.

A comparative approachn the related Brassicacede alpina and C. hirsuta
enablel first evolutionary insights into the conserv@@G1 network as ithighlights
similar and divergent functions between all three specieblost drikingly, GL1 - an

essentialfactor of the activator complex in Arabidopsisexhibits only a weak
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Abstract

biological relevancein Cardaming and the datastrongly suggested functional
compensatiotny ChWER

For a regularly distributed trichome pattern, not only gene regulatiorugsal
but also the stability of the translated proteidsre,a significant stabilization of MYB
proteins by bHLH proteinsias revealed, which evencreasedn a dosagelependent
manner. Thistudy provides the proof of concept that #umptedratiometric approach
- using the viral 2A cleavage systens applicable to quantify protein stability planta
by the equimolar translation of up to thig®teinsfrom one open reading frame.

Furthermore MYC1 has turned out to be an exceptional representative of the
patterning genes. On the one hand and contradictory to a previous g1 was
found to be ubiquitously expressetiroughout the leaf blae. In addition, the
guantification revealed an exgssion decrease with progressirighome development.
On the other hand, the regulatsgheme oMYC1differed from other activators and
was unlikelyto becompensated by homologous genes, highlightivegdivergent role

of this activator.
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Introduction

1. Introduction

A multitude of biological processamderles crossregulatory networks (Hong et al.,
2021) However, only a small fraction of all annotated pathways and dgadal
processess unraveledin Arabidopsis thaliana(Arabidopsis Deng et al., 2017)
Therefore, agreat needexists to study the internal crosskalto comprehendthe
challenges a pid faces during its delopment, frontandomneso determinism

1.1. Trichome morphogenesisn Arabidopsis thaliana

The Brassicaceagrabidopsis thalianas a valuablenodel system due to its small and
completdy sequenced genomepmprising of five chromosomegs short generation
cycle as well as the feasibility of transient and stable transform#Bassardi et al.,
2007; Clough & Bent, 1998;Ueki et al, 2009 Sessa et al., 1998Hence gene
regulatory networks and cedell communication pathays can bexcellentlystudied to
deepen our understanding of plant biologyisTincludes among othersgolecular
physiological,and biochemical mechanisnasiring morphologicalevolution, nutrient
acquisition,or adaptation to local environmental cotiains (Alonso-Blanco et al., 2009;
Erwin & Davi dson, 202019), Fabi aGska et al

In molecularand developmental biology, trichomes dne focus of research
because they ardispensabldor plant growth and their manipulation hkitle to no
influenceon t he pl an t\@agnercteaj20d4)oMutanesrarte still fertile and
viable (Koornneef et al., 1983and heir macroscopic size enablefortlessscreening
(Zzhang & Oppenheimer, 2004)

In Arabidopsiswildtype accessiondrichomes ee singlecelled, norglandular,
threebranched epidermal outgrowths, which are regularly distributeétiemosette and
cauline leavesas well as on the stem and sepalseir counterpart o roots,the root
hairs, developonly on one of twgparalletrunningcell files, termed Hfile. They are
formed above the cleft of two cortical cel{®olan et al., 1994; Hilskamp et al., 1994;
Ishida et al.2008)

Trichome morphogenesis is characterized by clearly defined developmental
stagesKigurel). Initially, the designated trichome raises as a bulge from a unique field
of epidermal cellsperpendicularly to the leaf surface. A stalk develops, and two
consecutive branching events occlihe expandegdtip-pointed, and mature trichome

develops papillae on the incrusted cell wall surfdéalkers et al. 1997; Rerie et al.

1
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Figure 1. Single geps of trichome morphogenesisBlack dots indicate nuclei corresponding to DNA conten
lllustration based on Hilskamp et al., 1994.

1994; Szymanski et al.2000) Cell enlargementis accompanied byseveral
endoreplicatiortycles,resulting in a total DNA content of 32Eltlskamp et a).1994)

Although the trichome pattern on the leaf blade may give the impression of
being either randomly distributed or determined by cell lineage, it is genematenl/Q
without any preexisting informatiofPesch et al., 2014; Schellmann & Hulskamp,
2005; Schnittger et al., 1999Randomness veaejectedby the analysis of the average
distance between nearest neigttas well as the minimal distance between trichomes
(Greese et al.,, 2012014) and dependence k&b on cell lineage vgaexcluded via
genetic mosaic experimentiarkin et al, 1996; Schnittger et al., 1999)nstead,
differences in gene expressibetween cells, soalled fluctuations or noise, aligely
the source of positional trichome spacing. These fluctuations effectuate thelyegular
distributed trichome formatioim a growing field of cell{Meinhardt & Gierer, 1974;
Turing, 1952)

The trichome initiation is restricted to the initiation zoakthe leafbase Thus
the general directionality of the different trichome developmental stages is stretched
along the distaproximal axis with the oldest trichome at the leaf tijl dhe youngest
trichomes at the bag&chnittger et al., 1999Mitotic cell divisions of undifferentiated
epidermal cellsincreases the distances betwdenhomes (Hilskamp et al., 1994;
Jaegle, 2014)The resulting spaces may function to prodsoealled intercalating
trichomesbetween already developed onestsideof the initiation zone. Intercalation

is, howevernotfound in every Arabidopsis accessior mutantJaegle, 2014)

1.2. Gene regulatory network in trichome patterning
Trichome formation underlies a complex, migléne molecular mechanism. Proteins of

a handfulof families must play in concert to achieve the regular trichome patterning on
2
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leaf blades DArabidopsis wildtyg plants. Theserpteins can be roughly classified into
trichome promotingand repressing factors (activators anbdibitors; Balkunde et a.
2010; Digiuni et al., 2008; Pesch & Hulskamp, 20@%) well asa downstream gene,
which is required in later stages of trichome formatiBasch &Hulskamp, 2004; Rerie
et al., 1994)

The R2R3VIYB protein GLABRAL (GL1;Oppenheimer et al., 1991the basic
Helix-Loop-Helix (bHLH) proteinGLABRA3 (GL3; Bernhardt et al., 2003; Hulskamp
et al.,, 1994; Koornneef et al., 1982; Payne et al., 200 the WD40 transcription
factor TRANSPARENT TESTA GLABRA1 (TTG1Koornneef, 1981; Walker et al.,
1999) form the secalled MBW complex(Ramsay & Glover, 2005; Xu et aR015;
Zhang & Schrader, 201.7The proteirencoded byeNHANCER OF GLABRAEGL3
bHLH; Zhanget al, 2003)shares regulatory functions and acts partially redundant to
GL3 (Bernhardt et al., 2003MYC1, a bHLH protein closely related to GL3/EGL3, is
involved in the regulation of trichome patterning aswhsidered as promoting factor
(Morohashi & Grotewold, 2009; Symonds et al., 2011; Urao et al., 1896he root
system WEREWOLHKWER), another representativ the R2R3 MYB class,replaces
GL1 in the MBW compleXLee & Schiefelbein, 1999)

The trimeric MBW complex islikely seltenhancing by an autocatalytic loop
and activates RBIYBs, the class of proteins whiadomprisesal inhibitors. Thereby,
the activators activate their own repressors. &pseven inhibitors are known. The
most prominent areCAPRICE (CPC, Wada et al. 1997) and TRIPTYCHON(TRY,
Hulskamp et al., 1994Schellmann et al., 2002)ollowed by ENHANCER OF
TRIPTYCHON AND CAPRICE2 and3 (ETCY22/3; Wada et al., 1997; Esch et al.,
2004; Kirik @ al., 2004ab; Simon et al., 2007)Less importance is awarded to
TRICHOMELESS&and2 (TCL1/2 Wang et al., 2007Gan et al.2011)

After a trichome cell fate is irreversibly determin&l,ABRA2(GL2; Hilskamp
et al.,, 1994; Maarten Koornneef et al.,, 1982; Rerie et al., 1394omeodomain
transcription factor, starts to altRANSPARENT TESTA GLABRAZ G2, encoding
a plantspecific WRKY transcription factor, isupposed to share overlapping funcsion
with GL2, but itis also involved in trichomdevelopmen{Johnson et al., 2002)

Currently, two nechanisms for trichome patterning are postulated: The
activatorinhibitor and the activatedepletion model(Figure 2). In the activator
inhibitor mode] selfenhancingactivator complex consisting o&L1l, TTG1 and

GL3/EGL3 createsa positive feedback loop. fromotes trichome initiatiomnd the

3
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activator-inhibitor activator-depletion

Figure 2: Models of trichome patterning. A) In the activatoiinhibitor model, the activator complex (WD40, bHLI
and R2R3VYB; yellow star) initiates the trichome cell fate by a positive feedback loop, and promotes the act
of R3MYB proteins (right cell). RMYB proteins move to neighboringlis, where they compete with R2RB/B
proteins for the binding to bHLH proteins, avoiding the trichome fate (left d&&jl)According to the activater
depletion model, mobile WD40 proteins are trapped by bHLH proteins in the designated trichome ceboi¢hen
R2R3MYB proteins, the activator complex is formed and trichome development initiated (right cell). The |
WD40 in the ancient cell avoids a trichome cell fate (left cell). lllustration based on Pesch et al., 2009.

activation of inhibitors such as CPC or TRY, which in turn repress the activators.
According to the theory gsattern formationinhibitorscanmove(or at least faster than
activators, if they are also mobile®) neighboring cells, where they compete with R2R3
MYB proteins for binding to theHLH transcription facto(Turing, 1952 Meinhardt &
Gierer, 1973 The replacement of inhibitorenders the complex inactive and represses
the trichome celfate via lateral inhibitior{Hulskamp, 2004; Pesch & Hulskamp, 2004
Figure ).

In the activatordepletion model, mobile TTG1 isapped in the nucleus of the
designated trichome cdly GL3,and together with GL1he trimeric activator complex
is formed. Via local selenhancemenitan inner threshold is exceedexthd trichomes
are initiated. Depleting TG1 in the surroundingells prevents a trichome fate of these
cells by lateral inhibitiorfBouyer et al., 2008; Pesch & Hulskamp, 20Bigure B).

1.3. Measuring protein stability vi a -dilsed¥i ngo peptides
Many biological processesncluding trichome patterningare controlled by the
interplay of theindividual components of a regulatory network. crucial factor for
proper trichome development is the presence of the iadoproteins within the cell.
Their availability depends on protein synthesis, stabibiyd degradationlnitially,

pulsechase assays or cycloheximide treatments were conductedestigate protein
turnover. However, these experiments are often chaileg (Yewdell et al., 2011)
Conventional strategies to combine multiplgenes such as crossisg or

transformatios, are elaborative and influenced, lgyg, gene silencing or the position of
4
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integration(Halpin et al, 2001) A popular strategy to measure protein turnover utilizes
internal ribosome entry sites (IREBY translating two fluoreent proteins from one
MRNA. One of the fluorophoresgsents the protein of interest ahé other serves as
reference. The ratio of both determines the protein abunddreet al, 2008) The
downside of this method is the often occurring decreased expression of the second gene
resulting in misleading protein stabiliti@glizuguchi et al. 2000)

To overcome these issydhbe viral 2A system was adopted to evaluate protein

stabilitiesin planta This approachallows the polycistronic translation of mRNA in
eukaryotesand r esembl es the measur emendteavvingol
function of the 2A peptides enables a highly efficient stoichiometriexpoession of all
introduced proteinand does not v& from cell to cell(Szymczak etla 2004) The
cleavage of the 182 amino acidsomprising2A peptides is considered to be based on
ribosomal skipping It is suggested thahe ribosomes skip the glycyropyl bond
within the 2A sequence during translatide@ading to the equimolarxpression of two
(or more) proteins from one open reading fra@®nnelly et al., 2004, b). First
described was the 2A sequencehd foot-andmouth disease virus (F2Ryan et al.
1991) Other peptides followedsuch asthe 2A sequences from the porcine
teschovirusl (P2A), the equine rhinitis A virus E2A), and the thosea asigna virus
(T2A; Szymczak & Vignali, 2005)However,significant differences in their cleavage
efficiency were found imammaliarcell lines, miceand zebrafiskiKim et al., 2011)

In order to studythe stabilities of trichome patterningproteins gateway
compaitble fluorescent polycistronic 2A constructs were designed and used for
ratiometric measurements in different plant organisms. On the one hand, the impact of
bHLH proteins on the stability of MYB proteins was tested in epidermal leek and
tobacco cells. Onthe other hand, a dosadependent stabilizatiotnehavior was

quantified.

1.4. Arabis alpinaand Cardamine hirsuta- two related Brassicaceae

ARABIS

The Brassicacea@rabis alpinaarose asan evolutionary and developmental model
organism for molecular variationdue to its perennial generation timéhe plant
naturallypopulatesnontane, alpine, and arctic habiték®ch et al., 2006yVang et al.,
2009) i.e. harsh environmental conditiomghich favor a perennial life cycle to survive

and propagate successfuliyVang et al., 2009)To enter the reproductive phase,
5
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prolonged expasge to low emperaturesvernalization is an indispensable requirement

for A. alpina accessios, including the commonly used wildtype access$tajares (Paj
Wang et al., 2009)n the vegetative phasA, alpina copes with its perennial lifeycle

by producing elongated internodes and developing axillary branches, whereas
A.thaliana internodes do not expand, resulting in tight rosette legwéng et al.,
2011) Both species exhibit simple leaves with smooth margins of juvenile leaves and
serrations on later developed leay®ark et al.2017)

A. alpina and A. thaliana diverged between 195 (Koch et al, 2001)or 2640
(Beilstein et al., 2010Koch et al., 2006)million years ago Thus divergentand
redundant dinctionson the molecular levedre expectedThe diploid and completely
sequenced genom#hich is divided into eight chromosomess well as being self
fertile and transformable by AgrobactenmaakesA. alpina a suitableresearcltorganism
(Wang et al., 2009; Willing et al., 2015)owever, the duttéon of vernalization must
be taken into account in the experimental planning.

The tichome morphology ofA.alpina is comparable tcA.thaliana Also,
trichome initiation seems restricted to the basal zoihéhe leaves in the perennial
speciesMaturetrichomes are found at the leaf apd intermediatstages in between.
The pattern is regular, but trichome density is much highek. alpina (Figure 3).
Taking a closer look, two classes of mature tricheberome visible: larger trichomes
with occasionallyoccuring smaller onesn betweern(Chopra et al., 2014}t was shown
that these smaller trichomes underfgover endoreplication cycles than the others
(Chopra et al., 2019Compared t\. thaliana, all leavesdeveloptrichomeson the aéd
and abaxial side Generally, the roots of both species are organizealt@rnatingH-
and Nfiles (hair and no+hair files) but in contrast toA. thaliana A. alpina Paj shows
30% ectopic root hair formation dtfiles (Chopra et al., 2014)

As closely related Brassicaceae, tAdGl-dependent pathway regulates
trichome and root hair formation in both species, suggesting similar phendiipess
indeed the case fdtgl mutants as both species are glabr@@kopra et al., 2014;
Walker et al., 1999Whereas onlhAtgl3 Ategl3double mutants exhibit glabrous leaves,
this phenotype already appearsAiagl3 mutants, indicating a more divergent function
of the homologous gené€3 . 3andEGL3in A. alpina (Chopra et al., 201Zhang et al.,
2003)
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Arabidopsis thaliana Arabis alpina Cardamine hirsuta

Figure 3: Morphological comparison of three different mature Brassicaceae leaved.eaf four is exemplarily
shown forA. thaliana A. alpina, andC. hirsuta Scale bars indicaterim.

CARDAMINE

The annual Brassicace@ardamine hirsutemerged aanup-coming model organism
for developmental comparisons the last decade§or this pecies the Oxford (Ox)
accession is used asreference(Gan et al., 2016)The leaf shapeof C. hirsuta is
striking and differs categorically from its related specfeshaliana by forming
compound leavesThey comprise a terminal leaflet on the leaf tip and lateral leaflets
towards the basis. Typically, lateral leaflets appear from rosettehiesd and their
number increases with each additional l@@&nales & Barkoulas, 2010; Cartolano et
al., 2015) Besidesthat C. hirsuta differs in othe morphological traits such gdant
habit, shoot branching, or floral morphogenesis franthaliana (Hay et al., 2014Hay

& Tsiantis, 2006,2016; Pieper et al.2016) In contrast tothe latter C. hirsuta
posseses a variable number of petals betweeero and fourand develops more
secondary branchekading to a more abundant shoot architecfHicey et al., 2014)
Ther divergence is estimated tecur13-19 million years agdqBeilstein et al., 2008;
2010; Koch et al.,, 2001pand gmilar to A.alpina, enablesthe identification of
redundant as well as divergent functions between both species.

C. hirsuta is similaty accessible to forward and reverse genetic approaches.
Molecularly, itssmall, diploid, and nowadays completely sequenced genome is divided
into eight chromosomes. AmBeek generation cyclg@roviding abundant progenya
self-pollination, its small rosette sizeand commonlystandardizedyrowth conditions
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present further beneficial traifsr largescale experimentd aboratory work is feasible
due to simple genetic transformation by chemical or Agrobactemechated muta
genesigHay et al., 2014)

While C. hirsuta trichomes on petals and sepal®&re already investigated
molecularly (Pieper et al., 2016)leaf trichomes were so far only morphologically
compared tAA. thaliana (Hay et al., 2014; Hay & Tsiantis, 201@}. hirsuta produces
unicellularbut unbranched trichomes on leayEgyure 3) thatare missing on the stem
(Hay et al., 2014)To date, root hair formation i@. hirsutahas notreachedhe focus of
research. Howevedifferent root anatomy wasbservedin contrast toA. thaliana two
cortical layersanda mixed issue consisting of cortical and endodermal idekgyelop
in the root systenfDi Ruocco et al., 2018)

1.5. Aim of this work

This study aims to deepen thenowledge of the underlying croessgulatory
mechanisms of fluent acting netweniequired to establish cell fate specifications and
tissue patterm Thefocusis on theregulaty distributed trichome pattern ok thaliana
rosette leaveand related spézs.

Gene fluctuations are the basisa#il fate specification irde novopatterning
processes. They are required to break the homogeneity of genetically identical cells and
develop different tissues and orgdh®ng et al., 2016; Raj & van Oudenaarden, 2008)
Two experimental setups were performed to elucidate protein fluctuations in living
plants. On the one hand, ahotoconvertible protein was utilized to analygene
fluctuations inA. thaliana rosette laves tempordl. On the other handhe primary
source of fluctuating gene expressions was revealed in different plant tissues using a
dual reporter systern a spatial approachlrhese experiments contributie bridging
between random gene expressions and reproducible patterns.

Moreover this workinvestigateghe proteinstability to execute and maintain the
regulaty distributed trichome pattern. Aftestablishing he vi r a-t|l e2Whadesel
systemin planta, it was utilized to answer the questions of whether prsteifluence
each o t h e radds whetheraab dosagktpgndent stabilizing effect can be
measured.The obtained results may provide insights itiie protein behavior and
function of the tribome patterning machineiy vivo.

With the aid of quantitative Redlime PCR (RTgPCR; hereinafter referred to

as gPCR), an extensive, systematical, and functional study of theregodatoryTTG1
8



Introduction

network was conducted iA.thaliana wildtype and 21 p#erning mutantsSo far,
individual studieshaveonly focused on a subset of genes are&lnot combinable due to
varying biological sample materialHere all patterning gerge were investigated
simultaneouslyunderthe same conditions with comparable leadterial. Using this
standardized approach, this study aimed to unctheercore components among the
activators and inhibitors of trichome patterning, amhlyzedthe impact of gene
homologs.

Related Brassicaceae represent ideal model organisms to study the conserved
crossinteracting TTG1 network because otheir predicted redundant and divergent
gene regulations.Due to their similar trichome patternArabisalpina and
Cardaminehirsutawere @mpared toArabidopsisthalianato investigate the patterning
genes from an evolutionary and developmental perspective. More than 20 members of
the network could be identified . alpina using the commonly available genome and
transcriptome sequencing tdgWilling et al., 2015)based on mliminary work and
own investigationsin addition, most gene orthologs of thETG1 network could be
identified based on sequence similarity and synigitly the Cardamine genome data
(Gan et al., 2016)Although- or precisely becausethere areonly a fewstudies yet
availableon that topic, this offers the opportunity for a broad range of comparative
studies between related Brassicaceae beyond descriptive research. Together, expression
analyses of thanetwork components were carried out to unravel the mechanism of
trichome patrn formation and the influence of gene homologs in rosette leaves and
other plant tissues

Taken together, this studymed toelucidate the crosegulatory interactions of
all trichome patterning genes of tA@ Gl-dependent system iA. thaliana and gain
evolutionary insights into the conserved network by a comparative approach in two

related species.
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2. Material & Methods

2.1. Material

2.1.1. Bacterial strains

Table 1: List of used bacterial strains.

Description

Property

Reference

Agrobacterium tumefacien
GV3101:pMP90RK

Rif-, Kanresistance

Koncz & Schell, 198¢

Agrobacterium tumefacien
RK

Rif-, Kanresistance

anti-silencing strain

Voinnet et al., 1999

Escherichia coli
DH5 U

Fi 0 80lacZgM15 gflacZYA -
argF) U169recAl endAl hsdR17
(rKi, mK+) phA suE44ai thi-
1 gyrA96relAl

Hanahan, 1983

Escherichia coli
DB3.1

F-gyrA462 endAl ginvV44y(srl-
recA) mcrB mrr hsdS20(rB
mB-) aral4 galK2 lacY1 proA2
rpsL20(Smr) xyl5odeu mtll

Bernard & Couturie
1992; Miki et al., 199

2.1.2. General vectors

Table 2: Vectorsusedfor desired expression constructs

Vector Feature Resistance Reference
pDONR201 Entry vector for gateway cloninc Kanamycin Invitrogen
pDONR207 Entry vector for gateway clonin¢ Gentamicin Invitrogen

PENSG:CFP/YFP Plant expression vector driven t Carbenicillin  Feys et al.,
35S CaM\promoter;
N-terminal CFP or YFP tag

2005

PAMPAT Plant expression vector

driven byeither35S CaM\br

endogenous promoter

Carbenicillin  derived from

GenBank ID
AY436765
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2.1.3. Constructsand stably transformed lines

Table 3: Constructs and stably transformedA. thaliana lines used for experimental work.

Construct Experiment Source
PAMPAT:NLSKikGR Fluctuation R. Balkunde
PENSG:2XNLS/FP + pENSG:2xNLEFP Fluctuation I. Schultheild Araujc
PENSG:YFPCPCGP2ARFP-NLS Protein stability I. Schultheil3 Aradjc
PENSG:YFPGL1-P2ARFP-NLS Protein stability I. Schultheil3 Aradjc
PENSG:YFPTRY:-P2ARFP-NLS Protein stability I. Schultheil3 Aradjc
PENSG:YFPCPCGP2A2xNLSMCherry Protein stability I. Schultheil3 Aradjc
PENSG:YFPGL1-P2A-2xNLSmCherry Protein stability l. Schultheil? Araujc
PENSG:YFPTRY-P2A-2xNLSmCherry Protein stability l. Schultheil? Araujc
PENSG:CFPw/o Protein stability M. Pesch
PENSG:CFPGL3 Protein stability M. Pesch
PENSG:CFPMYC1 Protein stability I. Schultheil3 Aradjc
PAMPAT:mTurquoised RY-P2AYFP-P2A Protein stability I. Schultheild Aradjc
mCherry

PAMPAT:mTurquoised RY-P2AYFP-P2A Protein stability l. Schultheil? Araujc
mCherryMYC1

PENSG:YFPLOV2P2ARFP-NLS Protein stability I. Schultheil3 Araujc
PENSG:YFRPLOV2-ODC-P2ARFP-NLS Protein stability I. Schultheil3 Aradjc
PAMPAT:pMY Cig7onsccdB pMYC1lcomparison I. Schultheild Aradjc
PAMPAT:pMY Clg700; GUS pMYC1lcomparison This study
PAMPAT:pMY Cig70052XNLSmMCherry pMYC1lcomparison This study
PAMPAT:pMY Cisg1nsccdB pMYClcomparison  This study
PAMPAT:pMY Cisg1; GUS pMYClcomparison  This study
PAMPAT:pMY Cisg1052XNLSmMCherry pMYClcomparison  This study
PAMPAT:pMY Cig700 YFP-MYC1WS pMYC1lexpression M. Pesch
PAMPAT:pMY Cig70ns Y FP-MY C1ttgl pMYClexpression M. Pesch
PAMPAT:pMY Cig700s YFP-MYC1 gl3egl3 pMYClexpression M. Pesch
PAMPAT:pMY Cig700s YFP-MYCL1 gl1 pMYClexpression M. Pesch
PENSG:pCPC:2xNL@xCFP Promoter expression This study
PENSG:pETC1:2xNL-3xCFP Promoter expression This study
PENSG:pETC2:2xNL-3xCFP Promoter expression This study
PENSG:pGL2:2XxNLEXCFP Promoter expression |. Schultheifd Araudjc
PENSG:pTRY:2xNL-3xCFP Promoter expression |. Schultheifd Araudjc
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2.1.4. Wildtype and mutant plant lines for transcription analysis

Table 4: Arabidopsis thaliana Arabis alpinag and Cardamine hirsutaplant lines usedfor the transcriptional

expressionanalysis

Line Ecotype Target ID Source
Arabidopsis

Col-0 Col-0 - -

cpc2 Col-0 AT2G46410 Kurata et al., 2005
CpG2 try Col-0 AT2G46410/ AT5G53200 L. Rishmawi

egl3 Col-0 AT1G63650 A. Friede

etcl 27 Col-0 AT1G01380 Kirik et al., 2004
etcl etc3 Col-0 AT1G01380/ AT4G01060 Wester et al., 2009
etc2 Col-0 AT2G30420 A. Steffens

etc3 Col-0 AT4G01060 Simon et al., 2007
etc3 tryJC Col-0 AT4G01060/ AT5G53200 Wester et al., 2009
gll Col-0 AT3G27920 I. Schultheil3 Araujo
gll myb23 Col-0 AT3G27920/ AT5G40330 V. Kirik

gl2 Col-0 AT1G79840 L. Rishmawi

gl3-3 Col-0 AT5G41315 Jakoby et al., 2008
gl3-3 egl3 Col-0 AT5G41315/ AT1G63650 Wester et al., 2009
myb231 Col-0 AT5G40330 Kirik et al., 2005
myctl Col-0 AT4G00480 Pesch et al., 2013
myctl egl3 Col-0 AT4G00480/ AT1G63650 Pesch et al., 2013
tcll Col-0 AT2G30432 A. Steffens

tcl2 Col-0 AT2G30424 A. Steffens

try-JC Col-0 AT5G53200 Larkin et al.,1999
ttg1-21 Col-0 AT5G24520 Appelhagen et al., 2014
ttg2-3 Col-0 AT2G37260 Ishida et al., 2007
Arabis

Paj Paj - M. Albani / G. Coupland
gl2 Paj Aa_G239140 D. ChopraUfer
Cardamine

Ox Ox - M. Tsiantis
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2.1.5. Antibiotics

Table 5: List of antibiotics used for this study.

Antibiotic Manufacturer
50 mg/ml Carbenicillin Duchefa

35 mg/ml Chloramphenico Duchefa

50 mg/ml Gentamicin Duchefa

25 mg/ml Kanamycin Roth

50 mg/ml Rifampicin Duchefa

50 mg/ml Spectinomycin Duchefa

2.1.6. Oligonucleotides

Thesequencesf all primersused for this study can be found in the appentiable I;

Table 2; Table S; Table ).

2.1.7. Software

Table 6: Software andits applications used in this study.

Software

Application

Microsoft Office 2007
ImageJl.49v

OriginPro 8.5G

RStudio 3.2.1
CLC DNA Workbenchb.6.1

LAS X 3.7.2
QuantStudid¥ Design &

Analysis Software

Inkscape 0.91

Text and data processing; creation of bar diagr
Measurements of mean gray values and leaf; ¢
trichome counting; montage of CLSM images
Statistical analysescreation of boxplots and
diagrams

Calculation and creation of scattrd baplots

In silico cloning sequence analysealignment

corstructions
Evaluation of CLSM images

Evaluation of gPCR data

Creation of figures
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2.2. Molecular techniques

2.2.1. Generation ofchemicaly competentE. coli and A. tumefacienscells

E. coli DH5Uor DB3.1cells
A 10ml ' broth (2% peptone, 0.5% yeast extract, 0.4% MgSK0 mM KCI, dissolved
in ddH0O, adjusted to pH.6 (KOH), autoclaved for 2@in at 121°C, stored at 4°C)
pre-culture withE. coli cells was incubatedvernightat 37°G and220rpm wasused to

inoculate a 20@nl ' broth main culture. At OB = 0.48, the culture was Bpinto
50 ml and cooled down on ice for 18in. Cells were centrifuged for Ifin at 4°Card
800g. The pellet was resuspend@d 1 ml TfB1 medium (100nM RbCk, 50mM
MnCl;, 30mM KAc, 10mM CaCh, 15% glycerol,dissolved in ddkO, adjusted to
pH58 (0.2% AcOH), sterildiltered, stored at 4°C)and filled up to 15nl. After
incubation for Zh on ice, the cells were centrifuged fomtn at 4°Cand800g, and the
pellet was resuspended in @&l TfB2 medium (10mM RbCk, 75mM CaCh, 15%
glycerol, 10mM MOPS, dissolved in ddiO, adjusted to pH.0 (NaOH), sterile
filtered, stored at 4°C)Cells were aliquoted, shodtozen in liquid nitrogenand stored
at-80°C.

A.tumefacien$5V3101:pMP90RK
A 5 ml A. tumefacien®vernight culture YEB; 0.5% peptone, 0.5% beef extractl%
yeast extract, 0.5% sucrose2M MgSQOy, dissolved in ddkD, autoclaved for 2@nin
at 121°G incubatedwith rifampicin (20mg/l) overnight at 28°C and 229pm; for YEB
plates:add 1.6% agar was used to inoculate 500 main culture. Wherthe ODyoo

reached0.5t0 0.6, the culture was split and centrifuged at gf@d 5 min at 4°C. Each
pellet was resuspended in 2B icecold NaCl (0.1%) and incubated on ice for IBin.
Centrifugation was repeatednd all cellswere resuspended in @l icecold CaGl

(20mM). Aliguots were frozen in liquid nitrogen and stored8at°C.

2.2.2. Heat-shock transformation of competentE. coli or A. tumefacienscells
Competent cells were thawed on ice, mixed wifld {E. coli) or 2ul (A.tumefaciens
of the desired plasmid (@ntire BP / LR reactionand heashocked at 42°C for 90 sec.
The mixturewaschilled on ice for 1Gnin before adding 30Ql LB media(1% peptone,
0.5% yeast extract, 1% NaGlissolved in ddkD, autoclaved for 2tnin at 121°C for
LB plates: addL..6% agar¥or E. coli or 500ul YEB mediafor A. tumefaciensMixtures
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wereincubated for 3@nin at 37°C E. coli) or 2 h at 28°C A. tumefaciensand650rpm
andplated on LB or YEB plates containing the required antibiotics ofrdresformed

plasmid & well as rifampicin§0 mg/ml) and kamamycin (25 mg/ml) for A. tumefaciens

2.2.3. Plasmid DNA isolation

Plasmid DNA was isolated from rél E.coli liquid overnight cultures (37°C and
220rpm on selected mediunaccording to the higlsopy microcentrifuge protocol of
the GeneJET Plasmid Miniprep Kit (ThermoFisher Scientific).

2.2.4. Restriction digest

For plasmid verification, DNA digests with bacterial restriction enzymes were
performed. These enzymes are endonucletisgspecifically degrade DNA by their
inner phosphodiester bound. Following restriction enzymes were used: BamHI, Blpl,
BsrGil, Clal, DpnlPstl,Sall, Sgsl, Xbal, Xho{ThermoFisher Scientific).

2.2.5. Gel electrophoresis

DNA fragmentsfrom a restriction diges or PCR products were visualized by gel
electrophoresis. Staining was performed either with ethidium bromide (Roth) or with
Thiazole Orange (Sigmaldrich), and samples enriched witfoading dye (50 mM
EDTA (NaOH pH8.0), 50% glycine, 1% xylene cyanol, &M Tris (HCI pH8.0),
dissolved in ddkD, stored at room temperatuneere separately the applied voltage.
For ethidium bromidel% agarose gels were mixetth 0.25ug/ml of the reagentand
visualization was achieved usiBjoRad Universal Hood lkquipped with the Quantity
One sftware version 4.5.0. Fdrhiazole Orange, 0.14g/ml of the dye were added to a
1% agarose gednd documented with the INTA%el Jet Imageequipped with Intas
GDS Touch 2 version 2.1.4.00bp or 1kb (plus) ladder (TheroFisher Scientific)

were used as refererxe

2.2.6. Cloning
T4 DNA ligation

Classically, the sequence of interesinisorporated into a vector by T4 DNA ligation.

Therefore, it was flanked by restriction sites ardplified by PCR. The respective
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producs or sutable vectos were digested to generate an insert with sticky ends. The
desired expression vectowere linearized by the same restriction enzymes and
dephosphorylated by FastAP (ThermoFisher Scientific). Linearized vector and insert
were mixed in a 1:5 atio, 0.5ul T4 DNA ligase and 1ul T4 DNA ligase buffer
(ThermoFisher Scientificjvere added and filled up with ddi® to a total volume of
10ul. Ligation reactios were incubatedovernight at 12°C, then transformednto

competenk. coli cells.

Gatewaycloning

Gateway cloning is a twetep system tgenerate variousxpression vectors based on a
single entry vector. A sequence of interest, flankedtt® sites, is amplified via PCR
ard integrated intaan entry vector ()DONR201 @DONR207. Afterwards,the entry
clone can beused for LR reactias) integratingthe gene of intereshto a destination

vector Table7 summarize8P and LR reaction

Table 7: Composition of BP and LR reaction.

BP reaction LR reaction
pDONR 0.25ul destination vectol 0.25ul
PCR product 0.5ul entry vector 0.5ul
BP clonase 0.5ul LR clonase 0.5ul
ddH:0 1.25ul ddH0O 1.25ul
Total volume 2.5l Total volume 2.5ul

2.2.7. Genomic DNA isolation

To perform PCRs on the genomic levehadl leaves (<m) of Arabidopsis wildtype

and mutant lines frozen in liquid nitrogen were pulverized using a TissueLyser (Riagen
at 30Hz for 90 sec. 12§l extraction buffer(200mM Tris (HCI pH8.0), 250mM
NaCl, 25mM EDTA (NaOH pH8.0), 0.5% SDSdissolved in ddkD, stored at room
temperaturevere added and the tubevasinvertedthree times. Afteladding38.5pl
sodium acetate, the tube was inverted emctrifuged for 2min at 16,100g. 125pl of

the supernatant were added to {2%sopropyl, invertedand centrifuged for 1fin.

The pellet was washed with 500 of 70% ethanol and washed fon#n. After drying

at room temperature for 38in, the pelletvas resuspended in 20ddH.O.
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2.2.8. PCR

Polymerase chain reactions (PORgre utilized toamplify a specific DNA sequence.
Reactions were performed basedTable 8. Primerswere ordered by Sigmaldrich,
buffer, dNTPs and polymerase by Therrsher Scientific. PCR reactions took place
in C1000 or S1000 thermocycl@ioRad).

Table 8: Default PCR composition andprogram.

PCR composition PCR program
DNA template 0.5l 95°C 2 min ‘
forward primer 10 uM) 2 pl 95°C 45sec
reverse primerl0 pM) 2 pl primer specific 30sec ] 35x
High fidelity buffer (5x) 10ul 72°C 30sec/kb
dNTPs (0 mM) 1l 72°C 5 min
Phusionpolymerase 1l 12°C b
ddH0 33.5ul
Total volume 50 pl

2.2.9. Generation of constructs

PENSS:[promoter]:2xNLS:2xCFP
PENSG:pCPC:2xNL8XCFP and pENSS:pETCL:2XxXNL2XCFP were generated by
amplification of SgspCPGBamHLIClal and SgspETCXtBamHLClal, respectively,
from genomic CoD Arabidopsis DNA which were thenincorporated into the
pJET1.2/bluntloning vector{Promega) The pCPCsequence comprise$102 to-2 bp
beforethe start codorof CPC and thepETC1sequencel921 to-1bp upstream of
ETC1 pENSG:.pETC2:2xNL-3xCFP was digsted with Sgsl and Clal andsed as
backbone forthe ligation with SgsipCPGBamHIClal or SgstpETC1BamHIClal,
respectively, leading to the construgeENSG:pCP@xCFP and pENSGpETCL
2XCFP. These plasnds were digested with BamHI and Pstl to eliminate the first CFP.
Next, BamHF2XNLS-CFR-Pstl was amplified from a suitable template and recombined
with pENSG:pCPGCFP andpENSG:pETCACFP, leading to the desired constructs.

To generatepENSG:pETC2:2xNL-8xCFP, SgstpETC2Xhol was amplified
from genomicCol-0 DNA by PCR and incorporated into the pJET1.2/blunt cloning

vector. pPENSGpTRY 2xNLS2xCFP was digestedvith Sgsl and Xhgland used as
17
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backbone for recombination witthe SgsipETC2Xhol insert. The pETC2 sequence
comprises1638 bp to-34 bp beforats start codon.

PAMPAT:pMYC1[x]

PAMPAT:pMY Cio70bp:GUS was cloned by insertion of pGWB2:GUS into
PAMPAT:pMY Cio7onp-ccdBvia LR reaction.

To generatepAMPAT:pMY Cilo700p:2XNLSMCherry attB1:2xXxNLS-mCherry
attB2 wasamplified from a suitable templatby PCR, cloned into pDONR207 by BP
reaction andntroducedinto thepAMPAT:pMY Cio70np:ccdB vector by LR reactionA
stop codon at the -€&rminal part of the fluorescence marker was introduced@g
based sitalirected mutagenesis.

For pAMPAT:pMY Cisgipp:ccdB, pAMPATPMY Clig7onp:ccdB was digest with
Sgsl and Xhol to generaAMPAT:SgsiXholccdB pMY Clsginp was amplified from
genomic DNA by PCR, cloned into the pJET1.2/blcionhing vectoy amplified by PCR
with primers containing Sgsl or Xhol restriction sites, respectively, digested and ligated
into pAMPAT:SgslXhol-ccdB

PAMPAT:pMY Cis810p:GUS and pAMPAT:pMY Cisg1pp:2XNLSMCherry were
generated by LR reactions of suitable templatespAMPAT:pMY Cisg1pp:CcCdB.

2.2.10.Genotyping
Determination of thegenotypic background of ArabidopsisDNA lines was carried
out by PCR Table9). Primerswere designed to amplify either an overlapping fragment

of the T-DNA sequence and the gene of interest or the wildtype sequence.

Table 9: PCR composition and program using a readyto-use mix.

PCR composition PCR program
DNA template 1l 95°C 2 min ‘
forward primer (1QuM) 0.4ul 95°C 45sec
reverse primer (1QM) 0.4l primer specific| 30sec ] 35X
DreamTagGreenPCRMaster Mix(2X) | 12.5ul 72°C 30sec/kb
ddH.O 10.7ul 72°C 5 min
Total volume 25l 12°C b
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2.2.11 PCR-based sitedirected mutagenesis

Site-directed mutagenesis was utilized to generate specific puourtations in a
sequence of interest. PCR was performed as describ@dbie 10 using 30nt long
primeis with the desired base exchange in the middle. Afterwards, the PCR reaction was
digested with Jul Dpnl for 90min at 37C, followed by inactivation for 2énin at

80°C. 1ul of the reaction was used transformcompetent. coli cells.

Table 10: PCR composition and program for sitedirected mutagenesis.

PCR composition PCR program
DNA template 0.5l 95°C 3 min ‘
forward primer (1QuM) 2.l 95°C 45sec
reverse primer (1QM) 2ul 42°C 45sec ] 13x
High fidelity buffer with MgCh (10x) 5l 72°C 110sec
dNTPs (10mM) 1ul 95°C 45sec ‘
High fidelity polymerase 0.5ul 60°C 45sec ] 26x
ddH.O 39ul 72°C 7 min
Total volume 50 pl 72°C 10 min

12°C b

2.2.12gPCR

This PCRbased technique was employed to monitor and quathiEyamplification of
targeted gene fragments using a #specific doublestrand intercalating fluorescent

dye.

Primerestablishment and validation

Primers for gPCR assays need to fulfill several criteria. To design preferably-intron
spanning primersizenScript Realime PCR Primer Design (www.genscript.coms
usedwith an optimal melting teperature of 60+2°C and seaque specific amplicons

of ideally 150200 bp. Sequence and primer specificity was checked via BLAST search,
agarose gel electrophoresend a singlepeak in the qPCR melting curve. qPCR
reactions were performed as describedTeble 11. Amplification efficiency and
correlation were determined based on serial cDNA diludteps (1:10, 1:20, 1:40, 1:80,
1:160, 1:320).
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Cg (quantification cycleland log10 vhues of the dilution series were used to calculate
the slope with the formula

.. wBL T
I ac¢ r]—Q.#r,
which served to calculate the primer efficierieysing the formula

O pmapm P
TheR?2 correlationof the Cq and the log10 values was calculated using the formula
” h

h

Primerefficiencies of 10820% for genes of interest and 10600% for reference genes
aswellasalinesst andard cur ve w099 wereaacceptedcraphs at i on
displaying all gPCR primer efficiencies of the three species can be found in the
appendix Figure ; Figure 2; Figure ). Sequences were taken from TAIR
(www.arabidopsis.org), Genomic resources Aoabis alpina(www.arabisalpina.org)

andCardamine hirsutagenetic and genomic resource (http://chi.mpipz.mpg.de).

Sample preparation

Deperding on the experimentifferent types of plant material were harvesteam
plants either grown on soil or plates with MS medium (0.44% MS (Murashige and
Skoog) dissolved in ddbO, autoclaved for 2@nin at 121°C) For theintra and
interspeciesomparisos (Chapter3.5.2and 3.6.2, 200-400um sized leaves with en
going trichome patterning were gathered by remoyingnile leaves (leaves one and
two for A. thalianaandA. alpina, additionally leaf three fo€. hirsuta) as well agoots,
hypocotyl, cotyledons of plant seedlings. Mateailup to 45 plants was collected per
biological replicate. For the tissue comparisorhirthaliana A. alpina, andC. hirsuta
(Chapter3.6.4, samples containing either 2Boots, 15shoots, 15seedlingsor 2 mature
leaves(terminal leaflets foiC. hirsuta) were harvestedPlant materials were frozen i
liquid nitrogen and stored aB0°C until further processingSample integrity was

confirmed byactin amplification.

RNA extraction

Prior harvested anddzen material was pulverized using a TissueLyser (Qiagen) at
30Hz for 1min. After immersion into liquid nitrogen, 3Q0 cold Tri-Reagent

(Ambion by Life Technologies) was addeahd samples wereomogenized at 30z
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for 2min. 700ul Tri-Reagent was added, samples were vortexed faed5and
incubated for 3nin at room temperature. After adding 3@0chloroform and brief
vortexing, samples were centrifugati3200g for 15min at 4°C. The aquesuupper
phase was transferred into a new tube, jf58opropanol were added and vortexed.
After incubation for 10min at room temperature, samples were centrifiag&@00g for

20 min at 4°C The supernatant was discarded, tr@pelletwaswashed with 80 pl of

70% ethanol by centrifugation forrbin. Washing was repeated with 50i0of absolute
ethanol. Pellet was drying for 30in at 37°C before resuspension in 80ddH.0O.
Samples were stored -&@0°C until DNAsedigest. Thereforel pl DNasel and 21l 10x
DNasel buffer were added the entiresample incubated at 37°C for i before 2.5l
EDTA (25mM) were added for inactivation at 65°C for hih. RNA concentration
and purityweremeasureghotometrically Additionally, RNA integrity was verified on

a bleach gelTherefore, a 1% agarose gel was supplied with 2% sodium hypoclorite
(NaOCI) to a final concentration of 0.04% and enriched with ethidium bromide
(0.25ug/ml). 2ul RNA samples were added tquB8ddH.O, and 2ul loading dre, and

voltage was supplied for separation.

cDNA synthesis

To synthesize RNA into cDNA2.5ug RNA were used to perforthe reactiorwith the
RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientiflamples were
additionally treated with 0.4ul RNaseH (RNaseHI, ThermoFischer Scientific) at 37°C
for 20min.

gPCRcomposition and program

Dye-based qPCRs were performed using the GoTaq gPCR Master mix system
(Promega). cDNA was added to prepared master mmntes96well plates (0.2nl,
BlOplasticg, which were covered wit OptiSeal Optical Disposable Adhesive
(BlOplastics) and reactions were carried out in a QuantStitid® RealTime PCR
System Applied Biosystem®), equipped with the @ntStudid™ Design and
Analysis Software using the standard program of the systabig11).
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Table 11: Composition of gPCR reactionand program. Asterisks (*) mark data collection points.

gPCR composition gPCR program
x GoTag gPCR Master Mix (2x 5l 50°C 2 min
g forward primer (1QuM) 0.2ul 95°C 10min
@ reverse primer (1QM) 0.2ul 95°C 15sec
= _ ] 40x
ddH0O 3.6ul 60°C 1min*
cDNA 1pl 95°C 15sec
Total volume 10yl 60-95°C 1 min*

Analysis gPCR data

A two-sided Grubb8test (J= 0.05) was performed to identify outliers the raw data
Normalization of the data was conducted according to the geNorm manual
(Vandesompele; 2002), describing gene expressions relatively to each other. Special
considerationswere given to normalization factors and the individual primer
efficiencies.Here, nogeneralized gene duplication per cyclet(1) was assumed, but
the individual amplification ratel(+ efficiency was used for further calculations. The
expression data of each species was normabagethsttwo different reference genes.
Using normalizéions factorsand not the Cq values, allows interspecies comparison
even with different reference genes for each organism.

Since lognormal distribution is not symmetric, empirical mean and standard
deviation estimates are bias@dherefore the datavere log-transformed with respect to
the basel + efficiency and the standard formulas (Kirkwood; 197@)ere adjusted
accordingly. Hence, the Maximum Likelihood estimates for the mean and the bias

corrected standard deviation are given by
O -B & (empirical mean)

and

YAy OW 20 oW (corrected standard deviatior

where the empirical standard deviation is given by

, —B @ O

and the coefficient of variation is given by

0 wh P QQQVM QA EPD ®
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To compare tissues within one species, Cq values were normalized to the overall
minimal Cqvalue This resulted in larger differens®ithin the replicates, which were
enhanced by subsequent logarithmic calculation of the relative expression. To correct

this, means were calculatbg using the formula

01 1ar p 5

and the standard deviation is given by

2.2.13.Sequencing
Sanger sequencing was carried out by GATC BideEatofins Genomics.

2.3. Plant techniques

2.3.1. Propagation of A. thalianaand N. benthamiana
Unless otherwise stated, all Arabidopsis lines and Nicotiana plants were grown on soil

under greenhouse conditiowgth photoperiodic cycles a6 h light and 81 darkness.

2.3.2. Seed sterilization
Sodum hypochlorie

Seeds were covered withml 100% EtOH After 5min incubation with occasional
inverting, the supernatant was discardatd 1ml 4% NaOCI + 0.1% Triton (Roth) was
added. After 2%nin incubation with occasional inverting, the liquid was replaced by
ddH0 to facilitate seed distribution S plates.

Chlorinegas
Seeds were transferred into aRreaction tube angdut with an open lid ta desiccator

7.61ml NaOCI(12%)and 2.5ml HCI (37%)were added to a beaker, plagexkt to the
seed tubes, anithe desiccator wasjuickly closed. Chlorine gas emerges and sterilizes

the seeds in B.
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2.3.3. Generation of stably transformed Arabidopsis lines

200ml YEB mediun were inoculated withAgrobacterium tumefaciensarrying the
desired construct. Aftetwo days of incubation at 2€ at 220rpm, 10g sucrose and

50 ul Silwet-L77 were added. For double transformatid®Oml of each construct were
mixed beforehand. Aratbopsis plants in full bloom were dipped into the suspension for
10sec and recovered horizontally for ateey before they finished their life cycle under
greenhouse conditionsSeeds of the progeny were selected by BASPA&eftis)/
Glyphosate (Realchen)igreatment.

2.3.4. Tobacco infiltration

20ml YEB medium were inoculated witAgrobacterium tumefaciensontaining the
desired construcand incubatedvernightat 28T and220rpm. After pelletizing for
10min at 3200g cells were resuspended in @l 1x AgroMix (For 10x Agre
Mix:100mM MgCl;, 100mM MES, dissolved in ddkO, adjusted to phb.6,
autoclaved for 2@nin at 121°Cgstored at room temperaturey firesh 1x AgreMix: 9%
10x Agromix, 1% acetyringone (3ng/l in 100% EtOH)90% ddHO). All constructs
were adjusted toan ODeoo between 0.790.8. Samples were mixed in the desired
combination in a 1:1 ratio and incubated at room temperature-@dr. Subsequently,
the abaxial sideof at least two leaves dficotiana benthamianplantswereinfiltrated

percombination

2.3.5. Particle bombardment

400ng DNA, 5pl gold (30mg/ml), 10ul CaCk (2.5M), and 4pl spermidine (0.1)

were mixed and incubated for 10 min at room temperature. Samples were washed by
10-seccentrifugation steps at 9.39@nd resuspended with 100 70% ethanol, 5@l
100% ethangland 12ul 100% ethanol.DNA-coatedgold was transferred onto a
macrocarrier. After evaporatiomthe macrocarrier andupture disc (65@si) were placed

into the Biolistic Particle Delivery Syste (PDS1000/He, BioRad). Bombardments
were performedn epidermal leek cellsiith a vacuum of 26Hg (inch of mercury,
equivalent to 3.3®a at 0°C). For transient transformation of Arabidopsis rosette leaves
DNA, gold, CaCt and spermidine amounts wereutbbed and 900Qpsi mpture discs
were used. Samples weracubatedin darkness at room temperatuweernight until

further investigation.
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2.3.6. Blue light treatment

Tobacco leaves dl. benthamiandgransiently expressing35S:YFRPLOV2-ODC-P2A:
RFP-HA-NLS or p35S:YFPLOV2P2ARFP-HA-NLS were placed on agar plates and
halfway covered with aluminum foil. Leaves were exposed to blue HBG495nm;

30 umol m?2s?) for 4h and imaged by CLSM afterwards.

2.3.7. Leaf dissection

200-400um sizedleaves with orgoing tichome patterning need to léssected from

the whole plant, to enable imaging. Thereformediings with two vidile true leaves
were selected, andbtyledonsandthe first two leaves wre removed with a cannula.
Leavesthree to five were carefully dissected and put on a slide with a drop of 1%

agaroseTheywerecoatedwith a drop of 50% glycerin and a cover slip.

2.3.8. Transformation of dark -grown Arabidopsis cell culture

15ml overnightculture of Agrobacterium tumefaciensarrying the desired construct
were pelletized by centrifugation for bain at 3200g and resuspended in @l AT
medium(0.44% MS (Murashige and Skoog), 1.5% sucrose, 0.2% Gamborg B5 vitamin
solution (SigmaAldrich), 0.025% 2,4D, dissolved in ddkD, adjuged to pH5.8
(KOH), autoclaved for 2@nin at 121°C, stored at 4°CWhen a cell culture was
transformed with more than one construct, taegles were adjusted to the lowest
ODesoo to achieve an equimolar rati@00ml of cell culture were transformed with
100pl agrobacteria. Flasks were closed and incubated in darknesddgs @t 100pm

beforeharvesting.

2.3.9. b-Glucuronidase (GUS) assay

To analyze a promoter expressiarplant tissuesthe GUS reporter systewasapplied.
Therefore, éaves or entire ptas were transferred int@action tubes and covered with
GUS staining solution(50mM NaPQ (pH7.2), 2mM K-FerroCyanid, ZnM
K-FerriCyanid,0.2% Triton %100, 2mM X-Gluc, dissolved in dd¥D, stored at 4°C in
darkness) Incubation took placediween 0.9 and 24 at 37°C. Thesolution was
replaced by 70% ethantd remove the chlorophylifollowed by decreasing ethanol

stepsto restore the hydrostatic pressure
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2.4. Protein techniques

2.4.1. Western blot
This semidry immunoblotting technique was applied to detect target proteins from

plant extracts by a specific antibody staining.

Protein extraction

ATobacco: Three days after infiltratiofiuorescent tobacco leaves were harvested and
immediately frozen in liquid nibgen. Leaf material was homogenized using a
TissueLyser (Qiagen) at 3z for 90 sec. Per 5&g leaf 100pl lysis buffer(150mM
NaCl, 1% Triton %100, 50mM Tris (HCI pH8.0), 0.1% SDS, dissolved in deb,
stored at 4°C; for fresh buffer: addmM DTT and 1x Complete Protease Inhibitor
Cocktail (Roche))were added, incubated for 30 min on ,ic&nd additionally
homogenized with a driflKA RW 16 basic)for 1 min. After centrifugation for 15 min

at 4°C at 16.00g, the supernatant was mixed with 6x protein sample b(&75M

Tris (HCI pH6.8), 12% SDS, 60% glycerol, OM DTT, 0.06% bromphenol blye
dissolved in ddkD, stored at20°C),and denaturetbr 10 min at95°C.

AcCell culture 2 ml of the Arabidopsisell culture were centrifuged forrgin at 4°C at
11,000y. The pellet was frozen in liquid nitrogen. Afteadding 500pul 6x protein
sample buffer, the cells were homogenized by a drill fimiriand denatured for Iin

at 95°C.

Immunoblottingassay

10ul of each protein sample andubPageRule!M Prestained Protein Ladder (10 to
180kDa, ThermoFisher Scientific) were loadexh an 8% SDSPAGE (For one
separatia gel,load directly: 2.3nl ddHO, 1.3ml 30% acrylamide mix (Rotiphorese
Gel 30; Roth), 1.3nl 1.5M Tris/HCI (pH 8.8), 50ul 10% SDS, 5@l 10% ammonium
persulfate (APS)3 ul tetramethylethylenediamine (TEMED). After polymerization,
mix one stacking gk loaded directly: 0.6l ddHO, 0.17ml 30% acrylamide mix,
0.13ml 1.5M Tris/HCI (pH 6.8, 10ul 10% SDS, 1@l 10% APS,1pul TEMED).
Protein separation was achieved withn28 per gelin chambers containing running
buffer 25mM Tris, 250mM glycine, 0.1% SDS$ dissolved in ddEO, stored at room
temperaturg Semidry protein transfer was perfoed on a PVDF membrane for &7
at 4°G which was placed between two Whatman papers, each saturated with anode or

cathode buffer (109%Roti-Blot 2A, 5% methanglsolved in ddHO; 10% RotiBlot 2K,
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20% methanglsolved in ddHO; stored at room temperaturélhe membrane was
blocked by incubation for & with 5% milkpowder solved in 1x PB$ (For 10x PBS:
137mM NacCl, 2.7mM KCI, 10mM NaHPQi;, 2mM KH2PQ4, dissolved in ddbD,
adjusted to pH .4, stored at room temperaturey flx PBST, 9.9% 10x PBS, 0.1%
Tween 20, 90% ddiD). UGFP (mouse, 1:200h 1x PBST with 5% milk powder,
Sucofin primary antibody was used for YFP and mTurquiose2 detedid®FP (rat,
1:2000 in 1x PBST with 5% milk powder) primary antibody for RFP detection. The
corresponding seodlary antibody (1:5000mouse; 1:10,000 rat) wasdiluted in
1xPBST. Each antibody incubation persisted foh.1Membranes were washed in
between with 2%nl 1x PBST for 5min. Blocking, antibody incubatigrand washing
were performed on rolls at room teampture. Protein bands were detected using the
SuperSigndM™ West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific)
and themageQuant LAS1000 (GE Healthcare)etection system.

2.5. Microscopic techniques

2.5.1. Stereo and fluorescence microscopy
Leica MZ 16F, equipped withthe LAS V3 software was used for stereo and

fluorescence microscopic work.

2.5.2. Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) was used to generate sharp images of the
entire sectin of interest. Only wavetgth-specific fluorescent signals within the focal
planeare detected. CLSM was carried out using the Lél€&S SP8LAS X Version

3.5.70r theLeica TSC SPE microscope equipped with the Leica LAS/édsion 2.6.0
software.Table12 showsthe adjusted excitation and detection wavelengths.

Table 12: Excitation linesand detection range.

Excitation line [nm]

CFP mTurquoise2 YFP RFP mCherry
405 458 488 561 561

Emission spectra [nm]

CFP ‘ mTurquoiseZ‘ YFP ‘ RFP ‘ mCherry

462-481 469486 511550 570602 603-630
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2.6. In silico techniques

2.6.1. Compiling GL1 synteny

A.thalianawas used aareference to elaborate the syntenyGifl, comparing it with
A.alpina and C. hirsuta The AtGL1 sequence was used to perform a BLAST search
against the C.hirsuta CDS database hftp://bioinfo.mpipz.mpg.de/blast/cgi
bin/public_blast_cs.c@i More than a dozen loci spanning the first three higteested
genes were blasted agaimstthaliana The AaGL1 ortholog and its adjoining genes
were identified using the 1x1 orthologs table from tAeabis alpina website
(http://www.arabisalpina.org/data/ArabisAlpina/data/Aa_At_ortho_1xJ).txt

2.6.2. Calculation of protein stability in ratiometric approach

Mean gray values for each channel were measured using Ihaged onCLSM
images. Depending on the experimerfP/RFP, YFP/mCherry, anTurquoise2/YFP
ratios were determined. Values were normalized to the cegpeontrol data s€CFP
without protein tag, mCherry without MYCL1 tagr overall mCherryvalues. In the
case of variance homogeneity andrmal distribution, the significance tests were
conducted using a oneay ANOVA. Otherwise a MannWhitney U tes was

performed.

2.6.3. Calculation of fluctuation
Temporal fluctuation

Two CLSM images were acquired for each selected time point (h&bre8h and 6h

after conven®n). Mean gray values were measured using ImageJ and the mean of both
values per time poinvasused for further calculations. Values were normalizedrto

overall mean of 3 and 6h . Pearsonds and Spearmanbds c

using Origin.

Spatial fluctuation

Root tips and hypocotyl were images via CLSM. Mean gray values of the fluorescence
intensities of each nucleus measured with ImageJ. YFP and CFP values were
normalized to the corresponding mean of all data points per biological replicate.
Pearsonés and Spear mandés c or rDaeltavaiiaoce wer e

inhomogeneity, ignificance tests were conducted with a Kolmogegmairnov test.
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2.6.4. Calculation of promoter expression

Well-visible trichomes of CLSM images were selected asgigned to a developmental
stage Leafwise, nean intensity valuesf eachdevelopmental stageere normalized to
the youngestlass,emerging trichome(categoryl). The \alues of each category were
averageaver all leavesand the standard deviation svealculated based on the sum of

the square of variatiomsing the formula

-B o d.
Due to variance inhomogeneityjgsificance tests were conducted with a Mann
Whitney U test.
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3. Results

This study deals with the crossregulatory interactions of theonservedTTGI:
dependent networkocusing on the initiation and development of trichome patterning
in Arabidopsis thaliana This complex networkregulates five different traits in
Arabidopsis Among these, trichome patterning is of particular interest,its
manipulationproduceseasily recognizablphenotypes whicklo not severely influence
plant developmentThe network is regulated byiftrent gene classesR2R3MYB,
bHLH, and WDA40 facta represent the activators, promoting trichamation; while
R3MYB transcriptions fact@ were identified as inhibitors, repressing a trichome cell
fate Only an accurate and precise interplay of all involved factors enables a highly
reproducible, reglarly distributed trichome pattern on rosette leav&though this
topic has been explored for decadaany aspects of thenderlying mechanisrarestill
elusive

To unravel theTTG1 machineryin more detaijl several experiments were
designed on bothhe transcriptional and translational less€The obtainedresultsare
divided irto several topicand briefly depicted in the followingdirst, a temporal and
spatial analysis of gene fluctuation in different Arabidopsis tissugs conducted
elucidating the primary source of noisy gene expression. Next, protein staabty
addressed using a newly established ratiometric measuring apptoaahalyzethe
stabilization behavior of two protein familieguantitatively The following chapter
deals with the expression pattern MiYyC1 and its influence orthe trichome pattern.
Additionally, the expression strenghh further patterning genegas studied in different
developmental trichome stage$he last part captures an extensive systematical
transcriptional analysis df5 trichome patterning genes in a multitude of Arabidopsis

mutants and compares the gene expressions with two related Brassicaceae species.

3.1. Gene tuctuation in A. thaliana

Fluctuation, also known as noise, describes the variability in gene expression within
supposedly identical cell populationé Ras er & Oa6 SAheady, first2 00 5)
mathematical modeling approaches of the activiafoibitor model have shown that
denovo patterningprocessessuch as trichome and root hair formation, require gene
fluctuation (Koch & Meinhardt, 1994Meinhardt & Giere, 1974;2000) and that it

accountsfor about half of the regulatory processes during trichome development
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(Greese et al., 201Zfherefore it is worth geting a closer lookat the impact of noisy
gene expression in the plant system.

Gene fluctuation can be split into extrinsic and intrinsic noise. The first depicts
global effects such as differences in cell size, number of metabolites, ribosomes, or
polymerases, whereas the lattercharacterized by moleculamechanismssuch as
differences in transcription factor bindiglowitz et al, 2002) Althoughthe processs
of plant developmenare well-coordinated,stochasticity occurand is needed to break
the homogeneity for cell specification and pattern formafidong et al., 2016; Raj &
van Oudenaarden, 2008Jhis means that slight differences in transcriptioaat
translation regulatiomre required to circumvent the similarity of genetically identical
cells and to precisely reproduce tissues and orgaefore Schultheil3 Aradjo and
colleagues in 2017 analyzed gene fluctuation in whole plant ti¢Sebslithé3 Araujo
et al., 2017)it was only described in ngmant singlecell systems and human tissue
culture (Dar et al., 2012; Elowitz et al2002; Newman et al., 2006; Taniguchi et al.,
2010)

In this chapter, examples of temporal fluctuatmmaextrinsic and intrinsic noise
are shown. Furthreanalyses were published by Schulthei? Araljo andvarders in
2017(Schulthei’ Araujo et al., 2017)

3.1.1. Protein expressionfluctuates over time

Until Schultheil3 Aradjo and eworkers described fluctuation in plant tissue, noisy gene
expression hasny been studied in singleell systemgDar et al., 2012; Elowitz et al.,
2002; Newman et al., 2006; Taniguchi et al., 20T©@) enablemeasurements in a non
equilibrated environment, the photoconvertible Kikume green red (KikGR) protein was
chosenAfter illumination with 405nm, KikGR is irreversibly converted from a green
(KikG) to a red fluorescent state (KikRisutsui et al. 2005) In order to measure
temporal fluctuation in an entire tissul,thaliana rosette leaves stably expressing
p35S:NLSKikGR were dissected, and changes in protein levels wemrerded in
intervals by CLSM. Through photoconversion, all existing proteins are converted to
their red state and the newly occurring green signals equal newly produced protein. To
exclude movement into neighboring cells, the tetrameric Kikume vevexs used. An

NLS sequence was linked to the fluorescent protein to achieve accurate measurements
of each cell nucleus of the leaf. The fusion construct was driven by the constitutively

active 35S promoter, ensuring high expression rafddunsky et al. 2012) This
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promoter limits conclusions due to its constitutively active nature, but since theoretical
analyses showed thetnstitutive promoters generate low degrees of intrinsic noise, the
resultsrather underestimate the natural situatiglowitz et al., 2002)

Each examined leaf was scanned twice before (pre) and after3(0, 6h)
conversion Figure 4A), and the average was used for calculating the temporal gene
expression. The analysis of nascent KikG proteins revealed a positive correlation
between the two time points, but efficiencies warastantly below a perfect match of 1
(Figure 4B, C; Figure 31). This means that noisy gene expression cautted be
detectedand disinct cellsof a coherent tissue fluctuate over time.

These results were confirmed in further experiments usindgBIQUITIN 10
(UBQ10 promoterand plants which werepreviously kept in darkness for 36 to
minimize already converted red NUSKR protein(Schultheild Arajp et al., 2017)
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Figure 4: Analysis of temporal fluctuation in stable Arabidopsis p35S:NLSKikGR lines. A) CLSM overlay
images of one Arabidopsis leaf expresgu3$S:NLSKikGR before (pre) and after (@ 3h, 6h) conversion. KikG i
illustrated in green, KikR in magenta Scale bar indicategnb0B) Scatter plot of the nuclei of one represente
leaf expressingg35S:NLSKIkG (n=5 8 ; Pear s omré@71,cSpearmank a tc io o m=0.60n €) iScattel
plot of nuclei cumulating all leaves expressp®5S:NLSKikG (n=4 8 4 ; Pear somn=®s 6&q r rSq
correlationr = 0.57).
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3.1.2. Extrinsic noise is the primary source of fluctuation in root tips and
hypocotyls
In order to spatially differentiate between extrinsic and intrinsic noise, a dual reporter
system was utilized.A. thaliana was transformed withp35S:2xNLSYFP and
p35S:2xNLSCFP, generating transgenic plant lines expressing both constructs
simultaneously.The double nuclear localization signal (2xNLS) reduces intracellular
mobility and enables accurate measurements in a defined compaittnoahy.extrinsic
noise exists, both markers, YFP and CFP, will be expressed in perfect correlation.
Single cells ofa tissue will differentiate in the absolute amount of the fluorophores, but
their ratiowould stay constantin intrinsic noise, the expression of YFP and CFP gets
uncorrelated because of different copy numbers within a cell, leading to a field of
varying fluorophore proportions. In short: if both markers correlat¢han same cell,
extrinsic noise is detected. Otherwig#rinsic noise is observedigure5 presentshe
dual reporter analysis in root tips and hypocotyls.
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Figure 5: Extrinsic and intrinsic noise in root tip and hypocotyl in p35S:2xNLSYFP p35S:2xNLSCFP plants.
A) CLSM images of a root tip and a hypocotyl stably transformed p@85:2xXNLSYFP p35S:2xNLSCFP. Scale bar
indicates 10um. B) Scatter plot of the normalized mean YFP fluorescence intensity against the normalize
CFP fluorescence intensity of singlells of one representative root tip and hypocotyl. YFP and CFP signal inte
do not differ significantly (Kolmogorossmirnovtesp>0. 05) . Root ti pr=0®D22Srpxeamnad
correlationr =0.916,n=328 hypac ot y | : Preckatiorsr s B S pce ar ma n 6 sr=60.8956,n=1P%
Extrinsic noise extends at a 45° angle betweentlaad yaxis; intrinsic noise perpendicular to it.
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CLSM images illustrate strong YFP (magenta) and CFP (green) signadgh
tissues. On the one hand, whatppearing ceexpression is recognizabie the overlay
channel, suggesting extrinsic noise. On titker hand, single magenta and green
colored nuclei can be identified, indicating intrinsic noisegire 5A). Plotting the
mean YFP fluorescence intensity against the mean CFP values reveals higher extrinsic
(3.5fold) than intrinsic noise in both tissudsiqure 5B). Hence, extrinsic noise is the

primary source for gene fluctuation in root tips and hypocotyls.

3.2.  Protein stability of trichome patterning genes

Besides gene fluctuation as part of regular pattern formation, protein concentrations
decide the final cell fate. ®tein levelsare affected by the processed protein
production, stability, and degradation. To shed light on the mutual stabilizing
characteristics of the different trichome protein families, the viral 2A reporter system
was enployed(Ryan et al., 1991)It was utilized to ceexpress members of different
protein classes in an equimolar ratio amdompare their individual influence.

When starting the work othis ratiometric reporter system, little was known
about the best 2A peptide for vivo plantexperiments. Kim and colleagues concluded
that P2A performedest(Kim et al., 2011)and F2Awasthe only peptide tested in
plantsat that point(Samalova e#tl., 2006) In a first step, the cleavage efficiency of
P2A and F2A was determined in different plant organisms byStkaultheil3 Aradjo
Shecould qualitativelyand quantitatively demonstrate that the P2A peptide possessed
the higher cleavagefficiency upon transient expressions in leek and tobaccq eelis

in Western blot analys€Bigure S5 Schultheil3 Aradjounpublishell

3.2.1. Proof of concept

The multicistronic 2A systeranables theneasurment ofprotein stabilitiesn vivoin a
temporal or spatial manner. Towards this,evilP was fused to the protenf interest

and linked to the P2A sequendellowed by a fluoresent marker protein (RFRA-

NLS). This fluorescently ladded marker protein is independent of stability changes of
the protein of interesfMatz et al., 1999and used as reference when calculating the
protein stability. The ratio between the protein of interest and the reference marker
determines the protein stability quantitatively. Inliathe protein of interest and the

reference occur in equimolar rates. If the protein of interest is stabilized, the ratio shifts
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in favor of this protein andetshigher. In turn, if the amount of the protein of imsdr
decreasg, the ratiqgetssmallerdue to the constant reference protein.

As a proof of concepthe lightperceiving module light oxygen voltage (LOV2)
and the murine ornithine decarboxylase (O&re utilized LOV2 describes a light
reactive domain of the Arabidopsis photoreceptor phototrogdi@htistie et al., 1999)
and causes conformational changes upon blue light treatment., Thégin, activate
the ODC cassette, mediajirubiquitinindependent protsamal degradation of the
fusion proein (Renicke et al., 2013)Following an efficient cleavage of the P2A
peptide, the marker expression is expected to be unaffected under blandighntrol
darkness conditionselsause it is uncoupled from the ODC degradation sensor. A
degradation of LOV2DC is only assumed upon irradiation with blue light but not in
darkness since LOV2 undergoes no conformational change without induction.

To test thistheory, the blue lighsersitive p35SYFP-LOV2ODC-P2A-RFP-
HA-NLSand as contrgh35S:YFPLOV2P2A-RFP-HA-NLSwere transiently expressed
in tobacco leaf cells and the YFP/RFP ratio was calculated. Comparable RFP intensities
were visible under all tested conditions. ¥E®V2-ODC lewls were clearly reduced
upon blue light exposure, whereas ¥YEBV2 remained similar to the darkness sample
(Figure 6A). Quantification revealed significant degradation of LOV®DC when
treated with blue light(< 4*10%). No significant alteration was determined for the
LOV2 control construct under blue light or darkneps<(0.35; Figure6B). All findings
wereverified in an additional independent experimdfigUre %).

Hence, he P2A ratiometric reporter systensan be utilized for @ntspecific

protein stability measuremernitsvivo.

35



Results

A

blue light darkness

YFP-LOV2-ODC-
P2A-RFP-HA-NLS

YFP-LOV2-
P2A-RFP-HA-NLS

123 [ Iblue light
[[_Jdarkness

o;::%: ==k

0.4

intensity ratio

0.2

Normalized mean YFP/RFP ([0
°
%‘

*kk ns

0.0-

YFP-LOV2-ODC-  YFP-LOV2-
P2A-RFP-HA-NLS  P2A-RFP-HA-NLS

Figure 6: Blue light inducible degradation of LOV2-ODC. A) CLSM images of tobacco leavamnsiently
expressing YFR.OV2-ODC-P2A-RFP-HA-NLS (upper row)or YFP-LOV2-P2A-RFRHA-NLS (lower row). The
first two columns on the left sidBustratethe YFP and RFP channel (gray values) for dedlated withblue light, the
two columns on the right the YFP an&IRchannel (gray values) for cells kept in the dark, respectively. Images
taken sequentially using L&icTSC SPE with a format of 10241024 pixels. Scale bar: 0n. B) Box plot analysis
of the YFP / RFP fluorescenagensityratio between blue light and dark exposed samples of YEF¥2-ODC-P2A
RFRHA-NLS and YFPLOV2-P2A-RFP-HA-NLS. LOV2-ODC irradiated with blue lightn(=8, mediarn~ 0.58)
differed significantly from dark kept samples= 10, mediarr 0.76; Oneway ANOVA p < 4*104). LOV2 did not
differ significantly under blue light if = 8, mediar~ 0.81) or darkness conditiona £ 6, mediar~ 0.76; Oneway
ANOVA p < 0.35). Mean intensityalues were measured using 36866 unt CLSM images comprising sever:
cells and nanalized to the maximum value. Boxes show media25and 0.75 quartiles. Dots indicat& and9%%
percentiles, rectanglespresenmean values.

3.2.2. bHLH proteins are capable to stabilize MYB proteins

MYB and bHLH proteins represent central components in trichome patterning and other
traits (Gonzalezet al, 2008; Simon et al.,, 200@nd are known tphysicallyinteract

with each othefPayne et al., 2000; Zimermann et al.2004) MYB proteins comprise
R2R3and R3 single repeat protejnghich competdor binding to bHLH factorg§Esch

et al, 2003; Pedtet al., 2015Schellmann et al., 2002protein stability is suggesté¢al
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be an essentiategulatoryfactor by experimental workBouyer et al., 2008; Tominaga
Wada & Wada, 2017ps well asan essentialparameter in pattern fmation by
theoretical consideratiofBouyer et al., 2008; Digiuni et al., 2008)

Here, the influence of the bHLH proteins MYC1 and GL3spabilizing the
MYB proteins GL1, TRYand CPC was investigatedth the P2A ratiometric reporter
system Figure 7A). To achieve thisp35S:YFRP[MYB]-P2A-RFP-HA-NLS was ce
expressed withp35S:CFR[bHLH] in transiently tran®rmed epidermal leek cells

First, the protein localizations of the different construct combinations were
studied based on CLSM imageFidure 7B-D). As expected, the RFRA-NLS
refererce constantlylocalized in the nucleuand theunfused control of free CFP was
cytoplasmic. The localization of the YAWYB protein varieddepenling on the CFP
bHLH construct. YFP-GL1 alone was mainly found in the nucleus. Also the co
expression with CFH&L3 caused a nuclear localization, whereas -Y31H was trapped
to the cytoplasm when esxpressed with CFRYC1. Without ceexpression, YFP
TRY was localized in the cytoplasiiogether with CFAIMYC1 or CFRGLS3, it was
found in the nucleus. YFEPC alone and with both CHHHLH co-expression was
constantly localized in the nucleus. All observations reflected the expected localizations
of cleaved P2A constructs and are in line vatbvious result¢Pest et al., 2013)

Second, the ratio between the Yt&ged MYB protein to the reference marker
RFPRNLS was calculated when @xpressed with or without a bHLH protein. In all
examined cases, a constant significant stabilization of the MYB factor wag iiothe
presence of a bHLH protein compared to the control. The influence of the bHLH
proteins on the R2RBIYB activator GL1 revealed a significant stabilization of
YFP-GL1 when ceexpressed with CFRIYC1 or CFRGL3 compared to the unfused
CFPw/o contrd (p < 1*10* andp < 5*10°7; Figure7E). Similar results were gained for
the R3 MYB inhibitors TRY and CPC. The quantification of ¥FRY showed a
significant stabilization in the presence of GMR'C1 and CFPGL3 in contrast to the
control p< 2*10® and p< 9*10° Figure 7F). YFRCPC was also gnificantly
stabilized upon the eexpression of CFHMYC1 and CFPGL3 compared to CFP alone
(p < 5*10°® andp < 1*10°; Figure 7G). These findings wereoofirmed independently
in tobacco leaves as well as with 2xNh¥herry as a different reference marker in
leek Figure §) and tobacco cl (Schultheil3Aradjo, unpublishell Taken together,
the presece of bHLH proteins positively influences the stability of activators and

inhibitors of the MYB familyin vivo.
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Figure 7: MYB proteins stabilized by bHLH proteins. A) Schematidllustration of the used P2A construBt- D)
CLSM images of YFRMYB-P2A-RFRHA-NLS expression in epidermal leek cells transiently transformed with
CFPw/o, CFRMYC1 or CFRGL3. Images were taken sequentially using &eltSC SPE with a format of
1024x 1024 piels. Scale bars indicateOum. E - G) Box plot analyses oY FP-MYB-P2A-RFRHA-NLS co-
expressed with CF®R/o, CFRMYC1 or CFRGLS3. E) YFP-GL1 was significantly stabilized when -t@nsformed
with CFRMYC1 (n=9, mediare 7.54, ManAWhitney U testp < 1*10%) or CFRGL3 (n= 36, mediarr 3.19,
MannWhitney U testp < 5*107) compared to the CFR/o control (=12, mediars 0.64). F) YFP-TRY was
significantly stabilized when eexpressed with CFRYC1 (n=19, mediarr 2.46, ManAWhitney U test

p < 2*10®) or CFRGL3 (n =22, medians 2.12, ManAWhitney U testp < 9*10-°) compared to CFR/o (n =29,
median=0.98). G) YFP-CPC was significantly stabilized when -tansformed with CFRMYC1 (n=19,
median= 3.08, ManAWhitney U testp < 5*10%) or CFRGL3 (n=28, mediars 2.00, ManAWhitney U test

p < 1*10°) compared to the CRR/o control 6 =26, median= 0.94). Mean intensity values were normalized to the
mean of the CFR®/o control.Boxes show medigrD.25and 0.75 quartiles. Dots indicat& and99% percentiles,
rectanglesepresenmean values.
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3.2.3. Dosagedependent stabilization of TRY by MYC1

In chapter3.2.2 it was shown that bHLH proteins are capable t@bifize MYB
proteins.This findingraised the questioof whetherthis effect is dosagdependentTo
answer this,constructs containing two P2A sequences were generAtegersion
without MYC1 (p35S:mTurquoiseZRY-P2AYFP-P2A-mCherry was used as control
p35S:mTurquoiseZRY-P2AYFP-P2A-mCherryMYC1 served as singular MYCL1l
dosage and was enhanced by an additional plasmid carrying mohéegy
(p35S:mCherryMY C1; Figure8A).

To verify the correct cleavage of both P2A peptidésin one construcin the
first place, tobacco leaves and Arabidopsis dadwn cell culture were transiently
transformed with one dhe otherversion A signal of all three fluorophores was clearly
detectable in the same cell (data not shown). Crude protein extracts were analyzed by
Western blot to validate the predicted band size. A prominent band at alddd& 3¢as
observed, corrg®nding to the inner YFP cleavage product. Partially or uncleaved
protein bands were not foun#ligure RB), indicating a successful cleavage of both 2A
peptides.

Next, the control construct, the singular MY&@bsed version, and the enhanced
variant weretransiently expressed in epidermal leek cdfgre 8B). This time, YFP
was used asa reference marker to determine the mTurqueiEBY stability in
dependence ofthe mCherryMYC1l dosagesor the control (Figure 8C). The
quantification of the mTurquoise2/YFP ratio revealed a significant stabilization of
mTurquoiseZTRY in the presence afinglemCherryMYC1 (p < 5*10°). Adding the
independent plasmidvith p35S:mChernfMYC1, thereby increasinghe awailable
MYC1 amount in the cell, likewisked to a significant stabilization of mTurquoise2
TRY (p< 5*109). This stabilizationwas even significantly higher than tisengular
mCherryMYC1 expression < 1*107), suggesting a stabilizing effect of addlital
applying MYCL1. In order to classify the correlation between TdRability andMYC1
concentration, the mTurquoise2/YFP ratios were plotted against the mGhe@y
signal intensities. A distinct rel086ionshi
was detectedHigure8D), indicatingthe conentrationdependent TRYstabilizationby
MYCL1.
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Figure 8: Concentration-dependent stabilization of TRY by MYC1.A) Schematic illustration of the constrt
with two P2A peptidesB) CLSM imagesof mTurquoiseZTRY-P2A-YFP-mCherry, mTurquoiseZRY-P2A-YFP-
mCherryMYC1 and mTurquoisedZRY-P2A-YFP-mCherryMYC1 plus aditional mCherryMYC1 expression ir
transiently transformed epidermal leek cells. Scale bar indicatggn5C) Box plot analysis of the used P:
construct in dependence of the MYC1l concentration. mCiME1 expression significantly stabilize
mTurquoi€2-TRY (n= 19, mediar= 0.78, ManaWhitney U testp < 5*10%) and increases with higher mCher
MYC1 concentrationi{= 17, mediarr 1.80, ManrWhitney U testp < 5*10°) compared to the control as well
compared to orime mCherryMYC1 expressionr(= 32, mediar 2.48, ManaWhitney U testp < 1*107). Mean
intensity values were normalized to the mean expression without MBGXes show medign0.25 and 0.7&
quartiles. Dots indicaté% and99%% percentiles, rectangleepresenimean valuesD) Dot plot of the correlatior
between the mTurquoise2 to YFP ratio against the mCherry intensity wittinemé+) or further increased (+
MYC1 concentration. Mean values were normalized to mCHIY{Z1. The additional expression of mCher
MYCL1 correlates stronglwith higher mTurquoiseZ RY val ues (Peax086)nds corr

3.3. MYCL1- an outstanding trichome patterning gene

MY C1lis afascinating but often neglectedene in the trichome patterning machindty.

belongs to the bHLH family, although it more distantly related than GL3 a&@6L3

(zhang, 2018)Sincemyclmutants exhibifewer trichomes than Ced wildtype, it is

classified as trichomepromoting facto(Symords et al., 2011Zhao et al., 2012)t is
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known to interact with all central components of trichome formation such as the
activators GL1/MYB23, GLEGLS3, TTG1, as well asthe inhibitors CPC and TRY
(Tominaga et al., 2008; Zhao et al., 2012; Zimmermann et al., 200&pstingly, GL3

and EGL3 are able torescuethe myc1 trichome phenotype, whereas MYC1 cannot
substitute their function igl3 and egl3 mutants(Pesch et al.2013; Zhao et al., 2012)
However, MYC1 is indeed able partially restore the root hair and seed coat mucilage
phenotype ingl3 egl3 tt8 triple mutants(Zhang & Hulskamp, 2019)suggesting
redundant yet divergent functionSontroversidly discussed is the abilitgf MYC1 to
form home and heterdimers. Yeast twdybrid assag showed no dimerizatiofzhao

et al., 2012) whereas recent LUMIERassays revealed weak MYC1l homand
heterodimers togeén with GL3 and EGL3Zhang, 2018)Another striking feature is
the nuclar-cytoplasmic shuttling behavior of MYC1. Unbouyndt is found
predominantly in the cytoplasiwhile TRY and CPGCare localizedn the cytoplasm and
the nucleus. Upon eexpressiorwith MYC1, both proteinsaretrapped in thewucleus

In contrast to that, nucledocalized GL1 is recruitedo the cytoplasm when €o
expressed with MYC{Pesch et al., 2013; Schultheil3, 2014) these finding indicate

not to underratéheimpact of MYC1 on trichome patterning.

3.3.1. Comparison of MYCL1 splicing variants

While looking for MYC1 sequence information, TAIRt{ps://www.arabidopsis.org/
recently revealed three different splicing variants, leading to the question of which one
to choose. Versiofh consists of eight exons (20Bf), vesion2 of nine exons
(1894bp), and versio® of seven exons (16Mp). This is of higher relevance for
experiments working with the CDS, such as restriction digegstseeaanalysis oprotein
stabilities. Because the differences occur at thdefninus, hat part of the gene,

i ncl udi ng t ROdeafRIBNA, WRs seqfiendgdtd compare the variants.

The results pointed out that only versibnfits the sequence(Figure 9).
Version3 consists only of seven exons, and the sequence broke off exactly at the end of
exon seven, where the splicing variant differs from the others. In contrast to \ersion
version2 comprises an additional ninth exon. Howevke beginning of exof did not
match the sequencing results. Only version 1 reached a perfect consensus on the
sequenced cDNA material. It might be possible that other variants predominate in other

tissues or organs, but since the primarily investigagedem, the trichome patterning
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machinery, acts in the analyzed leaf material, versiovas used as a template for

further experiments.

Col-0 leaf cDNA

Consensus

Coverage
0

Exon 8
MYCH cDNA Version 1 ——
diff. to V1
Exon 8 Exon 9
MYC1 cDNA Version 2 I

diff. to V1 + V2
ﬁ >
>

MYC1 cDNA Version 3 r

Figure 9: Comparison of MYC1 splicing variants. Sequencing results of versian(2081bp), version 2 (1898p),
and versior8 (1670bp) againstA.thaliana Col-0 leaf cDNA. Sequence similarities are illustrated in gree
discrepancies in turquoise.

3.3.2. pMYClig7onpisequally applicable aspMY Closginp
First, to elaborateMYCL1 in more detail,its promoter expressionwas on closer
considerationin lines stably expressing a XD (1970bp upstream of the transcription
start site; TSSMYC1 promoter fragment fused to GUS, ubitgusly expression in
young Arabidopsis leaves was detectable after GUS staiffigure ). This
observation is contradictory to publishggMYC1:GUS plants from Zhao and
colleagues. They showed a distipdlY C1expression in trichome socket cellsing a
2.6kb (2581bp upstream of the TSS) promot@hao et al., 2012) However, this
expression pattern could not be reproduced with thkints Therefore, genetically
stable A.thaliana plants were generated comparing both promoter regions. Each
promoter fragment drives two NLS peptidemd mCherry as dluorescent tag
(PMY Clo7obp:2XNLSMCherry/ pMY Chsginp:2XNLSmMCherry), enabling the selection
of single nuclei

When analyzing these lines, the focus was on answering the following questions:
At which developmental trichome stage MYC1 expression mdmal? Is there
expression in trichome surrounding cells? If so, wiethe higher expression found:
trichomes or adjacent celld2aves stably expressir@achconstruct were imaged by

CLSM, and the signal intensity was measured for each nucleus.nlitiei were
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classified into four categories according their developmental stage. CategOry
reflects all epidermal cells which did not face a trichome cell fate, catégbegcribes
emerging trichomes, catega?y expanding trichomesand category branched

trichomeg(Figure10A).

For both promoter fragmentshea quantiitive analysis of several stably
transformed plants revealed striking differences between younger and older trichomes.
The youngest, just emergingichomes (category) showed asignificantly higher
expression opMYClcompared tdoth,expanding and branched trichomes (cate@ory
and3; Figure 10B, C). The shorter fragment revealed no differences between
undifferentiated epidermal cells atfte first trichome developméal stage (category
vs. 1). However, a differential expression was found for the longer version. Here, the
youngest trichomes exgssed significantly leggMY Clthan norspecialized epidermal
cells.

Another way to consider this data is to focus on trichomes of the same category
and their adjacent epidermal cellidure10D). The quantified fluorescence intensities
of trichomes were correlated with the signal intensities of all epidermal cells in the first
and second tiers around them. Epidermal cells whicmgelbto tiers of more than one
trichome were excluded. For plants stably transformed \WwNHYClo7obp:2XNLS
mCherry the analysis revealeal significantly increased expression in the area around
emerging trichomes (categoty compared to expanding trianes (categorg). In
contrast, the expression in epidermal cells surrounding branched trichomes (cajegory
was significantly reduced~{gure 10E). This indicates that the younger the trichome,
the higher the expression BFYC1in adjacent cells. A slight, but significant difference
between tier one and two was seen for expanding trichomes. The same behavior was
observed for plants expressim@MYClhssinp:2XNLSmMCherry although there was
almost no significant difference between expanding larahched trichomesF{gure
10F). In respect to Zhao et al., 28 it was an important finding that the longer
PMY Chsginp is less expressed in the surrounding tiers than in the trichome cell itself
(Figure 10E, F), as this is opposite to their published images. Taken together, one can
state that both promotesariants exhibited a similar expressionMYC1and can be

equally used for further studies.
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Figure 10: Comparative study of pMY Clig7obp and pMYClassibp. A) Epidermalcells and trichomes grouped by
developmental stageB, C) Quantitative analysis of Arabidopsis leaves stably transformed with e
PMY Chorobp:2XNLSmMCherry (B) or pMYChssibg:2XNLSmCherry (C). Category0 displays norspecialized
epidermal cells, categofly emerging trichomes, categdyexpanding trichomes and categ8rybranched
trichomes. Dunn test with Bonferroni adjustmesame letters above the box plot indicate no significant differel
B) CategoryO did not differ significantly from categoryt (p <0.7), but differed significantly from category :
(p<4*101Y) and categorg (p<8*10°). Category 1 differed significantly from categ@y(p <4*104) and
category3 (p <9*103). Category2 and 3did not differ significantly = 1). C) Category 0 diffeed significantly
from categoryl (p < 3*108), category 2§ < 1*10'% and categorg (p < 8*101?. Category 1 differed significantly
from category (p <5*10%) and categor® (p < 6*103). Catgory2 and 3 did not differ significantlyp(= 1). D)
Trichomes and their surrounding epidermal cells marked by developmental EtegeQuantitative analysis of
expression intensities of trichome cells depending on their adjacent epidermal celldratedfyrmed with either
PMY Clhoroop:2XNLSmMCherry (E) or pMYChssiop:2XNLSmMCherry (F). The left box plot of each categor
illustrates the first tier of epidermal cells surrounding a trichome, the right box plot the second tier. En
trichomes (categor¥) and their first two tiers are colored in green, expanding trichomes (ca®gioryed and
branched trichomes (categd®y in blue. Dunn test with Bonferroni adjustment. Same letters above the bo»
indicate no significant differenc&) The first tier of categoryl differed significantly from the ones of categ@ry
(p<3*107) and categonB (p<2*10°) and categorg differed significantly from categoi® (p <2*107%). The
secondier of categoryl differed significantly from the ones of categ@rfp < 8*10*4) and categor® (p < 2*10'1)
and category differed significantly fom categong (p < 1*10%). Thereby, in categor® first and secondier
differed significantly from each othep € 0.029. F) The firsttier of categoryl differed significantly from the ones
of category2 (p < 1*10'%) and categorg (p < 3*10'Y) but category2 did not differ significantly from categof
(p<0.679). The seconder of categoryl differed significantly from the ones of categ@yp < 1*103%) and
category3 (p <1*10'") but category did not differ significantly from categoB/ (p = 1). Thereby, in categor¥y
first and secontler differed significantly from each othep & 9*10°5).
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3.3.3. EndogenousMYC1 is expressedn nucleus and cytoplasm
The intracellular shuttling behaviaharacterizeaMYC1 as an exceptionaltrichome
gene. Depending on the interaction partiisrliocalizationvariesbetween the ndeus
and the cytoplasniPest et al., 2013; Schultheil3, 2013itially, this property was
observed in transgenic expression studies undeB3B@romoter(Pesch et al., 2013)
raising the question whether this phenomealsnoccursunder endogenous conditions.
To test this, stable Arabidopsis lines expresgy Clo7onp: Y FP-MYC1were
created.As it is known that MYC1 protein interaction varies in different ecotypes
(Symonds et al., 2011Yhe expression was also studied in Wassilewskija (WS)
accessionSimilarly to Col0 (Schultkeif3, 2015) YFP-MYC1 was expressed in the
nucleus in cellxlose to trihbomes and trichomes themselvdore distantly, it was
shifted to the cytoplasnii{gurellA, B). Next, YFRMYC1 expression was analyzed in
different mutant backgroundi thettgl mutant, an overall expression was found in the
nucleus in young leaves. In further developed leay#dyYClo7obpYFP-MYC1
expression was restricted to the basal half of the Kgtife11C, D). YFP-MYC1 was
also expressed in the nucleus in 118 egl3 double mutant withseldom occurring
cytoplasmic expression at the leaf basigyre 11E, F). Different to the first glabrous
mutants,pMY Cho7onp:YFP-MYC1lexpression irgll is localized in the cytoplasm. It is
ubiquitously found in young leaves, and restricted to the basal region in older ones
(Figure 11G, H). The latterobservation is in line with a previous stu@ychultheif3,
2015) The inconsistent expression the three analyzed glabrous mutants was
surprising, suggesting either further influences on the MYCL1 localization beyond the
presence of trichomes or a more distinct creggilatory function of MYC1 within the

trichome patterning genes.
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ttg1

gl3 egl3

gll

Figure 11: CLSM images of Arabidopsis plants stably transformed withpMY Clig7obp: YFP-MYCL1 in different

backgrounds. A, B) In the WS ecotype,YFP-MYCL1 is expressed in the nucleus in trichomes and their clc
surrounding cells. Arrow indicates cytoplasmic expression distant to the trichomes. Region is magnifi€d D) |
Nuclear YFP-MYC1 expressionn the ttgl mutant in a younger (C) and furthdeveloped leaf (D)E, F) In the
gl3 egl3 background,YFP-MYC1 expressionis found in the nucleus. Arrow indicates occasional cytoplas
expression and is magnified in &, H) CytoplasmicYFP-MYCL1 localization in thegll background. Expression

restrided to the leaf basis in further developed leaves (H). Scale bargni80C, D, E, G, H; 1um B, F.
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3.3.4. MYClinfluences trichome patterning

In transient experiments, las beershown that bHLH proteins are able to stabilize
MYB proteins(Chapter3.2.2 and that MYCL1 significantly stabilizes TRY in a dosage
dependent manné€Chapter3.2.3. Thus,MYC1turnedout to be anattractivefactor of
trichome patterning. To shed light dhYClin Arabidopsis plantsinder nortransient
conditions its influence on trichome densignd intercalation was analyzed mmycl
mutants andB5S:MY Cloverexpression lined.ight microscopy revealed decreased
trichome density in thenycl mutant and a higher density in overexpresdeaves
compared to CeD wildtype (Figure12A).

For the quantitative analysiggaves oftwo developmental time points were
chosen tocapturethe impact ofMYCL1 during trichome patterningYounger leaves
comprised up to two mature trichomea time point with orgoing trichome initiation.
Older leaves were characterized by at least three mature trichomes. Individual trichomes
might not be fuly outgrown at thiatime point but trichome initiation should no longer
occurand eactsingletrichome should stilbeidentifiable on the leaf blade

While the35S:MY Cloverexpression line showed no differences to the cointrol
young leaves o< 0.625, mycl mutantsexhibited a significantly reduced trichome
density p <5*10®). In further developed leaves)ycl mutants were still significantly
reducedcompared to CeD (p<0.021), whereas the overexpression line reached a
significantly higher trichome densitthan Col-0 (p<0.02]). Comparing the two
developmental time points, the trichome densitly changed in Ca0 plants. Thereby,
older leaves wersignificantly less dense than younger ongs<(Q.009 The mycl
mutant as well as thg5S:MY Cloverexpression line revealed similar trichome densities
between younger and older leavgure12B).

Next, the focus was on intercalation, which disas the initiation of trichomes
between already developedes The same lines were analyzedboth developmental
stagesfor the influence oMYC1on intercalating trichomesirst, it was considered
how many leavesf each lineshowed intercalation.Most Col0 plants exhibited
intercalation (82%)in young leavesfollowed by 35S:MYC1(56%), and themycl
mutant (46%).Later in development, the amount increased to 100%tHerwildtype
and the overexpression line. Two thirds of thg/cl mutant leaves developed
intercalating trichomes (67%;able 13). Second the relative amount of intercalation
compared tdhe total trichome number wasalyzed foindividual leaves elucidating

whetherthey emerge in similar rateslere only leaves exhibiting any intercalation

47



Results

A Col-0 mycl 358:MYCI

[Mco-0 [ Jmyet []35S:MYC1 M0 cCol-0 [ Imyct [ 135S5:MYC1
7004 @ b a a b c — 40- a a a a b ab
% <
600 1
g 8
o g 304 . II
> S -
= = 25 (]
£ 400+ 2
3 = 20
g 3007 £ 154 Y,
g ° = T =
5 200 S -
5 == S ]
‘= 1004 . 5 54
= . =
0- = o
young old young old

Figure 12: The influence of MYCL1 on trichome patterning. A) Microscopic images of young GOl mycl, and
35S:MYClArabidopsis leaves. Scale bars indicate 180 B) Box plot analysis of trichome density. Different letters
indicate significant differences between lines for each developmental stage. Box plots with striped pattern in
significantdifference between the developmental stages for each line. wan@&NVOA was conducted for each
comparison. Further developed @bleaves exhibit a significantly reduced trichome density than younger lea
(p < 0.006). In young leavesyyclmutants she a significantly reduced trichome density than-G@nd35S:MYC1
(p<5*10® and p < 3*10%). In older leavesmycl mutants are significantly less dense than-Ca@ind35S:MYC1
plants p<0.021 andp < 7*10). 35S:MYCloverexpression lines show a significantly increased trichome dens
than Col0 (p<0.021). C) Box plot analysis of intercalating trichomes. Different letters indicate significa
differences between lines for each developmental stage. Box plots ig#dgbattern indicate significant difference
between the developmental stages for each line. An@yeANVOA was conducted for each comparison. Young
Col-0 and 35S:MYC1plants produce significantly less intercalating trichomes than further developed ste
(p<0.013 andp<0.00). In older leavesmycl develops significantly less intercalating trichomes than-Col
(p <0.040. Boxes show media.25and 0.75 quartiles. Dots indical& and99% percentiles, rectanglespresent
mean values.

were considered.The ratio of intercalating trichomes did not differ significantly
between the three lines in young leav@ser time, Col0 wildtype as well as plants
overexpressingMYC1 exhibited significantly more intercalation §<0.013 and

p <0.00% Figurel2C; Table13).
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Table 13 The influence of MYCL1 on intercalation in different leaf developmental stagesDepicted are the
relative amourt of leaves showing intercalatioand therelative number of intercalating trichomegser leaf for
younger and further developed leaves

Young leaves Older leaves
leaves with intercaldion leaves with intercalation
intercalation per leaf{%)] intercalation per leaf [%]
[%] [%]
Col-0 82 16+ 6 100 26+ 9
mycl 46 15+9 67 13+8
35S:MYC1 56 13+5 100 237

The findings indicated thaflYCLlis at least required for trichome patterning in
the long term since older leaves lackily C1exhibited a reduced trichome density,
whereas overexpression lines showed a higher density. Whereby, the reduced density
for mycl mutants was already measurable in an earlier stage. While the amount of
intercalating trichomes did not differ between the time pointaynlmutants, CeD as
well as 35S:MYC1lexhibited more intercalation over time, suggesting a promoting
influence ofMYC1on intercalating trichomes if. thaliana

3.4. Expression of patterning genes in trichomes and epidermizlls

The main research focusf this workis to deepenthe knowledgeof the trichome
patterning machineryAn indispensable requirement @ach experimental assay is to
catch the developmental time point where the involved genes are most Hctinee.
leaves are too young,ig possiblethat not all patterning genes have been activated yet.

If they are too old, it may be that some genesehaveady been switched off again.
Therefore, Arabidopsis leaves of only a few hundred micrometéesgthwere chosen

as biological material. Leaves of that size contain trichomes of all developmental stages
and reflect the best possible overview oft@ating gene activity. A drawback of using
whole leaves for expressiamalyses is that they conswst a lot of undifferentiated
epidermal cellsext to trichomesThis may dilute the concentration of the expressed
patterning genes and does not elucidlagenetwork dependencies within trichome cells.

To overcome this issue, a spatialvivo analysis of patterning genes was conducted.
The idea was to express key patterning genes bound to a fluorescent marker in stable
Arabidopsis lines and determine thexpeession ratio between trichomes and
undifferentiated epidermal cellén this context alsothe generation o$table lines in

different mutant backgrounds would allow carsibns about the impact of the
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individual missing gene in the patterning gene retwmachinery. However, first
attempts unraveled that gene expression was haresurabl@nd in most casesot
detectable at all in trichorrgurrounding epidermal cells. This raised the question of

whether the rarely and weakly occurring epidermalesgion has biological relevance.

3.4.1. Expression can be neglected in undifferentiated epidermal cells
Sinceit was often unfeasible to detect patterning gene expressions irictoyme
cells, the GUS reporter syste(defferson et al.1987) was utilized as asensitive
staining methodo generate increasing staining intensities in dependence on the staining
duration.The longer thencubation time themore subsate is hydrolyzed, leading to a
more intense stainingvhich reflects different signal intensities of fluorescent markers.
Based on thischaracteristic of the GUS systerthe expression in trichomesas
compared tandifferentiated epidermal cells

Exemplarily, A.thaliana plants stably transformed witpTRYGUS were
analyzed regarding the mean grayuealintensity in trichomes and epidermal cells
depending on the staining duratioRigure 13). Although the differences between
trichomes and epidermal cells seemed to be low at a given time point, they were
significant for the test period-Bh (black bar). After 2.5 of incubation,neither
trichomes nor epidermis cells were stained. An increlslee stainingvas measurable
after 34 h in trichomes followed by a stagnation of the signal intensity for up toh6.5

unstained stagnation

2
o
8
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23 1} i
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25 3 35 4 45 5 55 6 65 7 75 8
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Figure 13 pTRY:GUS expression in trichomes and undifferentiated epidermal cells in dependence of staining
duration. After 2.5h of incubation no staining is detectable, the subsequent staining intensities can be group

increase, stagnation and saturati@ottom bar indicates significant difference between trichome and epidermi
each time pelesft (Studentobés t
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After 7h, the GUS signal began to saturate. However, the epidesigral remained
unaffected towards the end of the stagnation phase. Only during saturation, the signal
intensity of undifferentiated epidermal cells increased. This investigation allowed
conclusions about fluorescent marker lines. As long as one worksingturated gene
expressions, almost no expression of trichome patterning genes would be expected
besidedrichomes. Therefore, the biological relevance of patterning gene expression in

the undifferentiated epidermis may be neglected.

3.4.2. Results ofpGL2/ pCPC/ pTRY/ pETC1/pETC2in Col-0

With the aid of stable fluorescent marker lines, a temporal resolution of the expression
of patterning promoters in different developmental stages was achi@vidiliana

plants were transformed with the promotersGif2, CPC, TRY, ETC1 and ETC2
driving 2xNLS and 2xCFP, facilitating accurate expression measurements. Trichomes
were grouped according to their developmental phase. Newly emerged trichomes were
allocated to category. Category2 described expanding tricimes. The first branching
event classified categoB; Higher branched and mature trichomes comprised
category (Figure14A, B). To enable a comparisosignal intensities wereormalized

to the mean value itrichomes of category. Figure 14C shows the ratios of all five
tested promoter expressions. @mlly, it was found that the older the trichome, the
higher the expression. In dihes, the strongest increas@s detected irxpandingand

early branchedrichomes(2- to 4-fold). A further eehancement to more tharf@d was

often observed in twbranched and higheordered trichomes. In contrast to the other
promoters, the expression pTRYrises in expanding and twmranched trichomes but
decresal during subsequent development. This may indicate a shorter functionally
active time period offRY. Interestingly,pETC1 expression wasigherin expanding

and twoebranched trichome (catego2yand 3) thanpCPC or pTRY, indicating an
important role oETC1for trichome patterning.
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Figure 14: Expressionof patterning promoters in different trichome developmental stagesA, B) CLSM image«
expressingpENSS:pETC1:2xNLS2XCFP (A) and pENS5:pGL2:2xNLS2xCFP (B). Numbers refer to trichon
class.Scale bar indicates 100 pr@) Expression of patterninpromoters relative to thigichome development
phase Categoryl displays emerging trichomes, categ@rgxpanding trichomes. Tworanched trichomes belong
category3 and further developed trichomes to categbrifferent letters indicate signifent differences for eac
line (MannWhitney U test).
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3.5. Crossregulatory interactions of Arabidopsis thalianaand its mutants

Gene fluctuation isessential to initiate cell specificatiosuch as the formation of
tissues and organs or the establishment of a trichome p@Rar& van Oudenaarden,
2008) In this chapterA. thaliana Col-0 and 21 single and double patterning mutants
were studied. On the one hand, all these lines were investigated morphologically to
determine and compare the differences in trichome density. On the othethedodys

was on he transcriptional gene expressiorf the entire patterning netwaqrkto
systematicallyelucidate the underlying mechanisms required for a rdgudastributed

trichome patteron A. thalianarosette leaves.

3.5.1. Comparison of tichome density in A.thaliana wildtype and various
patterning mutants
It is known that trichome patterning onakidopsis rosette leaves is nigiachieved by
the interplayof promoting and repressing facto@Generally, the absence of an activator
leads tofewer trichomes and the l&cof an inhibitor to more trichomesn order b
quantify tret phenotypical impressioand elucidateéhe impact of trichome patterning
genes inA. thaliana Col0 wildtype and 21 mutant lineserecomparedegarding their
trichome number, densityand branching behavidFigure 15; Figure 16; Table %).
The censity was determined from the quotienttbé area bythe trichome number
Hereby, the more difficult part is to correctly determinettighome number. This can
be challenging, especially for mutants with many trichomes. To avoid this, young leaves
were used to identify the trichome density. In order that the density is not biased by
leaves of different sizes, the leaf area was limite22tmn?. The leaves ofl2 andttgl
were slightly larger with a maximum of 3dn?. But since these are almost glabrous
mutants, thishould be of no consequences.

cpG etcl, etcl etc3 etc2 and etc3 produced more trichomes amdacheda
higher densitythan Col-O wildtype. This was not unexpected as one or two inhibitors
were missingin all these lines Activators had a wider effective rangend more
trichomes could develop. The density of the inhibitdidl andtcl2 was at wildtype
level, indicating les importancer more redundandgpr trichome formation.

Compared to wildtypefewer trichomes and a lower density wadentified for
gl2, mycl mycl egl3try, ttgl andttg2. This was especially interesting foy as it is
one of the key inhibitors in trichome patterniagd all others were activator mutants

try produced mall trichome clusters of up to three trichomist only the decreased
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trichomenumbersand the cluster formatiobut also the trichome shapeaswstriking

with an increased number of trichome branches in this mutant. A few percent of
trichomes showed-branched trichomesven in Col0 wildtype,however,try produced
approx. 90% trichomes with five or more branchHse absence ofTG2led not ony

to a reduced trichome number but also to trichome developmental défessy,
differentiation stopped before branchjigading toa bulgelike shape.

As the reduced density mycl egl3vas as strong as in timeyclsingle mutant,
the lack of EGL3 seened to have no further impacthis was underlined abe egl3
single mutarg showedtrichome numbers and density equal to-GoRedundancy was
only seen in th@l3 egl3double mutant with itentirely glabrous leaves, while both
single mutantsdisplayed comparable values to wildtyp&imilar observations were
madefor myb23 Only in combination wittgll, an effectwascountablemyb23single
mutans depicted wildtypdike values, whereas thigdl myb23double mutant appeared
completely trichomédree.gll was the only sing mutant without any trichomegl2, as
well asttgl, only rarelyformedtrichomes, preferably on the leaf margin.

A striking phenotypevas found fotthe cpc trydouble mutantMassivetrichome
clusters with up to 50 trichomes were formed withspacingbetweenthe trichomes
Consideringhe estimatedabsolute trichome number, this mutant exhibgephificantly
more trichomes than theildtype.
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Figure 15: Trichome density in A. thaliana wildtype and various patterning mutants. Meanvalues and standa
deviations represent the combination of leaves three and four and are giveb9foe@dicates each. Light red li
indicates reference valu&.For cpc try not single trichomes but trichome clusters (trichome initiation sites)
measured. These lines are entirely glabrous.
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Figure 16. Trichome phenotypes of A. thaliana Col-0
wildtype and 21 patterning mutants Leaf three is
depicted exemplarily. Scale bar indicatesith.

55



Results

3.5.2. Transcriptional expression of tichome patterning genesin A. thaliana

More than a dozen genes are involved in the emegdatory TTG1 network forming
the reguldy distributed trichome pattern o#.thaliana rosette leavesGeneral
dependencieare known e.g. activat@® promote inhibitors, which iniurn repress the
activators However, theexact levels atwhich the genes regulate ormother are
uncertain

To elucidate the transcriptional expression of the trichome genes in more detail,
a vast systematical qPCR approach was employdte differential regulation of 15
patterning genes was analyzed in Arabidopsis-@okildtype and 21 mutant
backgroundslnvestigating the crosegulatory changes the absence of one gemay
indicate its role within the network i.e. functional dependenciesMoreover, this
approach may shed light on the impacgeheredundancies.

The aim of thisintraspeciesstrategy was not onlyo quantify the cross
regulatory interactions of the compléeXTG1 network but also tocontribute toa
theoretical trichome patterningodel, which was developed by Anna Deneer from the
WageningenUniversity & ResearchThis modelcombines the activatonhibitor and
the activatordepletion modeknd comprises the core components TTG1, GL3, GL1,
CPC, and TRY(Balkunde et al., 2020 TG1 and GL3, as well as GL1 and GL3, form
dimeric activator complexes, activating TRY and CPC, respectively. In turn, the
inhibitors bind to GL3, thsi forming inactive complexeRecently, ETC1 was added
the model(Figure 17). It sharesredundant functions with CPC/TR{WVester et al.,
2009) and operatesas one possiblerepresentativefor the inhibitors to enable the
simulation of theepc trydouble mutantThe modeis based oparameterincludingthe
rates of basal production, activation, degradation, diffusion, and the binding strength of
the proteinsExperimentally obtained data were used to calibrate and improge the
parameter&nd strengthen the conclusivenebsgether with thismodeling approach,
thefollowing questions were address@dcontribute to the main objective: How robust
is the regulation of trichome density by thi&G1 network?This includes:a) Can the
genes be randomly regulated to generatefdinaliar trichome patternor are there
certain geneshatare more sensitivehan others? If so, b) which one would crash the
trichome phenotype geverelyup- or downregulated? Qto put it another waywhich
criteria must be fulfilled for a propeoperatingnetwork? c¢) Can changes in the

expressiorbe mimicked, e.g. by overexpssion lines?
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Figure 17: Interaction scheme of the trichome patterning networkGL3 binds either td TG1 or GL1, resulting

in active complexes (AC). They activate TRY, CPC, or ETC1, forming inactive complexes (IC). Dashed
indicate mobility. (Modification from Anna Deneer based on her figure in Balkunde et al., 2020.)

In order to map the processes during trichome patternibgsisas possible, tiny
trichomedeveloping rosette leaves of 2800um length were harvested. Due to t
juvenile leaf shape and altered trichome initiation of the first two true leave
A.thaliana(Park et al., 2017; Telfer et al., 9B), sample collection started from rose
leaf three after phase transition and is illustratefigure 18. Root and hypocotyl, a:
well as the cotyledons and thest two rosette leaves, were removed gain leaf

material with orgoing trichome initiation and formation.

Figure 18: Dissectionscheme of Arabidopsisplants. Cotyledons and the first two true leaves were removed (
bars),as well as root and hypocotyl, to harvest tiny leaves witgaing trichome development.
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Some premises were set to obtain conclusive examination results of the
extensive expression approadrhe fold changes were calculated based on the gene
expresions of each individuaAhrabidopsis mutant compared ttoe Col-0 wildtype.To
exclude slight differences in gene expressions due to natural variations, only values
passing a Zold threshold were consideretheaning that the expression of a certain
gene is either halved or doubled in the mutant compared to the wildtype refdeisce.
cut-off approximatelyreflectsthe deviation of théwo used reference genes upon all
experiments.In the attemptto transferthe gene expressions to known trichome
phenotypes, it is assumed that RNA level equals protein concentr@iaphs and
tables comprising the complete datawih andwithout the ait-off can be found in the
appendix Figure 9.0; Figure 91; Table %; Table §). The pression of a gene in its
correspondingmutant was noconsidered andvas mar ked by an fAx0

Genes, which were not detectable due to their low expressionputergo backets

Gene expression in GOl wildtype

First, the transcriptional expression resultsvere analyzedfor all 15 investigated
trichome patterning genas the Arabidopsis Ced wildtype. The expression datesere
normalized to two reference genasd adjustedto the highest value to simplify the
comparison.The bars inFigure 19 depict the relative expression e&chindividual
gene

Strikingly, TTGL is by far the highest expressed geiibe difference to the
seconehighest gene might be surprising, but not the finding that it is generally highly
expressed asTG1lregulates five different traitsnierestingly,it is followed by TCL2,
an inhibitorthat receive little attention.Here, the inhibitorsCPC or TRYwould have
been expecteds they are believed to play important roles in pattern formation due to
their mutant trichome phenotyp&L2, known to be expregd during trichome
outgrowth (Rerie et al., 1994)was the thirehighestexpressed genémong the key
componentsGL1, its homologMYB23 and CPC were expressed in a similar range.
Interestingly, GLIJEGL3 essential fobuilding the trimericMBW activator complex
and thedimerswith GL1 or TTG] were only lovly expressedTRY, the other most
prominent inhibitor, was only half as much expresse@GRS. ETClandETC3showed
a comparable expressiom CPC, whereaETC2was almoshonexistent suggesting a

minor role.
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Figure 19: Transcriptional patterning gene expression inA. thaliana Col-O wildtype. Depicted are the relative
expressions of 15 patterning genes normalized to the highest value.

Activators
First, transcriptional gene regulation wasstudied among the activatorsThe
corresponding results are depictedrigure20. Comparisons to the trichome phenotype
refer toTable .

Looking at the key components, the extreme downregulatio¥B823in the
glabrousgll mutantwas striking suggesting a strong dependencyMdfB23on GL1
expression(both MYB factors) As MYB23was also moderateto stronglyreducedn
thegl2 andttgl mutans - both exhibiting an almost glabrous phenotype with only a few
trichomes on the leaf margh suggested thahe MYB23 activaton is abolishedn
glabrous mutantdn contrastthe expressions @L1, GL2, andTTG1lwereunchanged
in themyb23mutant Since the other activators were also not affected, this may explain
the wildtypelike trichome phenotype ohyb23 The same explanation mapplyto the
gl3 mutant. The transcriginal expression revealed a slight decreadg for MYB23
which might be compensated by its homofdlgl, leading toa trichome pattersimilar
to ColO0.

The WD40 factoiTTG1turned out to be a stable and robkesy player as none
of the activator mutastinfluenced its expressipnot even th entirely trichomdree
mutantgl3 egl3or gl1 myb3. In contrast, theétgl mutant causethe downregulation of
many genes, including the activato®&lL1l, GL3, and MYB23 This prevented the
formation of the activator complexwhich in turn reducel GL2 and TTG2
Conseajuently, key inhibitors such aSPCandTRY, but alscETClwere downregulated.
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However,ETC2 and TCL2 were upregulated-=or ETC2 it has to be considered that
being very lowly expressed in wildtype, already minor differences caused high fold
changes and, therefore, a-1ofd reduction ofETC2connoted an absence of that gene.

Next, the less prominent activators were analyEe@lusively, the loss of TG2
(WRKY transcription factor)causedthe upregulation of an activatoMYB23 and an
increased expression of the inhibit6fC1, whereasCPCandTRYwere reducedSince
not many genegespond to the loss @fTG2 the reduced trichome density and defects
in branching(Figure16) in thesemutants appear to be due to the absendd G2itself
or are regulated on the protein leviel contrast, lie loss of intvidual activators often
affected theTTG2 expression. Moderate reductions were foundly egl3, ttgl, gl1
myb23 andmycl egl3nutants, and TG2expressiorwasabsenin thegl3 egl3double
mutant. The absence afieitherinhibitor causedany changesn the TTG2 expression.
That is interesting a¥TG2is assigned to share redundant functions W@tt?, butin
contrast taGL2, TTG2did not respond to the loss of any inhibitor

In the following, particularfeatures of the activateare described. As expied,
the homeodomairtranscription factoGL2 was downregulated in the glabrous mutants
gl1, gl1 myb23gl3 egl3 andttgl. Less expected was the finding that the los&b2
influencedboth, activatorsandinhibitors. Whereas all affected activat¢@_1, MYB23
TTG2 were negatively regulated, some inhibitevere down (CPC, TRY, ETCJ) or
upregulated(ETC2 TCLY2). This suggestthat GL2 cannot be considered am
exclusive downstreamgene of the network, but its function is relevant fdine
expressiorof most patterning gengand it contributes actively to the crasgulatory
interactions In gl2 mutants first trichomes are initiateut do not develop properly.
This could bebecausesome activatorsGL3, EGL3 TTGJ) arenot affectedand some
inhibitorsare upregulated.

BesidesMYB23 none of the genes primarily contributing to the activator
complex was upregulated inyamhibitor single mutant. This may indicate that the
inhibitors work in concento represshe activatorand thathe loss of one represscan
be compensated by others or that their regulation takes place on the protein level.

MYC1lseems to represent an exception among the activators. Although, as far as
it is known, the absence d¥1YC1 does not appear to be compated by other
activators, thenyclmutant caused only a slight decrease in the expressiBh3énd a
moderately altered regulation of three inhibitorsETC2 ETC3 and TCLI).
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Furthermorenone of theactivator mutants and only strong double mutants siS¢h3
egl3or gl1 myb23nfluenced theViY Cltranscriptional expression level.
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Figure 20: Transcriptional expression analysis of the activators inA. thaliana mutants. Depicted are the be
plots with the relative expression changes compared td @oldtype and the corresponding fold changesn a
2-fold cutoff ordered by mutants (A) or genes (B). Expression differences less tharfdltetBreshold lead tc
empty fields.Upregulations are indicated in green, downregulations in red; the darker the color, the strot
regulation. Individal gene expressions in the corresponding mutant background were not considered
indicated by an x. Values of unexpressed genes are bracketed.
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Inhibitors
In the followingsection, the transcripti@hexpression of the inhibitors was analyzed.
All graphs andvalues can be found iRigure 21 and comparisons to the trichome
phenotype refer tdable $.

CPC and TRY representthe key players among tHR3MYB inhibitors. As,
expected, bth inhibitors were often downregulated in the absenceheir activators
Interestingly, the expression 6PC or TRYwas moderately reduced but not abolished
in glabrous mutants such gl or ttgl, indicating other sources for their activation
besides propér formedactivator complexedNhile CPC expressiorwas not alterech
gl3 andegl3single mutantsit was strongly reduced itne gl3 egl3double mutant. Less
severe, thigffectwas also found foFRY.

In contrast, the absence of eith€PC or TRY caused fewer »@ression
alterations among the patterning gengsdependency oCPC by TRY, but not vice
versa, was indicatelly the upregulation oCPC in try mutants Moreover the GL2,
MYB23 andETC2expressioawereincreased irry. As the try mutantexhibitsfewer
trichomes, the increased activator expressionsGbR and MYB23 seem to be
compensated byeducingGL3 and MYC1 Generally, the absence 6fPC caused no
differential regulations of any patterning genes, neither activators nor inhihitdhss
was ineresting agpcmutants develop a higher trichome density.

Next, the other five inhibitors were investigated in more deEdIlC2represents
a particularcase among the inhibitors. It is differentially expressednany mutant
backgrounds and, strikingly, often upregulated when other inhibitors were
downregulated. TheETC2 reduction inetcl and etc3 was so substantiahat the
expression was completely abolishé@tiis dependency was not detected the other way
around indicating a divergenfunctionality of ETC2in contrast ttETC1andETC3 The
loss of ETC2 had no consequences on any other trichome patterning gene kither.
contrast to that and the expression of all other inhibitor-T@2expression was often
increagd in the absence of one or two activators. Howet/ags to be considered that
ETC2 was very lovy expressed in the G@l referencebackground, so that even a
5-fold increase in an individual mutant still results in low copy numbers.

The loss ofTCL1 caused alrast no changes ithe transcriptional expressi®of
other patterning genes, despite a slight upregulatidiRdf However, this repression of
TCL1 on the key inhibitorTRY is interesting as it was the only inhibitor mutant

affecting theTRYgene expressioue to the stable expression of the patterning genes
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and the wildtypdike trichome pattern irtcll mutants, its loss suggests no drastic
effects on the entire networln contrastthe TCL1 expression was influenced by some
activators.The myb23 mycl andttg2 single mutantsas well as theyl3 egl3double
mutant showeda slight downregulation, whereas the absenc&lo? resulted in a
comparable increasd# TCL1expressionThereby TCL1was similarly affected as other
inhibitors. Interestingly, the loss of CL2 caused a reduction dfCL1, whereas the
TCL2 expression was not altered in thell mutant, indicating aunidirectional
dependency ofCL1onTCL2

Two notable characteristics among the inhibitors were found. Besithes
unexpected influence dhe homeodomairtranscription factoiGL2 on the activators,
also the regulation of all inhibitors was changadthe absence oGL2 Here the
extreme downregulation &TC3was striking,which ledto no detectablexpression.
This suggests a direct dependenéyGL2 on ETC3within the networkMoreover, the
transcriptional reduction o&L3 in the try, etc3 andtcl2 mutants suggests a positive

feedback loop of these inhibitors on the activator.

Double mutants

This chapterdeals with the analysis of sevemuble mutantsTogether with their
corresponding single mutantdiely representmaexcellenttool to uncover redundant
genes and gain more insights into their overlapping functionghe following, two
groups of double mutants, established andesialished, are described.

Here thepopular andrequently used double mutants of the key components of
the patterning network were examinedmelygl3 egl3 gll myb23 andcpc try. The
correspondingpar plot and thdold changs are depicted ifigure22. Comparisons to

the trichome phenotype referTable $.

gl3 egl3

Both gI3 andegl3 single mutants causedmost no differential regulatigmncluding no
mutual control and therefore no diredtierarchicaldependency on each othdris
explains the wildtypdike regular trichome distribution on Arabidopsis rosette leaves.
The absence dbL3 reduced théVYB23expression, the loss &GL3influencedTTG2
negatively andeTC2positively. However, thgl3 egl3double mutant revealed &eng
additive effecthighlighting the considerabldunctional redundancy of these gersesl
indicating thebHLH factor GL3 and its homologeGL3 as essential for the activator
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complex formation. Due to their loss, also the activation of the inhibitabakshed,
leading tomoderateto extreme downregulatioon the activator as well as on the
inhibitor side. Only TTG1 and TCL2 were unaffectedand ETC2 was enhanced
compared to Cel. Genes such a6L2, TTG2 MYB23 andETC1 were so strongly
reduced thatheir expressios were almost undetectable and probably exdino
biological relevance for the network in tlgg3 egl3 double mutant.Together this
resulted in a completely glabrous phenotyjmgerestingly, the reductions were even
more severe than iother glabrous mutants such &s gll or ttgl, suggesting a
fundamental role foGL¥EGL3during the transcriptional interactians

In additionto the single mutants, also td.1/MYB23andCPCTRYhomologs
were partly tremendously reduced, indicating medt relationship between the key
components. Based on the strong additive effects and the -cwmpensable
consequences for the patterning syst&3¥EGL3 could be consideredsa functional
unit andis thus combineah further theoretical approaches.

gll myb23
A differentpicture emergeffom the analysis of thgll myb23double mutantA direct
dependency between theo participatingMYB factors was found.While the GL1
expression was unaffected in tmgyb23mutant,MYB23was strongly reduced in thgl
background. Thust can be assumed th@l_1 activates MYB23expressionbut not vice
versa.

In contrast taGLIEGL3 GL1 andMYB23arelessredundant. A decrease of the
TRYexpression in thgll andmyb23single mutants was compensatedl unaffecteith
the corresponding double mutamitowever, the transcriptional expressoof many
genes of the trichome patterning system were not altered in the single mutants but
moderately to strongly reduced igll myb23 double mutarg highlighting the
redundantfunction of the two MYB homologs. Therefore, GLY/MYB23 was also
consideredas one functional unitn follow-up experimentsSince thegll mutant
already produces glabrous leaves, the same phenotype was not unexpectedlior the
myb23double mutant with ean more downregulated activators and inhibitors. The
decreasein expressioawerelesssubstantiathanin thegl3 egl3double mutantiue to
either a lower additive effect or the already glabrous phenotype iglthenutant.
Again, ETC2 represented an egption, being upregulated in the double mutant but

reduced irbothsingle mutants.
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When lookingat the reducedGL3 and EGL3 expression, a positive feedback
loop was identified. Just as they activatell and MYB23 the latter promote GL3
and EGL3 expression.This selfactivating step may harbor an enormous biological
relevance as activators require a-sglhancindoopto break the initial homogeneity of

the cells and to start the trichome patterning process.

cpc try
Next, thefascinatingcpc ry double mutant with its large trichome clusters was studied
on the transcriptional levelSince thetry single mutant exhibitéewer trichomesbut a
higher cluster frequencgndcpc mutantshavemore trichomes buto clugers, additive
as well adivergentfunctions were expectedlthough the loss oCPC did not affect
other genes, the differential regulation of the patterning genes inpthéry double
mutant could not only be explained by timepact of TRY alone This suggestedn
additive andredundant effect of both inhibitorkooking at the two genes revealexd
unidirectional relationship betwedhem Whereas the loss @PC did not influence
TRY, the transcriptional gene expression ©PC was enhanced irtry mutants,
interestinglyindicating that TRY represseCPC in wildtype, but not vice versaThe
increased expression @PC and ETC2 as well as the reducedL3 expressionmay
explain the lower trichome density thetry mutant.

As expected for a scenanmissing two important inhibitors, an increased gene
expression among the activators was fouridl andMYB23were upregulated upon the
loss of CPUTRY. Interestingly,the absence of RY caused downregulation @&L3,
meaning that the inhibitoFRY promoted- and not repressedthe expression of the
activatorGL3 in wildtype. However, this effect was not detectable indbe trydouble
mutant underining the diverse functions of both genétowever the activation of
GL1Y/MYB23 could also contribute to thanaffectedGL3 expression in thepc try
double mutars. The upregulatedGLYMYB23 expression may also explain the
increased expression of the inhibiteTC1 underining the importance of adding
another inhibitor when modeling tle@c trydouble mutantinterestingly, the otherwise
unaffectedTTG1 gene expression reached thdéoRl threshold in thecpc try double

mutant.
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Figure 22: Transcriptional expression analysis oprominent double mutants in A. thaliana. Depicted isthe bar
plot with the relative expression changes compared teOGuldtype and the corresponding fold changes upc
2-fold cutoff. Expression differences less than thdold threshold lead to empty field&Jpregulations are
highlighted in green, dowegulations in red; the darker the color, the stronger the regulation. Individual
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unexpressed genes are bracketed.

In the following the less establishd double mutants mycl egl3 etcl etc3 and
etc3try - were analyzedFigure 23 representghe corresponding relative expression

levels andfold changs.

mycl egl3
First, the transcriptional crosggulationin the mycl egl3double mutant andheir
single mutantsvas investigated.There was aither an effect onEGL3 in the mycl
background, noon MYC1in egl3 mutants, revealing no direct functional dependency
of these twobHLH activators.Generally, the single as well as the double mutants

alteredthe expressions aily a few of the different trichome patterning genes.
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Strikingly, only the ETC2 expression was upregulateslightly higher in the
mycl egl3double mutant tham the individual single mutants. Howevethje tothe
very low expression oETC2 and its exceptioal role,it is difficult to speak of an
additive or redundant functiorBesideseTC2 none of the other inhibitors were
increased, bUETC3andTCL1were downregulated, which could explain the decreased
trichome densityOn the activator side, onl@L3 was reduced, and other activators
were unaffectedTTG2 was reduced in thegl3 single and themycl egl3double
mutants, which was surprising as it was otherwise only downregulated in glabrous
mutants.

Interestingly, &#hough fewer trichomes emerga myclmutants, onlyGL3 was
reduced and other activators were unaffectdm.finding that the most genes waret
alteredin this mutant and the system was not buffered by another bHLH, asybe
egl3double mutant revealedypports the idea thtYCLlis na a classical activatdout
has a different mechanistic purpose within the patterning network

etcl etc3
Next, the two ETC mutantstcl and etc3 were analyzed in more detaETC1
expression was nahanged in thetc3backgroundandvice versaindicating that both
genes doot regulate one anothen the transcriptional levelGenerally, only three
patterning genes were affected by the loss of the geBe3, MYB23 and ETC2.
Interestingly, both single mutants caused a drastic decrease Bif @2 expression,
leading to the absence of that gemal indicating a positive regulation of bd#TC1
andETC3on ETC2 However, an additive effect was not found in étel etc3double
mutant buta wildtypelike expression levelLooking at the trichome henotypes, an
additive effect was indeed observed. Both single mutants showed an increase in
trichome density, which was even higher in the corresponding double mutent.
enhanced trichome numbeas only reflected by upregulation EfYB23in the double
and theetc3single mutant. The latteactuallyrevealed a decrease @L3 expression
suggesting thaETC3 activatesGL3 but represse81YB23in wildtype. Together, the
results indicated no functional redundancyediC1andETC3beyond the set threshold

Another interesting point is that althc
triptychon an @RYnoaGPCweceaenfuenced & ithetdiler etc3single
mutant or the corresponding double mutaitus, enhancemerttoes notappearto

occurat the transcriptional level.
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etc3 try
Last, the transcriptional crosegulation ofETC3and TRY werestudied ineachsingle
and the corresponding double mutarmigain, both genes did not regulate each other
since theTRY expression was unchanged in #te3mutant and vice vers&enerally,
the absence of the genes influenced few other patterning genes and revesitedgio
redundancy.Interestingly, most gene regulations were slightly weakethe double
mutantthan inthe try single mutant, althougBTC3is declared to enhandeRrY. Only
the GL1 expressionwas increased in the double mutant but unaffected in the
corresponding single mutantadicating an overlapping function.

The increasedViYB23expression in the single arnlde double mutant indicates
that the R3MYB inhibitors ETC3 and TRY repressMYB23in the wildtype situation
fitting the common opiniorthat they inhibitone of the activators with which they
compete for binding to the bHLH factor. The same result was found foGlte

expressionas it was upregulated in tleéc3 tryandcpc trydouble mutard
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Figure 23: Transcriptional expression analysis oSubordinated double mutans in A. thaliana. Depicted is the

bar plot with the relative expression changes compared t® @ilbtype and the corresponding fold changes upor
2-fold cutoff. Expression differencesess than the -fold threshold lead to empty fielddJpregulations are

highlighted in green, downregulations in red; the darker the color, the stronger the regulation. Individua
expressions in the corresponding mutant background were not consideretteaindicated by an x. Values o
unexpressed genes are bracketed.
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Summary of transcriptional expressionAnthalianaand its mutants

This section shortly summarizes the key results of the intensitraspecies
transcriptional expression studyAmabidopsis thalianand 21 mutantsAn interaction
scheme was worked quillustrating the mutual positive or negtive regulatory
influences of the core componenigure24). Although many indications claim a third
inhibitor, none can be clearly named on the $asi the conducted transcriptional
analysis. Therefore, the scheiseestricted tdhe inhibitorsCPC and TRY. The entire
networkinteraction schemean be found in the appendiigure 3.2).

TTG1lwas by far the highest expressed gene in@dt was very stable and
robust in all mutant backgroundsjtregulated many other genes.

GL2 cannot be considered a pure downstreane gérthe network. The effects
on aher patterning genesactivators and inhibitorsin thegl2 mutant suggest an active
function in the crossegulatory machinery.

GLIEGL3 and GLY/MYB23 can be considereds functional unis. A mutual
activation loop wa detected a&LIEGL3 activates GLI/MYB23and vice versa. This
positive feedback loop isssentialto pass the activation threshold and estaltlish
trichome pattering machinery.The most and strongest expression reductions were
found in thegl3 egl3double mutant, suggesting a fundamental rol&b%EGL3 GL3
expression was downregulated in the mutantsypetc3 andtcl2, indicating a positive
influence of these inhibitors dBL3.

The loss ofMYC1 was not compensated by another bHLH factod the
analysis revealed no redundant function. Together with the generally low impact on the
patterning geneddYClis likely an activator with ainiquepurpose in the system.

Interestingly, the inhibitomRY repressedhe inhibitorCPC, but not vice ve.

Both genes showed redundant and divergent functidhsnvestigated genes were
unaffected upon the loss 6PC.

ETC2was by far the lowest expressed gene and revealed no impact on other
patterning genedts expression was absentiariousArabidopss mutants.

TCL2promotes the expression B€L1, but not vice versa.
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Figure 24: Crossregulatory interaction scheme of the core components. lllustrated are the interaction
dependencies based on the transcriptiemptession profileipon a 2fold cutoff. Activators are indicated in green,
inhibitors in red. Orange ellipses contain functional ui@snge lines refer to functional units, black lines to single
genes. Promoting regulations are marked by arrowhegigssing regulations by blunt ends.

3.6. Trichome patterning in different Brassicaceae
Although the richome patterning networkonsists of 15 genes, different trichome
phenotypes caalreadybe explained by far fewer genes. To identify the relevant core
componentsa comparativenterspecieapproach was choséo analyzethe patterning
genes inA.thaliana A.alpina, and C. hirsuta The known activator and inhibitor
complexes of Arabidopsisvere in the focus ofthis studyto answer whether the
involved genes exhibit similar expression levalall three species

Most of theTTG1 network genesare already annotated & alpina. No gene
ortholog was so far identified fokaeETC2and AaTCL1 Here, a BLAST search was
performed with theé\. thalianasequence against tide alpinagenome. The intron/exon
structure was rebuilt based on Arabidopsasid primer pairs were subsequently
designed antkested

The A.thaliana CDS of the patterning genes was utilized to employ a BLAST
search within theC. hirsuta genome. The most promising hit was verifleglsynteny
and primer pairs were designed according to the intron/exon annotations. Short
annotations were found fo€hTCL1L and ChTCLZ but the fragments could not be

amplified.
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All core components and most of the other patterning genes are present in the
three speciesand rosette leaves produce a redulatistributed trichome pattern.
However,a previous work revealedifferences in trichome density and first functional
diversifications; i.e.in Arabidopsis simultaneousnutations inAtGL3 and AtEGL3are
required to obtain glabrous leaves, wherfagl3 is sufficient to generate the same
phenotypgChopra et al., 2019)lrichome phenotypes in Cardamine were so ¢arim
the focus of research, but may be interestingCasirsuta is more closelyrelated to
A.thalianathanA. alpina (Koch et al., 2001)

To enable aroptimal comparison ofrichome formation and its underlying
crossregulations in the three Brassicaceae, a comparable leaf development stage has to
be selected As in A.thaliana rosette leaves OA.alpina and C. hirsuta can be
classified as juvenile aadult In A.alpina, juvenile leaves are characterized by small
and simple leaves with smooth margins, and roundish bl&#ek et al., 2017Based
on this morphology, leaf threavas chosen ashe first adult leaf in Arabisin
Cardamine, leaves one to three exhibit a more rounded terminal leaflet and less than
four leaflets (Cartolano et al., 2015)announcing them as juvenile. Therefore,
Cardamineleaves were considered adtridom leaf number fourand taken for further

experimental work.

3.6.1. Comparison of richome density in Brassicaceae

At first glance, trichome distribution might appear simitaA. thaliana A. alpina, and

C. hirsutamature leavesTaking a closer look, differencégtween the species become
apparent. To compare the three Brassicaceae, trichome density was determined on
mature leavesAgain, censity was determinetfom the quotient othe area bythe
trichome numberThe juvenileto-adult phase transition occutater in Cardamine.
Therefore, leafour was analyzed instead lefaf three as in Arabidopsis and Arabiss

all species exhibit their individual generation timamples were taken after leaf growth
wascompletedIn contrast to the other two speci€ardamne forms compound leaves
andinitial experimentgevealed that the terminal leaflet is the best to study trichome
patterrs. Due toits large size, a square, which was comparable tddiadleaf size of
A.thalianaleaves, placed in the same regioreathterminal leafletwas investigated

A smaler square was chosen fAr alpina, to ensure a feasible counting of the dense

growing trichomegFigure25).
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Arabidopsis thaliana Arabis alpina Cardamine hirsuta

Figure 25. Schematic illustration of trichome counting areas on rosette leavedepicted are leaves fol
A.thaliana, A.alpina, andC. hirsuta Red borders mark counting regions; entire leafAothaliana, 25mn? for
A. alpina, and 100mnr for C. hirsuta

Interestingly, C. hirsuta leaves exhibit less than hadf the trichomes on the
blade thanrA. thaliana (Table 14). However, as expectettichome density in Arabis
much higher than in the other two species; approxfddhigher as in Arabidopsend
even 8fold as in Cardamine

Table 14: L eaf area, trichome number and density of three Brassicaceaé-or A. thalianaandA. alpina leaf three
wasanalyzed for C. hirsutaleaf four Mean values and standard deviation are givereforeplicates each.

Area [mnf] Trichome number Density

[Trichomes / mrf|
Arabidopsis 93.2 + 15.8 88.¢+ 114 1.+ 0.1
Arabis 25.+ 0.0 82.¢ + 134 3.4+ 0.6
Cardamine 100.C+ 0.0 41.¢+ 6.3 04+0.1

3.6.2. Patterning gene expression in different Brassicaceae

This chapterdeals withthe transcriptional regulation of patterning genes in different
Brassicaceae. The expression vaslyzedin the wildtype accessions.thaliana
Col-0, A. alpina Pajares, an@. hirsutaOx.
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It is challengingto compare expression levels in different species. Despite the
sequence similarity of the patterning genes, different primers were required to perform
the experimentsand the results had to be normalized to different reference genes.
Therefore, the expssion values cannot be directly correlated with each other. To
overcome this issue, each species was normalized to the samdofjened by the
comparison othe obtainedratios.Here,GL3 was choseras reference gene becaude
its position aghe cental and connecting element within the MBW activator complex
Consequently, ray ratio changes of the other patterning genes should occur with respect
to GL3.

The analysis of théran<riptional regulation in Arabidopsis and its mutants
revealed a strong ddive effect and redundant function i3 andits homologeGL3
(Chapter3.5.2. The same result was found fthe homologous geneSLIY/MYB23
albeit less severe. To take thigo account, the interspecies approach \mally
conducted by studying the gene expressiahos relative to the combination of
GL3IEGL3 instead of jusGL3. The theoretical modeling approach supports the idea of
combining the redundant homolog&nfia Deneerpersonh communication), ashe
relative expressions obtained from the qPCR experimerttsefihodel much better and
reducethe overall errgrsuggesting compensatory effects

In contrast toA.thaliana only some studies exist fa&k. alpina regarding the
trichome phenotypes in défent mutant backgrounds. @ hirsuta, nothing is known,
limiting the conclusions of this comparative analysis. Thereftine, comparison
between the species concentrates on the expressionastaftshe normalization tthe
functional unitGL3/EGL3 eg.,from an increased to a decreased regulation

To begin with, the relative expression difference&b8 andEGL3 between the
three species were studié@gigure 26A). In Arabidopsis,EGL3 expressionwas higher
thanGL3. This enhanced expression AMEGL3andthe largely overlapping functions
of the corresponding proteins were the conceptual basis tadeorisoth genes as
functional unit. Remarkably2GL3 was lower expressedn Arabis and similarlyin
Cardaminecompared tdGL3. On the one handhé lowerAaEGL3expressiorsupports
lessrelevanceof the corresponding protefar the networksincealreadyAagl3 mutants
show the same glabrous phenotygmeAtgl3 Ategl3doubled mutarst (Chopra et al.,
2019) On the other handthe combination oAaGL3AaEGL3was required for the
developed mathematical trichome pattegnmodel, suggesting a relevant role for the

network despite the lower expressmmaEGL3and the noradditivephenotypgAnna
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Gl3=1 M Arabidopsis = Arabis ™ Cardamine
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Figure 26: Comparative patterning gene expression in three BrassicaceaBepictedare the relative expressions
and fold changes of 15 patterning gened\ithaliana (blue), A. alpina (green), andC. hirsuta (red) normalized to
GL3 (A) or GLIEGL3 (B). Regulations higher than the reference are highlighted in green, lower regulations ir
the darker the color, the stronger the expression. Pink borders indicate regulatory switches towards a de
expression upoBLIEGL3combnation.

Deneer, personal communicat)ofihe similarChGL3andChEGL3transcription levels
indicate a balance between both genes and do not exclude a potential consideration of
ChGL3ChEGL3as one functional unit.

When consideringGL3/EGL3 a functional unit, particularly the regulatory
switches from an increased to a decreased expression are of .itenesig all three
species only a few shifts occurred, suggestiggreerdly stable expression scherard
further supporting the idea of the combirgshsideration oGLIEGL3 (Figure26B).
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In Arabidopsis, switches from increased to decreased expressaomredin
MYCL1 TRY, and TCL1 This is interesting, as previous experiments suggest that
AtMYClis not a classical activator but rather a stabilizing fag&erhaps, les&tMYC1
in the system is sufficient to fulfill its stabilization purpo3&RY switched from an
enhanced to a reduced regulation, while the expression of the other key inpdor
remained upregulated, indicating a more dominant rol@Rf compared ta' RYwithin
the system. This is particulgrinteresting, as the intraspeciesabsis (Chapter3.5.2)
revealed a negative influence ®RY on CPC. The downregulation oTRY upon the
GL3IEGL3 combination may compensate this regoig effect. Likewise, the reduced
TCL1lexpression may be balanced by the highly expres€a@ gene.

In Arabis, exclusively TTG2 switchedregulatory directionalityHowever, the
difference was slight and may just be a consequence of re@i&ekpression, as long
asthe known overlapping functions of these genes from Arabid¢petsnson et al.,
2002) also apply for Arabis Furthermore, it is worth noting tha€PC was less
expressed thafRY, the opposite té\rabidopsis, suggesting an exchanged relevance for
the Arabis network.

In CardamineGL2, andETC1were shifted to a reduced expressi®his may
indicate a lower relevance of these genes within the system. However, bEBGEES
GL3IEGL3were the highdsexpressed genes among all Cardamine trichome patterning
genes. Consequently, all other genes were reduced when normaliZdd/EeGL3
relativizing the significance oflownregulationin this speciesAs in Arabis, ChCPC
had aminor role tharChTRY again suggestingshiftedimportanceor regulation othe
core componentompared to ArabidopsiSurprisingly, GL1 was strongly reducedin
Cardamine raisng the question of whether @nother here natxamined gene
compensates itor whether theCardanne network is fundamentally differently
organized and regulated.

Finally, also GLY/MYB23 were considered as a functional unit, due toirthe
partial redundancy in ArabidopsiShe obtained expression ratidsased on the
GL3IEGL3 normalization weresupplenentedby GL1/MYB23 As a result, all other
genes were unaffectednd only thendividual GL1 andMYB23gene expressions were
compared to th&L1/MYB23combination(Figure 27). Generally, the same regulatory
tendencies were found among all species.Arabidopsisand Arabis, already the
individual genes showed an increased expression compared@L¥EGL3 The

GL1Y/MYB23 combination enhanced this effecthat is interesting, as a positive
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feedback loop was elucidated between both pairs in ArabiddpsiSardaminethe
individual expressions o6L1 and MYB23 were reduced. The combination of both
compensated this regiion Nevertheless GLYMYB23 were less expressed than
GL3EGL3 However, it has to be mentioned that the drastically red@te8lL1 level

was buffered by the combination &hGL3ChEGL3 demonstrating a potential
compensator o€hGL1 Taken together,wkto the synchroous regulatiorof GL1 and
MYB23in all speciesredundancy or the formation of a functional unit cannot be ruled
out either in Arabis or in CardaminParticularly, the strong compensatory effect of
ChGL1 by ChMYB23suppors the idea of thei consolidation for a proper acting

network.

GL3/EGL3 =1 M Arabidopsis = Arabis M Cardamine
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Figure 27: Comparative patterning gene expression combining functional unitsDepicted are the relative
expressions and fold changes of 15 patterning gendésthaliana (blue), A. alpina (green), andC. hirsuta (red)
normalized tadGLIEGL3 GL1andMYB23are shown separately or combined. Regulations higher than the refe
are highlighted in green, lower regulations in red, the darker the color, the stronger the expression.

3.6.3. Comparison of gene expression irAtgl2 and Aagl2 mutants

The previously described comparison of the patterning gene expressions in related
species (ChapteB.6.2, represented first attempt to elucidatthe evolution of the
conservedTTG1 network. However, conclusions are limitesince trichome mutant
phenotypes are rarely characterire@ny Brassicaced®esides Arabidopsis, preventing

the correlaton of gene expression and phenotyda partially close ths gap and
providesome further insightshé gene expression of AralfAsgl2wascompared to the

Atgl2 mutant
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The wildtype trichome phenotype iA. alpina is characterized by small and
large trichomes. IrAagl2 the large trichomes are unaffected, but the small ones are
underdevelopedChopra et al., 2019)n contrastthe AtGL2 mutation inA. thaliana
causegylabrous leaves, besides occasiam@homes at leaf marginwhich are partially
underdevelopedrigure16).

Here, the transcriptional expressionere compared betweeAtgl2 and Aagl2
mutants, normalized tdheir corresponding wildtype Higure 28). Strikingly, the
comparison revealed strong differendasmost genes. The gene expressions were
mainly reduced in Aabidopsisputincreased in ArabisAtgl2 revealed mainly slight to
moderate reductions, besides @ty downregulatiomf AtIMYB23and absenAtETC3
expression Arabis showed moderate to strong enhancements. ParticidaByGL3
AaETC1l AaETC2 AaTCLl1 and AaTCL2 were drascally increased, suggesting
repression of these genesAgGL2in the wildtype situation. Interestinglgn increase
was also found for the activatofGL3IAaEGL3and AaGLYAaMYB23 indicating a
negative regulation bfxaGL2in wildtype.

Both species revealed an increased gene expressie@LB ETC2 TCL1, and
TCL2 However, the upregulation was always much higher in Arabis. Ohyland
TRYhad a negative tendency in both Brassicacaae weraegulatedat a similar level.
Interestingly,AaTRYwas the only inhibitor that was decreased upa®L2 mutaion
and,behaved differently thaAaCPGC suggesting a diverse regulation of these putative

key inhibitors.
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Figure 28 Comparison of gene expressions im\tgl2 and Aagl2. Depictedare the relative expressions and folc
changes of 14 patterning genedAirthaliana (blue), andA. alpina (green) normalized tis corresponding wildtype.
Upregulations are highlighted in green, downregulations in red; the darker the color, the stronger the regulatic
value of an unexpressed gene is bracketed.
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It applies for both species thdiet absence dbL2 caused manghanges in the
gene expressions, albéit different directionsAtgl2 showeddownregulations of most
genes,Aagl2 upregulations. Thisndicates thalGL2 hasan essentialfunction in both
species but acwifferently. These results indicate thatndar to AtGL2, AaGL2cannot
be considered a pure downstream gene of the netasrkcrossinteracts with many
other patterning genes.

3.6.4. Synteny of GL1 in related Brassicaceae

As GL1is one central component tife trichome network, its relatively low expression

in the very young leaf material of Cardamine prompted to confirm the correct selection
of this gene. Th&L1 synteny ofA. thaliana A. alpina, andC. hirsutawas compiled,
using the first one as a refame. TheAtGL1 sequence was applied to BLAST against
the C. hirsuta CDS database. Around a dozen genesama downstream of the first
three highestanked hits were investigated by performing a BLAST search against
Arabidopsis. To underpin the outcomeeg throcedure was repeated for thaGL1
ortholog. Based on the developed synteny and gene annotations, the first three hits
could be identified as the MYB homologShGL1 (CARHR149430), ChMYB23
(CARHR261770), andChWER (CARHR198560; Figure 29). Thus the correct

sequence was used to stu@lyl expression irC. hirsuta

® gene present in three species . e s ® 0+ + AtGL1 . .+ e e
O gene present in two species . e s 80 +| AoGL1 . . ..
+ additional gene ® F + 4+ e e e + + ChGL1 AR IR R A I A A A I ]
o+ ++ + o+ o o o 0ol 0+ 00+ 0 AtMYB23 o0+ 000+ o oo o0
AaMYB23
=] + © o o |+ 000 oo o ChMYB23 |o o OO0+ +4+++++0000
oo + & e e 0 e 0O e s o s s *  AtWER * e 0 e+ e . ce e
e 8+ ++ + ++ 4+ 4+ 000 o+ + e o o o0 e+ e AgWER [+ @ e 0 e @ e + e+ ++ + + +0wle
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Figure 29: Synteny of GL1, MYB23, and WER in A. thaliana, A. alpina, and C. hirsuta. Each column represent
one gene locus. Filled circles display gene orthologs in all three species, empty circles in twoRlpeegsdicate
additional genes. Merged cells mean that two loci correspond to one gene.
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3.6.5. Expression of MYB homologs inmultiple tissues

Since ChGL1 expression w& low in developing leaves with egoing trichome
patterningtwo mainquestionsarose a) IsGL1 higherexpressed in other tissyesd b)
Do homologs compensate for it? A quantitative assay compesgene expression of
C. hirsuta GL1with its homologsMYB23and WERin whole seedling sampleshoot
and root, as well amature leavesandthose with orgoing trichomepatterning(tiny
leaves). The set was completed by investigatthaliana and A. alpina underthe
same conditionsHigure 30). All results were first normalizedpecieswise and then
related to the expression &L1 in tiny leaves to enable a comparison between the
different speciesSample integrity was confirmed by actin amplificati(stata not
shown)

Fitting previous studie&Kirik et al., 2001; Larkin et al., 1994AtGL1was not
expressed in rootbut replaced byAtWER AtGL1 was moderately expressed in
seedlings and shoots, whereagMYB23was strongly expressed in whole seedling
samples, shoots, and mature leavadlYB23in mature leavesvas similarly high as
AtWERIn roots, in seedlings anshoot samplegven higher This was particuldy
interesting a\tGL1was absent in mature leayssiggesting a developmental/temporal
activity of AtGL1in tiny leaves andAtMYB23in mature leaves. SurprisinglpAtWER
was also found in tiny leaves; indeed half as muclAt&l 1, bu clearly detectable,
opening newnechanistic windows.

A leaf agedependent effect was partially found in Arabis and Cardamine. As in
Arabidopsis,AaGL1 and ChGL1 were very wealy expressed or absent in mature
leaves but AaMYB23andChMYB23were found However in Arabis, the expression of
AaMYB23in mature leavesvas only half ashigh as of AaGL1 in tiny leaves, and
ChMYB23was similaly to slightly higher expressed in mature leaves tGaGL1in
tiny leaves.Generally andn contrast to the other MYB hwlogs,MYB23was present
in all tissues and species.

Surprisingly,GL1 was found in roots of Arabis and Cardamine. This was totally
unexpected and indicates a divergent gene function between Arabidopsis and the other
two BrassicaceadChGL1 expression was absent in the shoot sample, although it was
found in tiny leaves. This might be explainable by the small fraction of tiny leaves
within the entire shoot tissue.

ChWERwas strongly expressed in tiny leaves, even higher @rdviYB23and

ChGL1. Thisexplainsthe lowChGL1expression in the comparative wildtype approach
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with all patterning geneChapter3.6.2 and indicates a functionatplacement during
evolution. Whereas thatWERexpression was only high in rooShWERwas highly
expressed in roots and tiny leaves, indicating the lack of the Sgpme#fic diversity of
these homologs as in Arabidopsia. line, ChWERwas highly expessed in many
tissues, whileAtWERwas predominantly found in ragtand theAaWERexpression
wasuniquely detectable roots.

Comparing the three homologs, t6&GL1 expression wa generally low in all
examined plant tissgeThis raises the questioabout itsgeneraimpact m the trichome
network in Cardamine. Moreover, it seems tila@ MYB factors ChMYB23 and
particularly ChWERplay a major rolen the entire plant; the latter especialtlyyoung
leaves where trichome initiation and formation ifillsin progress The oppositewas
found for Arabis. Trere AaWERhas a minor role and walmost absent the whole
system, besides its strong function in rodisirprisindy, AaGL1 expession was
detected in roots, whil&tGL1 was completely absent irabidopsis. @nerally,the
transcriptional expression scheme of Arabidopsid Arabis are more comparable

each othethanto Cardamine.
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Figure 30: Quantitative expression analysis othree MYB homologs in different species andtissues.Depicted
are the relative expressions and fold changeSldf MYB23 andWERIn A.thaliana A. alpina, andC. hirsutain
seedlings (black), shoots (blue), roots (yellow), tiny leaves (green), and mature leaves (red) norm@&izéd
expression in tiny leaves. Upregulations are highlighted in green, downregulations in red; the darker the cc
stronger the regulation.
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4.  Discussion

The focus of thistudywas the comprehensive analysis of trichome patterning genes in
Arabidopsighaliana and two relatedBrassicaceaeThe investigated patterning genes
participatein the conservedantagonisticTTG1dependent network and arethe focus

of research for sevdraecades However,a detailed analysis of the cresgulatory
interactions of all genes rematheelusive. To close this gap, an extensive and
systematicexamination of 15 patterning genes in 21 mutants was conducted, extended
by a comparative approachtino related species.

It turned out that only &ew of the patterningienesare essential to generate a
regularly distributd trichome pattern on rosette leaves. These include the eponymous
geneTTG], whoseabsence causealabrous leaveseither GL3 or EGL3, due to their
high redundancy; and thactivator GL1, whose absence also causes glabrous leaves
Despite its overlapping function witBL1, MYB23is not essentialAlthough the loss of
the inhibitor CPC does not affect the expression of any other géregpc try double
mutant underlines thposition of both geness essential core components within the
network. However,the cpc try double mutant isnsufficient to initiate a trichome fate
from each epidermal cell. Therefore, an additional third inhibitor is needed to provide
the spacing informationETC1 is a plausible candidateor this functiondue to the
presumabyl higher similarityto CPCandTRY.

The following sections discuss the obtained results of this studyvgeeeand

provideoutlooksfor subsequent experimental research.

GL3/EGL3

Many previous studies claim GL3 and EGL®3 be functionally redundant proteins
within the trichome patterninghnachinery(Bernhardt et al., 2003; Morohashi et al.,
2007; Zhang et al., 2003However, the amount of affected genes and their strong
reductions in thegl3 egl3 double mutant were unexpected even other glabrous
mutants showed less severe downregulations. Therefof@l.JEGL3 should be
consideredne functional unit and assigtha fundamental role within the netwarkhis
essential property may beecauseGL3/EGL3 occupya central position inthe MBW
complex andareinvolved inboth possible dimer@Balkunde et al., 2010; Pesch et al.,

2015) Interestingly, his does not apply to other genesose mutants lead tglabrous
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phenotypes. The remaining activatansother glabrous mutantsay still enable the
activation of inhibitors, but less strongly than in wildtype.

The theoretical model from Anna Deneer supports the approacbngider
GL3EGL3 afunctional unit as,e.g., the obtained expression levels fit the model much
better whenAaGL3 and AaEGL3 are combined, leading to an improved parameter
search and a decreased overall etvtmreover, &houghAagl3alone causea glabrous
phenotype AaEGL3 seems to be requirefbr the model, suggesting compensatory
effects ofAaEGL3on AaGL3.

Exactly those genes identified as direct targets of G2, CPC, andETCZ
Morohashi et al., 20Q7TTG2 Ishida et al., 2007 were strongly reduced or even
undetectable in thgl3 egl3double mutantDue to the compensatory function G.3
and EGL3 thegl3 single mutant may not be sufficient to introduce such severe gene
expression reductions.

Interestingly,EGL3was higher expressed th&i3in Col-0 wildtype, although
the latter represents the more prominent gene. However, this result is in line with
previous worls (Bernhardt et al.,, 2003hang et al., 2003)Surprisingly, both genes
were relativey lowly expressedcompared to various othgratterning genes, despite
their essential roldn the MBW complex. A matter of timing may explainhts
apparently contradictory phenomendinseems that not a general seabkpression of
GL3/EGL3 is required for the MBW complex, but a defiredgression in a distinct
period of time. This hypothesis is supportsdprevious DEXinduced GL3 and EGL3
expressions, which revealhdas sufficient to activate trichome initiatigMorohashi et
al., 2007)

GLUMYB23

Identifying amutual positive feedback loop betweBh1/MYB23andGLIEGL3was a
striking result of the transcriptional expression analysisichdisplays another required
element to enhandie activator concentration in a given cell to p#ssthreshold for
trichome initiation.

While GL3IEGL3 showed no mutual dependency, a strong unidirectional
influence ofGL1 on MYB23was foundIn glabrousgll mutants, onlyGL2 andMYB23
were moderately to strongly reduced, some inhibitors sligimigicating that this
regulatoryscheme is sufficient to generate a glabrous phenofipis. finding may

elucidate the mechanism behind the glabmgiasnutant phaotype. Eithethe absence
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of GL1 alone causes ¢hglabrous leaves, @ subsequent stapise regulation leads to
this phenotype. The latter is supported by the finding that each glabrous ngldant (
ttgl, gl3 egl3 exhibits aparticular GL1 reduction, followed by atrongerGL2 and
MYB23 reduction. This twostep regulation is in line with previous studies
demonstratingthat GL2 is directly activated by GLIKang et al., 2009pnd GL2
directly bindsto MYB23(Khosla et al., 204). Furthermorethis unidirectionalcascade
clarifiesthe cause fothe generally strong reduction BfYB23in all glabrous mutants
and the unaffecte@L1 andGL2 expression in thenyb23single mutantMoreover, the
MYB23 expression depends onTG1, while GL1 does not (Kirik et al., 2005)
contributing to thefrequently occurring differdral regulation ofGL1 and MYB23 In
addition, it was shown th&ll'YB23promotes its own expression in the r@dang et al.,
2009) If this also applies to rosette leaveshbuldfurther ontribute to the substantial
regulation differences.

However, this regulation scheme may only apply for the here investigated tissue
material of very young leaves. Abservedrom the interspecies expression analysis in
different tissues and literaturdae MYB23expression is much lower in tiny leavibsin
mature ones and correlates with the trichome developmental (8taudeet al., 2005)
This suggests agdependent differential retation of the participating genes and may

also involve genes and signaling pathways beyond trichome patterning.

TTG1

TTG1lwas by far the highest expressed genA.ithaliana Col-0 wildtype andexcept
for the cpc try double mutant, not affected by the loss oy ather patterning gene
What can be the reason for sudhigh expression levendhow does the network cope
with it?

It seems that the stroAgr G1lexpression leads to its saturation within the system
so that individual mutants do not affect it, designafliigs1 a stable and robust key
factor. A further hypothesis is that the exatiG1 expression is not relevant but its
general availability According to the developed mathematical modbee TTG1
depletion effect, originating from the activatbepletion mode(Bouyer et al., 2008;
Pesch & Hulskamp, 2009)s required to establish a trichome pattéimna Deneer
personal communicationYhus, TTG1is not regulated by a positive feedback loop of
other core componengend fulfills its purpose as long as it depletésrthermore, it is

assumable thatther factors beyond thieichomegenesadditionally control the TTG1
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expression as TTG1 regulats four other traitsbesides trichome formation. Among
them, anthocyanin production is also localized in Arabidopsis |€aees 20@; Matsui
et al, 2004) perhaps leading to an increased local expreskidme, TTG1is alsothe
highest expressed patterning gene in Arabis and Cardamine.

The ttg1l mutantshowedmany expression changesthe otherpatterninggenes,
mainly reductions. Theéncapability of forming the trimeric MBW activator complex
due to the absence @fTG], and the subsequent raativation of the inhibitors, may
explain the glabrous mutant phenotype and the strong expression differences of the
systemMoreover,weakttgl allelessupportthe hypothesiof TRYactivation byTTG1
Such alleles display a reduced trichome nunf{eornneef, 1981; Larkin et al., 1994,
1999) not completely glabrous leaveand heyform trichome clusters reminiscent of
thetry mutant(Balkunde et al., 2020Yhe autlors provide evidencthatthis phenotype
is based orthe TRYregulation by TTGlwhich isin line with the results obtained in
this study Further studies substantiates finding, showing a direct regulation dRY
by TTG1(Pesch et al., 2015; Schnittger et al., 1999)

GL2

The number of genes affected in #i@ mutantsuggested, despite its involvement in
later trichome developmental stages, a more drassactive function ofGL2 within
the network than gwviously thoughtThis hypothesis is supported by the dir&dt2
binding onthe MYB23promoter(Khosla et al., 2014)As, in turn, also MYB23 directly
targetsGL2 (Kang et al., 2009)another positive feedback loop was uncovefidt
MYBZ3 activation by GL2 is in line with thédnere obtainedesults thatMYB23 is
strongly expressed in matuleaves but low in younger ones. Additionally, this
correlates wittan increase@GL2expression in further developed trichomes.

As it was shown that Gl binds directly taGL2 (Kang et al., 2009Morohashi et
al., 2007; Zhao et al2008)and theGL1 expression was reduced igl2 mutants, itis
assumablehat the proteins encoded lmther differentially regulated genes @i also
directly targetGL2. This hypothesis nels to be tested in independent experimsoth
aschromatin immunoprecipitatioar in silico methods

Besides the positive feedback looptweenGL2 andMYB23 a mutual negative
loop was uncovered betwe&l 2 and TCL2 as both genes were upregulated in the
opposite mutant background, implying a direct regulation. Again, a specific

experimatal setup is required for verification.
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Finally, dthoughGL2 andTTG2act together in trichome cell outgrowtishida
et al., 2007; Pesch et al., 201#4)s interesting thaGL2 activatesEETC1, wheread TG2

represses it, indicating contradictory subsequent regulatory purposes.

MYC1

Several indicatios classify MYC1 as an outstanding acéitor among thepatterning
genes.The MYC1expression was often unaffected upon the loss of individual genes,
although no apparertompensatiorexisted between the other bHLH factoGL3 or
EGL3 Also, neither the glabrougl3 egl3 double nor themycl egl3double mutant
showed a drastic effect or revealed clear overlapping functommartial redundancy
was showrin Arabidopsis rescue experiments, as GL3/EGL3 could restomeiliigpe
trichomepatternin mycl, but not vice verséZhao et al., 2012Howevetr MYC1may

be difficult to detectas its expression is likely to drop after GL1 and GL3 induction
(Morohashi & Grotewold, 2009)Accordingly, GL1 and GL3 are likely to directly
targetMYC1 (Symonds et al., 2011jnatching the obtained expressions results in this
study asMY C1regulation was reduced in tiggl myb23andgl3 egl3double mutants.
The reduction in these double mutants, but the unchakbédl expression in the
corresponding single mutants, could be further elucidated by the transcriptional analysis
in agll gl3double mutant.

The here investigateMYC1 promoter lines demonstrated the highpstYC1
expression in epidermal cells (and youngest trichomes), but a significant reduction in
further developed trichomes, reminiscent of a ubiquitous, trichamspecific
expression. Thisifiding suggests a divergent, rather tricheimgependent function of
MYC1] in contrast to most patterning genes, which are highly active in trichome cells.
This may further explain the rarely occurring gene expression changes in the different
mutant backgyunds It promptsMYC1 as an exceptional activator and promotes the
hypothesif it being astabilizing factor within trichome patterning.

The outstandindYC1 properties continue on the protein leviglwas shown
that MYC1 traps TRY and CPC in the nucleus, preventing their movement into
neighboring cells. Thereby, MYC1 restricts the lateral inhibition of TRY and CPC and
stabilizes the trichome patterning throughout the leaf bl@eksch et al., 2013;
Schultheif3, 2015)This stiking trapping mechanism may explawmhy almost no
activator reductions or inhibit@nhancements occurredmyclmutants, although they

showed fewer trichomeg$his apparent contradictorsituation may bexplained by the
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hypothesis thathe inhibitorsare not trapped in the nucleus withdiYC1, and can also
more distantly repress trichome initiations.

Ratiometric measurements utilizing the virBRA sysem independently
determined thestabilization property of MYC1 omMYB inhibitors and activators
Remarkably the MYCL1 stabilizing function is likely to be accessaependent, athe
Landsbergerecta(Ler) ecotype harbors a ndanctionalMYC1lallele (Symonds et al.,
2011) Consequently, th abolishes the interaction wilifGlandGL3 and implements
a different stabilization regulatiott may alsoapply that the prevented firtaning of
the patterning proteins upon a rfumctional MYC1 allele leads to a sliglyt more
irregularly distribuéd trichome patterrA first hint maybe provided since ér shows a
differentvariability in trichome regularity upon a slight temperature incréaaseCol-0
(Okamoto et a).2020) Since the authors only dedmd the nexnheighbor distancbut
not the general regularity of the trichome pattern, no direct conclusions can be made
whether ler has a more irregular pattern than Qolf this turns out tdbe true it would
furthersupport the idea of MYC1 as stabilizing factor.

Trichome interalation represents anothexspectcontributing to the regularly
distributed trichome pattern in GOl It is defined as the trichome initiation between
already further developed oné¥aegle, 2014)There it was demonstrated thatycl
produces fewer intercalating trichomes than-Gand, interestingly, clusters withet,
which shows no intercalation. Accordingly, the here obtained data revealed a lower
intercalation rate fomycl The analysis of the trichome distribution in these lines could
supportthe connection between a partiaulgene and the degree of pattern regularity

due to trichome intercalation

CPC/TRY

The basic models of trichome patterning require MBW activator complex for
trichome initiation and inhibitor activatioPesch & Hulskamp, 2009Without the
formation of this trimeric complex, trichome cell fates are avqided consequently

no inhibitors are activated. Although glabrous mutantsdicate the absence of
functional MBW complexes, the inhibrs CPC and TRY were not always strongly
affected in glabrous mutants, indicating another activation source than the trimeric
MBW complex.This may be explained by the postulated dimer formation promoting
inhibitor activation. Here the TTGXGL3 dimer gene homolog are omitted for
simplicity) activatesTRY, and GL3GL1 promote<CPC (Pesch et al., 2&). However,
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these assumptiondo not match the here obtained expression resa#tdRY was
slightly more reduced tha€PC in the gl1 mutantand in all other mutants with
unchangedsLIEGL3 and TTG1lexpression, suggesting a more complex regulation of
TRY and CPC than exclusively bythe TTGXGL3 or GL3GL1 dimers Double or
higherordered mutants of the corresponding dimers could elucidate this discrepancy.

CPC and TRY displaythe same GUS staining with a ubiquitous expression in
young leaves, restitied to the trichome initiation zone in later stages. An elevated
expression is found in incipient to mature trichoni®shellmann et al., 2002he
trichomedependentCPC and TRY expression is in line with the freeinvestigated
promoter marker lines, althougdtifferent expression strengths were detected. While
pCPC increasedconcomitantly withtrichome developmenpTRY first increased and
then gently decreased. However, the more sensitive quantification of the fluorescent
lines rather than the qualitative impression of the GUS plants magve cause the
expression differences. Nevertheless, pnemoter expressionsm different develop
mental trichome stagesorrelateswith the postulated short/lormgnge effect of both
inhibitors (Balkunde et al., 2020; Schellmann et al., 20@0&}hlighting theshortrange
effect of TRYas a resulof a lower expression or a shorter period of expression time.
concert withthe different effective ranges, small trichome clusters emerge itrythe
mutant, illustrating thelRY function in cells closely to trichome#dditionally, this
mutant shows a reduced number of trichansegigesting a higher expression of further
inhibitors. Interestingly it turned out that the inhibitarRYrepressé the other inhibitor
CPC, explaining the decreased trichome density try mutants. This regulatory
dependence was not found vice versa.

Remarkably the absence offRY negativdy effecs the GL3 expression,
indicating thafTRY promotesGL3. This regulation mode was also found EBFC3and
TCL2, but not forCPC, suggesting that inhibitors differentialigfluenceactivators At
the same time, thepc trydouble mutant revealed that both genes repedséMYB23
which is in line with the current patterning modé@Pesch & Hilskamp, 2009)
According tothe model the R3MYB inhibitors (e.g. CPC, TRY) compete with R2R3
MYB activators (e.g. GL1, MYB23) for the binding to bHLH proteins (e.g. GL3,
EGL3), renderinghe complexnactive. ASCPCUTRYrepressGLI/MYB23 they inhibit
a factor withwhich they compete on protein level, thanegatively regulatingheir own
opponent.Indeed, this dual function waalso found for TCL1 and TCL2 (Wang &
Chen, 2014)
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ETCs+ TCLs

All inhibitors of trichome patterning ir\. thaliana belong o the family of R3MYB
transcription factordGan et al., 2011; Pesch & Hulskamp, 2Q0gharing37-68%
amino acididentity (Wang & Chen, 2014)This consensusubstantiates the largely
redundantbut also divergent propertiemmong them.t was demonstrated thdhe
functions of ETC1 largely overlap with the most prominent inhibita2$C and TRY
(Kirik et al., 2004), leading toan additive trichome phenotype in thec try etcliriple
mutant. In contrasthis effect was not observed time cpc try etc2riple mutant(Kirik

et al., 200#). In accordance with this, the gene expressionSRCE, TRY, andETC1
behaved most similarly in several patterning mutants. They showed reduced
expressions, wheredsTC2 and other inhibitors were unaffected or even increased.
Additionally, the fluorescent marker lines revealed a relatively highEfC1
expression in expanding and tlcanched trichomes than p€CPCor pTRYplant lines,
highlighting theinvolvement ofETC1on trichome patterning.

Furthermoreit was shown that ETCik the secondbest competitor against GL1
for the binding to GL3 after CPC, followed by TRY, ET.G&d ETC2(Wester et al.,
2009) underlining the higher redundant role 6fC1 It remains elusive where TCL1
and TCL2 group, but it was shown that both directly suppress the gene expression of
GL1(Gan et al., 201\ang et al., 2007)

Moreover redundancy was identifieamong the ETCs. Additive effects were
quantified in theetcl etc3double mutant with a significdgt higher trichome density
thantheir single mutantsihile the densities oétclandetc3were similar tocpg etc2
was significantly reduced These phengpes may be due to their evolutionary
relaionship as CPC clusters with ETC1 and ETC3, while TRY groups with ETC2 and
the TCLs(Wang & Chen, 2014)

TCL1 and TCL2 influence trichome patterning, however, niotrosette leaves
but other plant structuresuch as inflorescence stems and pedi@@bmn et al., 2011)
This result is in concert with thécll and tcl2 mu t a witdtyp@&-like trichome

phenotype on mature rosette leasadtheir low impact on other patterning genes

Interspecies comparison
Due to the lak of data onmutanttrichome phenotypes iA. alpina andC. hirsuta, the

possible conclusions of the comparative analysis are limited. Nevertheless, some

statements can be made about the consérvéd-dependat network.
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Most of the core components identified in Arabidopikisly actcomparablyin
both other Brassicaceae, though fundamental differences were found aBédlivas
the highest expressed gene in all species, although not as pronouncédthaliana
As known from previous workAagl3is sufficient to create glabrous lea&hopra et
al., 2019) However, the theoretical modeling approach requires the expression of
AaEGL3 to create the expected trichome patterAnfa Deneer, personal
communicatioh ChGL3ChEGL3were the highest expressed genes atef TG1lin
Cardamine, suggesting a major role in trichome initiation or complex formation.
Surprisingly, the essential Arabidopsis activatLl was almost undetectable in
Cardamine, indicating that eith€hTTGlandChGL3ChEGL3are sufficient activators
or another gentunctionally replacedChGL1 A tissuespecific comparison of the three
MYB homologs suggestedhWERas functional substitute &hGL1

On the sideof the inhibitors, it was shown thaiatry exhibitstrichome clusters
reminiscent ofAttry (Chopra et al., 2019)This phenotype and thagh expressiorof
AaTRY compared toall other inhibitors indicate its conserved function. A different
situation was found in Cardamine, @ETC1land ChETC3represented the highest
expressed genes, followed B TRY In contrastChCPCwas the lowest expssed and
strongly reducednhibitor, suggestinglifferential regulation ofChTRYand ChCPCin
this speciesPossibly the ETCs are more active in repressing a trichome cell fate,

especially when considering the absencé®fs in Cardamine.

Evolution of the RZR3MYB homologsGL1, MYB23, and WER

PlantMYB genes are supposed to have evolved from the anikiBMB family (Braun

& Grotewold, 199) and increased the number dfieir members by multiple gene
duplications 206600 million years agqRabinowicz et al. 1999)before plants have
split to mone and dicotyledonsThe R2R3MYBs represent the largest group among
this family (Feller et al. 2011) According to Stracke and amorkers, the
representatives GL1, MYB23, and WER cluster together in one subgroup with their
unique amino acid motif in the eponymous MYB domé#éBtracke et al. 2001)
Complementatioranalyses revealedirfictional redundancies of the homologous MYB
genesin A.thaliana (Kirik et al., 2005Lee & Schiefelbein, 2001; Tominaysada et

al.,, 2012) raising the question of whether this exchange is conserved in related
Brassicaceae. The low expressionGifl in young Cardamine leaves indicaidirst

hint for functional divergece.

90



Discussion

Interestingly, AtGL1 was expressed in tiny leaves, but not in mature leaves,
whereasAtMYB23was found in both stages, katthigherlevelsin mature leaves. This
agedependent behavior also applies partially Acalpina and C. hirsuta In both
spectes, GL1 was either fundamentally reduced or completely abisentature leaves
These resultgerfectlymatchpreviousGUS experiments Arabidopsis. Theyeveal a
ubiquitous AtGL1 expression in young leaf primordia, increasing in developing
trichomes but dropping during trichome branchiimgcontrast AtMYB23expression is
absent in primordia but highly expressed from early to later trichome didgiset
al., 2005)

AtWER was not exclusively found in roots, but lowlglthough detectably
expressed in shoots andyt leaves, contradictory tine knowledge of its distinct spatial
regulation(Lee & Schiefelbein, 1999)but in line with a more recent study, which
showedAtWERexpression irroots, young leaves, shoot apices, rosette leaves, stems,
andinflorescence¢Seo et al.2011) Strikingly, ChWERwas strongly expressed in tiny
leaves;at higher levels than ChMYB23and ChGL1 The latter was generally lowly
expressed in all tissues, suggesting a minor rola@metwork. ContradictorfGChWER
was moderately to strongly expressed in all examined tissues (besides mature leaves),
indicating a broader regulation and no tissue specifititywever, spatial control of
WER was found for the othetwo species. Comparetb other tissuesAtWER was
predominantly andAaWERexclusively expressed in rootAs Arabis is placed to a
different lineage than Arabidopsis and Cardan{iBeilstein et al, 2006; Koch et al.,
2001; Nikolov et al., 2019)t remains difficult to predict &ypotheticalevolutiorary
course of tissue specificatioWhereas Arabis reveals an exclusive rspecific WER
expression,ite Cardamine/Arabidopsis lineagbeowsa moreintermediate to no tissue
specificity. However, a different scenarappliesfor the GL1 regulation.AaGL1 and
ChGL1are found in roots, whil&tGL1 expressions absent irthe Arabidopsis root,
indicating that the GL1 specification evolved afer the Cadamine/Arabidopsis
divergence Consequentlydetailed investigations afeveralrelated species within the
corresponding lineagesould beessential to provide reliable statements on the spatial
regulation and the evolution of tehomologous MB genes.

New insightsinto the evolutionary MYB development could be provided by
interspeciepromoter swap or rescue experiments of overexpression lines in various
tissues as previous studies demonstrated functional substitutions as avelivasgent
behavior in ArabidopsifKang et al., 209; Lee & Schiefelbein, 2001Zhang &
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Hulskamp, 2019)Moreover, an extension of thenscriptional genguantficationis
required withall patterningmutants As mutants without an obvious phenotype may
cause effects on the gene regulation netw&iknon et al., 2013)they should not be

neglected in such an approach.

Perspectives
The here obtained results improeer knowledge of the complex cressgulatory
TTGLdependent networland the applied methods can be easily extended.

As Arabidopsis plants may be exposed to altered environmental conditions
during their life cyclevarious stress conditions offer a tsle option,to gain more
i nsight s i n tobustnedsEe expresgioasnod gatterning genes could be
quantified uporabiotic stresseand compared to trichome features such as number and
density, morphology and distributioMoreover, further ddole or highefordered
mutantscould be included to reveal more transcriptional dependencies

Overall, intedependencies and influencesind in the expression analysesn
be of direct or indirect nature. Thereforewill be essential to uncover direct binding
interactions to sharpen the entire interaction scheme.

Furthermore, certain genshouldbe studied in more detaMYC1lrepresents a
conceivable candidate due to its divergent behavior within the group of activatbrs a
presumable stabilization function. Unraveling the degree of trichome pattern regularity
in several Arabidopsis accessipngcluding the ler ecotype which was described as
MYC1 mutant, may support this hypothesigdditionally, GLEGL3 could be
consideed for further researchas theyrepresentan essential element for a proper
acting network, despite their relatively low gene expresdibis maybe due to the fact
that GLIEGL3are strongly expressed during a short period of tioilowed by a rapid
reduction which was not reflected by the investigated sample matéridétailedtime
series of marker lines may provide new insights.

A multitude of patterning mutants in boghalpina andC. hirsutais required to
correlate their wildtype gene expstons with the mutant regulation scheme and the
trichome phenotypes. This experimental setup could be extended by aspssifec
approach to further elucidate the evolution of the conseivigdl network Finally,
systematical intraand interspeciepromoter swap analyses may highlight functional

redundancies of homologous genes among different Brassicaceae.
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5. Appendix
Table SL: Oligonucleotide sequences used for construct generation
Primer 1D Primer name Pri mer sequence 5
JP_37 BamHI NLS forward GGGGGGATCCATGCCAAAGAAGAAAAG
GGGGGCGCGCCCGCGCCCAGAAAGCTTTGTATACAACAAATG
JP_41 Sgsl pCPC long forward
TGCTTCTTTGC
GGGATCGATGGATCCCGAACTAATCTGAAGACACGAAACACA
JP_42 pCPC BamHI Clal long reverse
CAGAGAAAGAG
GGGGGCGCGCCGAGAAAAGACTTTGAACTTGCACGCCGGCTT
JP_43 Sgsl pETCL1 long forward
GGAGGAAAAG
GGGATCGATGGATCCCTCAAAAGACACCTTAGTACACAAAGA
JP_44 pETC1 BamHI Clal long reverse
TTTACGATC
GGGGGCGCGCCGGCCATTAAGCCCTGTTTCCTTTTTTAGTCCA
JP_46 Sgsl pETC2 londorward
ATCAGATCC
GGGCTCGAGTACAGAGAAACTGAAAATGTAGAGTTTGGAGAA
JP_47 pETC2 Xhol long reverse
TGCAAGATATAG
JP_52 CFP Pstl reverse GGGGCTGCAGCTTGTACAGCTCGTCCATG
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCCAAAGAA
JP_54 attB1 NLS forward
GAAAAGAAA
GGGGACCACTTTGTACAAGAAAGCTGGGTTGTTAATTAACTTG
JP_55 mCherry attB2 reverse
TACAGCT
JP_62 SDM_AAC to TAG forward ACAAGTTAATTAACTAGCCAGCTTTCTTG
JP_63 SDM_AAC to TAG reverse CAAGAAAGCTGGCTAGTTAATTAACTTGT
GGGGGGCGCGCCCCGTTGAGTACAAAAGGGTTTTGTCTTTTAC
JP_67 Sgsl pMYC1 2581bp forward
CAC
GGGGCTCGAGATCTAGATATCGTGAAGAACTGAATTTAAAAG
JP_68 pMYC1 2581 bp Xhol reverse
TATGG
JP_69 pMYC1 2581 bp forward GGGGCCGTTGAGTACAAAAG
JP_70 pMYC1 2581 bp reverse GGGGATCTAGATATCGTGAA
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Table S2: Oligonucleotide sequences foA. thaliana used for gPCR experiments.

Species Gene Primer Pri mer sequence |Efficiency | Correlation | Fragment
ID length
cDNA
GL1 AST_467 | GTGAACAAAGGCAATTTCACTG
0.96 -0.995 107 bp
AT3G27920 | AST_468 | GTTCTTCCCGGTACTCTTTTAGC
GL2 AST_451| AAGCTCGTCGGCATGAGT
0.90 -0.991 122 bp
AT1G79840 | AST_452 | TTCTCTCGATTTCACTGTCTGG
GL3 JP_168 | GATCCGCAACAGATTCTAGGCG
0.99 -0.994 184 bp
AT5G41315|JP_169 | GCCAGCTTTGCACCTGAGAAGC
EGL3 JS_07 GGTCTGTCTCTGCTTCTCAAC
0.96 -0.997 132 bp
AT1G63650 | JS_08 GCTCACTTCTCTCAAGACCTAAC
TTG1 JS_01 CGCCTCAGAGCTGTAAACATA
1.04 -0.992 125 bp
AT5G24520 | JS_02 CTCCGAACCAGCCGAATAAA
TTG2 JP_163 | CCAGTAGCAGCTTCGGTCTC
0.99 -0.990 179 bp
AT2G37260| JP_164 | GTTTGTTGACGATTCCCCTG
MYC1 AST_463 | TGGTCGTCTTCACTTACTCAACC
0.93 -0.992 77 bp
AT4G00480 | AST_464 | TTCCTCTTCTTCATATCTCCATTGTA
g’: MYB23 JP_170 | CCGAACTCATGGCCAGGGCCAC
5 0.94 -0.995 172 bp
< | €|AT5G40330|JP_171 | GCCGAGGAGCTTGTGGAGTCTG
S| o
8 «»n | CPC AST_455 | AAGGCTTCTTGTTCCGAAGAG
S| 1.01 -0.988 108 bp
P 8 AT2G46410 | AST_456 | CCTGTCGCCAACGAGTTTAT
3 TRY AST_457 | ACAGACTTGTCGGTGATAGGTG
S 1.01 -0.994 69 bp
'_E AT5G53200 | AST_458 | CTATCTCCTCTGGTTGTCTTCCA
< ETC1 PK_26 CAGCGTAAGTCGAAGCATCTTA
1.08 -0.989 104 bp
AT1G01380 | PK_28 TCTTCCTGAGCCATTGCTATTT
GATCCCGATATGACTCTGAAGAAGTGA
ETC2 JP_208 | GTAGCATCGAATGGGAG 007 0003 | ao2b
AT2G30420 | 3P 209 CAAGATTTGTTCTACTTTTATGATTGAA ' ’ P
= AGCTTTTATTTTG
ETC3 PK_30 GACCAACTCCATCGTTACTTCT
0.96 -0.988 108 bp
AT4G01060 | PK_32 TGCATTCGAGAGACCAAATCT
TCL1 AST_487 | GAAATGGGAGTTTATCAATATGACC
111 -0.995 109 bp
AT2G30432 | AST_488 | ACGTCCCACCACTCTTCTTG
TCL2 AST_489 | GACGGAACAAGAAGAAGATCTCA
0.98 -0.991 97 bp
AT2G30424 | AST_490 | CTTTGCCTCTCGTCCTACCA
WER AS_03 TGCTTGGTAATAGGTGGTCTTT
0.92 -0.996 84 bp
AT5G14750 | AS_04 GATGCGTGTTCCAATAGTTCTTC
S|118STRNA |EP_75 | AAACGGCTACCACATCCAAG
> 1.00 -0.998 102 bp
I EP_76 GACTCGAAAGAGCCCGGTAT
c
LIEF1U0 JP_210 | CACCACTGGAGGTTTTGAGG
2 0.96 -0.988 137 bp
o | AT5G60390 | JP_211 | TGGAGTATTTGGGGGTGGT
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Table S3: Oligonucleotide sequences foA. alpina used for gPCR experiments.

Species Gene Primer Pri mer sequence |[Efficiency|Correlation | Fragment
ID length
cDNA
GL1 JS_29 CCTCATTATCCGTCTCCACAAG
0.93 -0.995 112 bp
Aa_G34210 |JS_30 GCTGAGATGAGTGTTCCAGTAG
GL2 PK_17 GGAGGGTGAGGATCTAATG
0.96 -0.995 103 bp
Aa_G239140 | PK_19 GGTGTGGCGATGATACT
GL3 PK_21 CGACACCGAGTGGTATTA
1.04 -0.990 110 bp
Aa_G547900 | PK_23 GAGCGTTACACAACCATATC
EGL3 JP_204 CCTTTCCGACACCTTCCACGA
0.95 -0.990 86 bp
Aa_G234510 | JP_205 | GACCTGAGACGCACCACCAC
TTG1 DC_153 | GACATTGCTTGGGGAGAAGCTA
0.94 -0.999 135 bp
Aa_G45330 | DC_154 | TCTTAAGAGAGGCGTATCAGGC
TTG2 AS_25 CGGATTCCGGTTGTAGAAGTAG
0.97 -0.996 94 bp
Aa_G30000 |AS_26 CTTCTCGCTCTTCCTTCTCTTG
MYC1 DC_173 | GGTTCCTACTGTCAACGAGGTTG
0.88 -0.998 89 bp
= Aa_G511730 | DC_174 | GCTCCTCTACTCTTGCCTCAAGT
g MYB23 DC_157 | GCAACAGATGGTCACTGATAGC
= 0.96 -0.997 109 bp
'% Aa_G247540 | DC_158 | GGAATGATCTCCGAGACCAAGT
o a|cpc JP_182 | TGATCGCCGGGAGGATACCG
a2l S 0.90 -0.997 72 bp
® | (7 |Aa_G196850 | JP_183 | CGACGCCGTGTTTCATGAGC
(2]
a TRY AS_15 GTCGGTGATAGGTGGGATTT
[ 0.96 -0.995 121 bp
< Aa_G156710 | AS_16 | GATGAAGTTGGCGTCGTTTC
ETC1 JP_198 AGTACAAGATGGATAAGCAGCGTAAGT
0.86 -0.993 395 bp
Aa_G105910 | JS_26 CTGGAATCCTCCCAGCTATTAAA
ETC2 JP_188 TGCACAGACTTGTCGGTGATAG
0.87 -0.998 296bp
Chr. 4 JP_189 TCGTGTGTTGGAGAAATAGTCTGAGT
ETC3 AS_19 GTGAGTAGTCTTGAGTGGGAAG
1.01 -0.996 102 bp
Aa_G67910 |AS_20 AGCTATCAATTCCCACCTGTC
TCL1 JP_196 ATGGATAACACCAACCGTCTTC
0.94 -0.991 280bp
Chr. 4 JP_197 CTTGTTCGGTCATGTTGATAAAC
TCL2 JP_186 | GGTGGGATTTAATAGCAGGAAGAGTGG
0.88 -0.998 108 bp
Aa_G645450 | JP_187 | TGGAGTTGGAGTCGTGTGTTGG
WER DC_159 | GCTGCTTGGTAATAGGTGGTCT
1.00 -0.988 140 bp
Aa_G7920 DC_160 | CACCATTATTGCTTGGTTTGGT
8 RAN3 DC_149 | CACAGGAAAAACCACATTCGT
o 0.94 -0.997 174 bp
8 Aa_G442020 | DC_150 | CCATCCCTAAGACCACCAAAT
c
Q1 pp2A DC_151 | AGTATCGCTTCTCGCTCCAG
2 0.92 -0.992 241 bp
o | Aa_G510870 | DC_152 | AACCGGTTGGTCGACTATTG
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Table $4: Oligonucleotide sequences fo€. hirsuta used for gPCR experiments.

Species Gene Primer Pri mer sequence |Efficiency | Correlation | Fragment
number length
cDNA
GL1 JP_298 | GTGAAGAAAGGCAATTTCACTG
1.11 -0.988 107 bp
CARHR149430| AST_468 | GTTCTTCCCGGTACTCTTTTAGC
GL2 JP_216 TCCACGATCCTGGTGAGCCA
1.03 -0.992 114 bp
CARHRO074650 JP_217 | CGTGGCGACGAGCTTCATCT
GL3 AS_41 TGAAGCCGAGCCAATAGATAC
1.15 -0.996 99 bp
CARHR213010| AS_42 CCTTCTCTCCAAGCACATCTTA
EGL3 AS_29 GACGATTCAAGCAGCGGAAGT
1.17 -0.989 170 bp
CARHR047690| AS_30 TGTCGGTGAGGTCCTCTGGA
TTG1 AS_27 CGGCGATTTCCTCCGTCTCT
0.99 -0.990 146 bp
CARHR188910| AS_28 TTCCGAGTCGTTTCGGCTCT
TTG2 AS_39 TGGAAGGTCAGGTTTCAGAGATTGT
0.98 -0.990 116 bp
7 CARHR132330 AS_40 TGGTGGTTTGTGAAACCCTGAAG
% MYC1 JP_222 | AGACGACGAAGAACCTTAACGACT
=] 0.86 -0.992 97 bp
- '% CARHR248590| JP_223 | TCAGTTTCTCCTGAGTTCCCATCG
é g MYB23 JP_224 CGGCCAAACCCTCGGAATCT
=] € 0.93 -0.987 79 bp
) 8 CARHR261770 AS_34 TCGCCGCTGATCTCTTGATGA
c
IS CPC JP_229 | TGGCGCGTAGGTGGGAATTG
3 1.04 -0.992 61 bp
< CARHR141690| JP_230 | TCAATCTCCTCCGGCGTCCT
O
TRY AS_49 CTGGAAGACAACCAGAAGAGATAG
1.09 -0.992 125 bp
CARHR266270| AS_50 ACGAGGACGATGAAGTTTGG
ETC1 AS 51 TGGATAAGCAGCGTAAGTCAAA
1.00 -0.989 191 bp
CARHR001060| AS_52 GCTATTTCCTCCCACTCAAGAC
ETC2 JP_233 | CAGGTGGGATTTAATAGCAGGAAGAGT
0.89 -0.991 108 bp
CARHR123870| JP_234 AGGTTGCGTCGTTTGTGGGA
ETC3 JP_262 | CTTCTTTGTAATACGGTGCCG
0.86 -0.990 254 bp
CARHR249240| AS_56 CAGACCAAATCTTCTTCTTCTTCAC
WER AS_47 GTGGACAGTAGAAGAAGACAAGAT
0.92 -0.995 115 bp
CARHR19856(0 AS 48 | TCTACAACTCTTTCCGCATCTC
8 TIP41 JP_174 GATGGTGTGCTTATGAGATTGAGAG
o 1.02 -0.991 353 bp
8 CARHR242510| JP_175 TCAACTGGATACCCTTTCGCA
c
2 | GAPDH JP_180 | TGACCACCGTCCACTCCATCAC
2 1.07 -0.991 181 bp
o | CARHRO013790 JP_181 | GCTCTTCCACCTCTCCAGTCCTTC
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Figure Sl1: Graphs of Arabidopsis thalianagPCR primer efficiency tests.

AtGL3
36
34 .\"\
3
32 3
30 i\%
28 \{\{
26
0.001 0.01 0.1
dilution [LOG,,]
AtTTG2
34
32 i\(
30 T
28 [ 8
26 \‘\.
24
22
0.001 0.01 0.1
dilution [LOG,,]
AtWER
34

: *‘HH

24
22
0.001 0.01 0.1
dilution [LOG, ]
AtETC1
34
32
*
30 R N
28 .
26 e
24 \‘\!
22
0.001 0.01 0.1
dilution [LOG,,]
AtTCL1
34
32 ¥
30 *'\,_\
28 i’\;.
2 e
24 B
22
0.001 0.01 0.1
dilution [LOG,,]
AtEFla
26
24 .
S
2 L s
e
20 - 3.
o \i\;
16
0.001 0.01 0.1

dilution [LOG ;]

97



Appendix

Cq value

Cq value

Cq value

Cq value

Cq value

Cqvalue

AaGlL1
34
32 ¥
30 i*“i -
28 e
26
24
0.001 0.01 0.1
dilution [LOG,,]
AaEGL3
36
34 i\i\
32 ‘i\‘i
30 =
s Ty
26
0.001 0.01 01
dilution [LOG,,]
AaMY(C1
34
32 L\’\
30
28 \}\i
26 \\
24
0.001 0.01 0.1
dilution [LOG, ]
AaCPC
34
32 t . 3
30 R
28 .
26
24
0.001 0.01 0.1
dilution [LOG ]
AaETC2
34
32 {ki
30 E
SR S W
] S
24
0.001 0.01 0.1
dilution [LOG ]
AaTCL2
34

32 i\
“ t.
{‘\}\\

28 §\{
26
24

0.001 0.01 0.1

dilution [LOG ]

Cq value

Cq value

Cq value

Cq value

Cq value

Cq value

34

32

30

28

26

24
0.001

30

28

26

24

22
0.001

34
32
30

26
24
0.001

0.001

34
32
30
28
26

24
0.001

28
2%
24 4
22
20

18
0.001

AaGL2
5
4 \i\*\*
001 01

8

dilution [LOG,,]
AaTTG1

My

0.01 0.1

dilution [LOG ]

AaMYB23

8

0.01 0.1
dilution [LOG,,]

AaTRY
i\\i\\}\
TR
~3
0.01 01

dilution [LOG o]

AQETC3
s

i\“i

0.01 0.1

i

dilution [LOG ,]

AaRAN3
\L“‘!\
e
‘\i\i
0.01 0.1

dilution [LOG,,]

Figure S2: Graphs of Arabis alpinagPCR primer efficiency tests
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Figure S3: Graphs of Cardamine hirsutagPCR primer efficiency tests.
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Figure $4: Analysis of temporal fluctuation in stable Arabidopsisp35S:NLSKikGR lines. Scatter plots of
nine individual leaves expressip§5S:NLSKikG.
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Figure Sb: Comparison of P2A and F2A cleavage efficiencyA) Schematic illustration of P2A and F2A
constructs.B) Comparison of cleavage efficiency of YFRA-RFR-HA-NLS and YFPF2A-RFP-HA-NLS by
Western blot analysis of tobacco leaves transiently expressing the two constructs. Uncleaved proteins are expe
to run at 56kDa, RFRHA-NLS at 29kDa. C) Quantitative analysis of signal intensities of YPRA-RFR-HA-

NLS and YFPF2A-RFP-HA-NLS from three independent tobacco infiltratiomG) CLSM images of YFP
MYC1-P2A-RFRHA-NLS (D, F) and YFPMYC1-F2A-RFRHA-NLS (E,G) expression in epidermal leek cells
transformed by particle bombardment @),and infiltrated tobacco leaves (). Cleaved YFRMYCL is expected

to localize in the cytoplasm, the uncleaved construct in the nucleus. Left column represents the YHRgrhgnne
values), middle column the RFP channel (grey values) and right column the YFP (green) / RFP (magenta) over
(co-localization of YFP and RFP appears white). Images were taken sequentially using Leica TSC SPE with
format of 512x 512 pixels. Scal bars: 5um. (Adopted fronSchulthei’ Aradjo, unpublished.)
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