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Abstract

With the availability of high quality genome sequence and high resolution gene expression information, reverse

genetics is playing a more and more important role in functional genomics. To explore a gene function, it is

important to be able to manipulate gene expression by increasing or eliminating expression levels and follow

the consequent phenotype changes. However, constitutive overexpression or stable mutation of a gene may

lead to lethality or pleiotropic developmental defects, impeding gene function interpretation in a specific

developmental process. It is therefore beneficial to establish a conditional expression system that is capable of

activating or inactivating target gene at desired developmental stages, in specific cell types.

        We first established a MultiSite Gateway compatible cell-type-specific gene inducible expression system

from the modification of an existing XVE-based estrogen inducible system. We also provided different

selection markers and a large set of inducible promoters covering different cell types, which allow the flexible

assembly of a binary construct in a single LR reaction step. We demonstrated that the inducible promoters

stringently activate downstream gene expression in expected cell types and in the presence of inducer estrogen.

The generated inducible system was then integrated with the CRISPR-Cas9 genome editing technology which

together enable efficient target gene knockout in a cell-type-specific manner. We believe our inducible systems

will boost reverse genetic studies.

        Cytokinins are key plant hormones that play essential roles in secondary growth. The plant secondary

growth shows strong positive correlation to the endogenous cytokinin levels. Although the promoting effects

of cytokinins on secondary growth have been known for decades, the downstream molecular events remain

unknown. We identified a set of LBD transcription factors which are rate-limiting factors of secondary growth

initiation and maintenance downstream of cytokinin signaling. LBD3 and LBD4 are required for transition

from primary growth to secondary growth at early stages. Together with LBD1 and LBD11, they promote

further secondary growth and cambial stem cell maintenance at later stages. Loss of function and

overexpression analysis revealed that these four LBDs regulate secondary growth by controlling both cell

divisions and cell growth. Furthermore, we found LBDs rapidly inhibit cytokinin signaling, suggesting a

delicate mechanism in balancing secondary growth.



Tiivistelmä

Korkealaatuisen genomisekvenssin ja aiempaa tarkemman geeniekspressiotiedon avulla käänteisestä
genetiikasta on tullut yhä tärkeämpi toiminnallisen genetiikan työkalu. Jotta voimme tutkia geenin toimintaa,
on tärkeää pystyä säätelemään sen ilmentymistä esimerkiksi lisäämällä tai estämällä sen ilmentyminen ja
seuraamalla mahdollisia siitä johtuvia fenotyypin muutoksia. Ongelmana on kuitenkin se, että geenin jatkuva
yliekspressio tai hiljentäminen saattaa johtaa kuolemaan tai monivaikutteisiin kehityksen häiriöihin. Tämä
vaikeuttaa geenin toiminnan selvittämistä tietyissä kehitysprosesseissa. Siksi olisikin hyödyllistä luoda
ehdollinen ilmentymisjärjestelmä, jolla voidaan joko aktivoida tai hiljentää kohdegeeni halutussa
kehitysvaiheessa ja solutyypissä.

        Aloitimme luomalla Multisite Gateway -tekniikan kanssa yhteensopivan solutyyppispesifisen
indusoituvan geenin ilmentymisjärjestelmän muokkaamalla aiempaa XVE-pohjaista estrogeeni-indusoituvaa
ilmentymisjärjestelmää. Lisäsimme myös käytettävissä olevia merkkigeenejä ja suuren määrän eri
solutyypeissä indusoituvia promoottoreita, jotka mahdollistavat valmiin konstruktin luomisen joustavasti
yhdellä LR-reaktiolla. Osoitimme näiden indusoituvien promoottorien solutyyppispesifisyyden geenien
ilmentymisen aktivoinnissa estrogeenin läsnä ollessa. Tämän jälkeen yhdistimme luomamme indusoituvan
ilmentymisjärjestelmän CRISPR-Cas9 -genomieditointimenetelmään. Yhdessä nämä menetelmät puolestaan
mahdollistavat tehokkaan kohdegeenin hiljentämisen vain halutussa solutyypissä. Uskomme, että
ilmentymisjärjestelmämme tulee tehostamaan käänteisen genetiikan tutkimuksia.

        Sytokiniinit ovat tärkeitä kasvihormoneita, joilla on olennainen rooli kasvien sekundäärikasvussa.
Sekundäärikasvu korreloi vahvan positiivisesti kasvien sytokiniinitasojen kanssa. Vaikka sytokiniinien
kasvien sekundäärikasvua edistävä vaikutus on tiedetty jo vuosikymmeniä, ovat sytokiniinisignaloinnin
kohteet molekyylitasolla pysyneet hämärässä. Löysimme ryhmän LBD –transkriptiofaktoreita, jotka
määrittävät sekundäärikasvun aloituksen ja ylläpidon sytokiniinisignaloinnin alavirrassa. Geenejä LBD3 ja
LBD4 tarvitaan siirtymiseen primäärisestä kasvusta sekundääriseen kasvuun aikaisissa vaiheissa.
Myöhemmissä kehitysvaiheissa yhdessä LBD1- ja LBD11 -geenien kanssa ne edistävät sekundäärikasvua ja
jällen kantasolujen ylläpitoa. Mutantti- ja yliekspressioanalyysit paljastivat, että nämä neljä LBD geeniä
sääntelevät sekundäärikasvua ohjaamalla sekä solujen jakautumisia että niiden kasvua. Lisäksi selvisi, että
LBD -geenit estävät nopeasti sytokiniinisignalointia viitaten herkkään mekanismiin, joka tasapainottaa
sekundäärikasvua.
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1 Introduction

1.1 Genome editing boosts reverse genetics studies

As the most extensively studied plant species, Arabidopsis genome contains 25000 protein-encoding genes,

with most of these genes having no functional annotation (Provart et al., 2016). Defining these gene functions

requires genetic analysis. Genetic analysis establishes the causal relationship between a phenotype and the

underlying genotype. There are two basic genetic analysis strategies: forward genetics and reverse genetics.

Forward genetics starts with the generation of a large randomly mutagenized population and identification of

the desired phenotype, proceeds to map the mutations leading to the phenotype and sequence the corresponding

genomic region. By contrast, reverse genetics works in an opposite manner: starting with a genotype and

ending up with a phenotype. While the forward genetics continues to work as a useful tool for gene function

studies, reverse genetics plays a more and more important role, especially when the genomic and

transcriptomic information are available at an unprecedented resolution.

        Different techniques have been developed for reverse genetic research in plants, such as virus-induced

gene silencing (VIGS) and RNA mediated interference, each with its own strengths and weaknesses. However,

the acknowledged holy grail of reverse genetic approach is genome editing (also termed as gene targeting), a

technique by which genes can be corrected, inserted, replaced, activated and inactivated in situ. The pioneering

genome editing experiments were conducted in the yeast Saccharomyces cerevisiae in the late 1970s and early

1980s (Hinnen et al., 1978; Orr-Weaver et al., 1981; Orr-Weaver et al., 1983). Taking advantage of endogenous

homologous recombination mechanism, a linearized donor DNA template containing a selectable marker, or

desired mutation, that are flanked by homologous sequence to the target gene, can efficiently be integrated into

the target locus. The same strategy also efficiently works in plant species moss Physcomitrella patens

(Schaefer, 2001; Schaefer and Zryd, 1997). However, when implementing this technique to other species, like

mammalian cells, the targeting efficiency became extremely low (Paques and Duchateau, 2007). In the

following parts of this section, I will summarize developmental histories of the genome editing tools from

meganuclease, zinc finger nucleases (ZFNs), TAL effector fused nucleases (TALENs) to the latest Clustered

Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated9 (Cas9), and briefly discuss

their limitations in application in certain situations before introducing the conception of conditional genome

editing.

1.1.1 An overview of meganuclease, ZFN and TALEN

In 1983 and 1985, the discovery of two meganucleases HO and I-SceI, marks the genome editing stepping into

a new stage (Kostriken et al., 1983; Jacquier and Dujon, 1985). Meganucleases are endonucleases that

recognize 12-45bp DNA target sites (Figure 1). The natural meganucleases are represented by homing

endonucleases (homing refers to homologous recombination events at specific loci, see below), which are
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encoded by open reading frames in mobile genetic elements, introns or inteins, in a host gene and the

recognition site is located in the native host gene without an intron or intein embedment. The introns are

transcribed together with the host gene, then the self-splicing ribozyme activity of introns disassociate them

from the host gene transcripts and the open reading frames are independently translate into endonucleases.

Different from introns, the inteins are self-splicing protein introns, which means inteins are transcribed and

translated along with the host gene. After translation, the endonucleases are spliced out from the host protein.

In the wild, for example in the heterozygous cell consisting of a copy of native host gene and a copy of intron

or intein-containing host gene, the homing endonuclease generates a DNA double-strand break (DSB) in the

target site in the copy of native host gene. The homologous recombination mediated DSB repair facilitates

propagation of the intron or intein into the native host gene, a process termed as homing. The system can be

used for genome editing if a well-designed donor DNA template containing desired target gene manipulation

exists when DSB occur (Jurica, Monnat and Stoddard, 1998).

Figure 1 Schematic representation of genome editing by Meganuclease, ZFN, TALEN and CRISPR-Cas9.
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        In mammalian cells the genome editing reaches an efficiency 100 times higher than previous strategy

(Paques and Duchateau, 2007). Although the relative net targeting efficiency was still very low, it represented

a big achievement at that time. However, the biggest challenge to use meganuclease for genome editing is that

the target locus must contain the meganuclese cleavage site. Early meganuclease based genome editing relied

on a prior introduced cleavage site in the gene of interest. In nature, the number of such meganucleases is about

300, most of which are still hypothetical and uncharacterized (Epinat et al., 2003). This makes selection of one

meganuclease for an endogenous genome editing unlikely. Even though researchers attempted to broaden the

spectrum of meganucleases recognition sites through protein engineering, the structural information revealed

the complexity of DNA substrate recognition (Paques and Duchateau, 2007).

        The discovery of Zinc Finger DNA-binding motif and elucidation of the structural basis of zinc finger-

DNA interaction made the sequence specific DNA recognition possible (Pavletich and Pabo, 1991). Each zinc

finger motif contains amino acid sequence of the form (Tyr, Phe)-X-Cys-X2-4-Cys-X3-Phe-X5-Leu-X2-His-X3-

5-His (Kim, Cha and Chandrasegaran, 1996). Because of the conserved cysteine and histidine residues, the

DNA-binding proteins containing such motifs are also termed as C2H2 zinc finger proteins. In eukaryotes, the

zinc finger motif is one of the main structural motifs implicated in protein-DNA interaction. The Arabidopsis

C2H2 zinc finger transcription factor family is a large family with more than 200 members regulating various

developmental processes (Englbrecht, Schoof and Bohm, 2004). Zinc fingers contain an antiparallel  sheet

and an  helix, accommodating two cysteine residues and two histidine residues, respectively, which together

coordinate a central zinc ion. The  helix is inserted into the major groove of the double helix to interact with

a triplet, and the triplet affinity and specificity of a zinc finger is determined by certain key amino acids it owns

(Pavletich and Pabo, 1991). The variation of these amino acids distinguishes one zinc finger from another in

terms of target affinity and specificity. In nature the zinc finger motifs exist in tandem arrays, therefore

enabling a zinc finger protein to target specific sequences. Zinc fingers themselves are not able to do gene

editing unless coupled with an endonucleases. Fok I endonuclease contains an N-terminal DNA binding

domain and a C-terminal nuclease domain that owns DNA cleavage activity without sequence specificity. By

fusing the Fok I nuclease domain with an artificially designed zinc finger motif arrays to generate a Zinc Finger

Nuclease (ZFN), a DSB can be produced at desired sequence site of a gene (Kim, Cha and Chandrasegaran,

1996). Because Fok I works in a dimer, two ZFNs targeting the forward and the reverse strands are required

(Figure 1). However, the challenges in construction of transgenic constructs restrict the wide adoption of this

technique among biologists. Despite of such challenges, there are still successful application cases of using

ZFN in plant genome editing (Cai et al., 2009; Shukla et al., 2009; Curtinet al., 2011).

        The next breakthrough on genome editing results from the DNA binding mechanism studies of

transcription activator-like (TAL) effectors from plant pathogenic Xanthomonas. Pathogenicity of

Xanthomonas is achieved by transporting virulent TAL effectors into host cell cytoplasm, where TAL effectors

translocate into the nuclei and direct host gene expression like endogenous transcription factors (Boch et al.,

2009; Moscou and Bogdanove, 2009). A TAL effector contains a middle repeat domain for DNA binding, a
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C-terminus transcription activation domain and nuclear localization signal and different members within this

family differ mainly in the repeat domain (Schornack et al., 2006; Van den Ackerveken, Marois and Bonas,

1996). The repeats number, order and amino acid sequence determines DNA binding specificity for each TAL

effector (Herbers, Conrads-Strauch and Bonas, 1992). Within the repeat domain, repeat sequence is highly

conserved except at position 12 and 13, which are known as repeat variable di-residues (RVDs) (Boch et al.,

2009). The fact that the repeat number of one TAL effector more or less equals to the size of target DNA leads

to the discovery that each repeat can recognize one single nucleotide, and the RVDs determines the nucleotide

specificity. For example, in the TAL effector Hax4’s repeat domain, the repeat type NI, HD, and NG (each

repeat is represented by corresponding RVDs) favorably recognizes A, C and T respectively, and NS recognize

all four bases. In addition, around the target region of a TAL effector, a T immediately before recognized

nucleotide of the first repeat is required for proper TAL effector function. Promoter activation assay revealed

that at least 6.5 repeats were required for downstream gene induction and 10.5 or more repeats were sufficient

for strong gene induction (Boch et al., 2009). Deciphering the DNA binding specificity code of TAL effectors

made the programmable design of TAL effectors with novel DNA specificity possible. Similar to ZFNs, TAL

effectors need to be fused with the nuclease domain of Fok I to do sequence specific DSB. Two molecules of

TAL effector fused nucleases (TALENs) targeting DNA double strands are required for cleavage activity

(Figure 1). Compared with ZFNs mediated genome editing, the usage of TALENs in genome editing was

more accessible to researchers due to the technique simplicity: assembly of TALEN construct is easier and

some online tools assisting assembly are publicly available. There are many TALEN-based genome editing

applications in multiple plant species (Mahfouz et al., 2011; Li et al., 2012; Christian et al., 2013; Haun et al.,

2014; Cermak et al., 2015; Jung and Altpeter, 2016). Featured by its simplicity, flexibility and specificity,

TALEN was selected as the Nature’s method of the year in 2011, highlighting its strong application potentials

in future. However, only two years later, the reports of the revolutionary genome editing tool based on

CRISPR/Cas9 system declared beginning of a new era.

1.1.2 The discovery of CRISPR/Cas system and its application in genome editing

In 1987, scientists found a type of unusual sequence elements in Escherichia coli genome. These sequence

elements were composed of a series of nucleotide repeats separated by similar sized non-repetitive sequences

called spacers at fixed intervals and thus forming a repeat-spacer-repeat sequence pattern (Ishino et al., 1987).

These peculiar repetitive sequence elements were initially defined as tandem repeats (TREPs) by Mojica in

1995, when he reported the presence of such TREPs in genome of archaea Haloferax mediterranei and

Haloferax volcanii, and their more distant members of archaea (Mojica et al., 1995). In 2000, Mojica renamed

TREPs as short regularly spaced repeats (SRSRs), when he performed SRSRs search in prokaryotic genomes

and found the widespread existence of SRSRs among prokaryotes (Mojica et al., 2000). In 2002, to precisely

describe the SRSRs structure, Jansen renamed SRSRs as clustered regularly interspaced short palindromic

repeats (CRISPR), a widely accepted name by the community now. In addition, Jansen identified CRISPR-

associated (Cas) genes that were organized in operons adjacent to CRISPR locus and predicted the potential
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biochemical functions of Cas3 and Cas4. Jansen also noticed a leader sequence upstream of the CRISPR locus,

which later proved to function as a promoter for the transcription of CRISPR, producing the precursor of

CRISPR RNA (crRNA), termed precrRNA (Jansen et al., 2002). However, the biological significance of

CRISPRs remained unknown until 2005, three groups independently reported the foreign origin of spacer

sequence (Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005). For the first time the authors correlated

the previously observed virus resistance phenotype to the acquisition of spacers in the CRISPR, leading to the

hypothesis that CRISPRs represent genetic memories that prevent host from being infected by virus and

plasmids containing recognition sequence (Bolotin et al., 2005; Mojica et al., 2005). Meanwhile,

bioinformatics and evolutionary analysis revealed high diversification of Cas protein families (Haft et al., 2005;

Makarova et al., 2006). The hypothesis that CRISPR/Cas provided an adaptive immune system for prokaryotes

was experimentally confirmed by Barrangou in 2007. Under the phage challenge, bacteria integrate a segment

of genetic element from the phage genome into the CRISPR locus as new acquired spacers. The phage

resistance phenotype of bacteria can be manipulated by addition or removal of certain spacers and resistance

specificity is determined by spacer-phage sequence similarity. Furthermore, Barrangou showed that Cas are

involved in this immunity process, as mutation of particular Cas coding genes results in the loss of phage

resistance (Barrangou et al., 2007). In 2008, Brouns reported the molecular basis of CRISPR-Cas mediated

immunity. The direct transcript of CRISPR array, the precrRNA, was manufactured into mature crRNA that

was essential for antiviral response. The precrRNA was cleaved in each repeat by a five Cas protein constituted

protein complex, termed CASCADE (CRISPR-associated complex for antiviral defense). The resulting

cleavage products crRNA contain the foreign-derived spacer sequence flanked by short repeats-derived RNA

sequences, which are supposed to own CASCDADE binding sites. The crRNAs work as guide RNAs, bind to

CASCADE and direct the CASCADE to combat invading phage. This process is aided by another Cas protein

Cas3 (Brouns et al., 2008). In 2010, Garneau’s study revealed that host bacteria is able to acquire new spacers

from invading plasmids and the new spacer is preferentially integrated at the leader end of CRISPR locus, a

phenomenon consistent to Barrangou’s observation in 2007 (Barrangou et al., 2007; Garneau et al., 2010).

Garneau also provided direct evidence that the crRNA-guided invading bacteriophage and plasmid DNA

cleavage underlies the CRISPR/Cas immunity (Garneau et al., 2010). Even though host CRIPSR locus is

capable of uptaking a short genetic fragment from invading virus and plasmids genome as new spacers, the

protospacer (foreign sequence which is acquired as a spacer) selection does not happen randomly but is

determined by the presence of protospacer adjacent motif (PAM), which starts dinucleotides or trinucleotides

right after or one position after the protospacer. The PAM also determines the polarity of spacers in CRISPR

array (Mojica et al., 2009). Because Cas protein family are highly diversified, by comprehensively combining

phylogeny, sequence, Cas content and organization in the operon, the CRISPR/Cas systems have been

classified into three types: type I, type II and type III, with each type containing hallmarking Cas protein. For

example, Cas3, Cas9 and Cas10 are signature proteins of type I, type II and type III CRISPR/Cas systems,

respectively. It is often found that different types exist in one single organism (Makarova et al., 2011). In the

first decade of 21st century, great achievements have been made in understanding CRISPR/Cas working
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mechanism, such as the recognition and intergration of protospacer into CRISPR locus, the transcription and

processing of crRNA and subsequent detection and destruction of foreign nucleic acid targets (Wiedenheft,

Sternberg and Doudna, 2012). However, most of these studies focused on type I CRISPR/Cas system. It is

difficult to apply this system in eukaryotes for genome editing due to its complexity (requires concerted actions

of six Cas proteins).

        In the type I system, the crRNA maturation requires the cleavage activity of CASCADE. However, in

type II system, a different mechanism of crRNA maturation is used. In 2011, prof. Emmanuelle Charpentier

group reported the discovery of trans-activating crRNA (tracrRNA) in Streptococcus pyogenes, which contains

complementary sequence to the precrRNA and promotes crRNA maturation through the RNase III and Cas9

activity. Both Cas9 and RNase III are required for crRNA mediated phage resistance (Deltcheva et al., 2011).

The discovery of tracrRNA stands for a big step not only for understanding type II system mechanism, but

also for future applications of type II system for genome editing. By collaborating with prof. Jennifer Doudna,

they published the paper “A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial

Immunity” in 2012, a work that made them win Nobel Prize in Chemistry in 2020.  In this paper, for the first

time, they reconstituted the type II system for target DNA cleavage in vitro and investigated the factors that

affect cleavage efficiency, thus paving the way for future application of type II derived CRISPR/Cas9 system

for eukaryotic genome editing. To be specific, in this paper, first, they found that tracrRNA is required for

crRNA guided DNA cutting by Cas9. Second, Cas9 contains HNH and RuvC endonuclease domains, which

are responsible for target DNA complementary and non-complementary strand cleavage, respectively. Third,

through a series of sequence truncation, they identified the core sequences of crRNA and tracrRNA. They also

explored the effect of protospacer mismatch on protospacer cleavage efficiency. Fourth, PAM (The PAM

sequence for Streptococcus pyogenes derived Cas9 is NGG) is essential for protospacer cleavage. Mutation

either G in the PAM sequence almost abolish the protospacer affinity to tracrRNA-crRNA-Cas9 complex. Last,

tracrRNA and crRNA can be programmed into a single chimeric RNA which also enables efficient target DNA

cleavage by Cas9 (Jinek et al., 2012). Almost at the same time, an independent study reported similar results

(Gasiunas et al., 2012). By then, although the detailed molecular mechanism of CRISPR/Cas provided adaptive

immunity had not been fully elucidated, the era of applying CRISPR/Cas9 system for various eukaryotic

genome editing was coming.

        CRISPR/Cas9 system is the simplest CRISPR/Cas system. The three components can be further reduced

to two by using a single guide RNA/sgRNA mimicking the secondary structure of tracrRNA-crRNA complex

which therefore greatly increases its applicability for genome editing beyond prokaryotes (Figure 1) (Jinek et

al., 2012). Indeed, biologists around the world rapidly adopted this technology and applied it in their respective

fields. One obvious limitation of using SpCas9 is the restricted target selection by PAM, which can be bypassed

by using engineered Cas9 or Cas9 from other sources (Hu et al., 2018; Nishimasu et al.,2018; Gasiunas et al.,

2012; Cong et al., 2013; Friedland et al., 2015; Chatterjee et al., 2020). Other type II CRISPR/Cas systems

with different PAM preference have been discovered such as CRISPR/Cas12, which favors T-rich PAM
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(Zetsche et al., 2015; Endo et al.,2016). Prokaryotes have also evolved CRISPR/Cas system that target single

strand RNA, such as CRISPR-Cas13 (Shmakov et al., 2015; Abudayyeh et al., 2016; East Seletsky et al.,

2016). Both Cas12 and Cas13 act in a similar principle to Cas9, except that Cas12 and Cas13 themselves are

capable of processing precrRNA into mature crRNA without involvement of tracrRNA or RNase III (Dong et

al., 2016; Fonfara et al., 2016; Abudayyeh et al., 2016). In this thesis, I will focus on the CRISPR/Cas9 system

that is the most popular system and relevant to my thesis.

        The CRISPR/Cas9 construct typically contains two independent expression modules for Cas9 and sgRNA

expression respectively. These two modules can be integrated into one single expression construct. To get

progenies with heritable edits, Cas9 expression is driven by Pol II promoters, including the ubiquitous

promoters UBQ10, 35S and RPS5A (Shan et al., 2013b; Zhang et al., 2014; Tsutsui and Higashiyama, 2017).

In Arabidopsis the germ cell specific promoter DD45, or the promoter that are active in dividing cells YAO

also show good editing efficiency (Wang et al., 2015; Yan et al., 2015; Mao et al., 2016). To get access to the

genome, sequences coding nuclear localization signal (NLS) flank the Cas9 coding sequence. The transcription

stop signal is provided by a terminator after the 3’ end NLS coding sequence. To avoid posttranscriptional

modification and delivery out the nuclei, the sgRNA expression is driven by Pol III promoters like U3/U6

promoters. For multiplex editing, several independent sgRNA expression cassettes can be combined together

by Golden gate cloning or Gibson assembly. In this case, poly T after each sgRNA scaffold provides

transcription stop signal. Alternatively, tandemly arrayed tRNA-sgRNA or ribozyme-sgRNA units can be

transcribed under a single Pol III promoter or Pol II promoter, the subsequent endogenous tRNA processing

or ribozyme self-cleavage activity releases free sgRNAs for Cas9 binding (Gao and Zhao, 2014; Xie,

Minkenberg and Yang; 2015). The factors related to Cas9 expression have an important impact on CRISPR

construct performance, such as the promoters used to drive Cas9 expression and the terminators selected to

provide transcription stop signal of Cas9 (Wang et al., 2015; Ordon et al., 2020). For a given CRISPR system,

the proper sgRNA design for protospacer targeting is the prerequisite for genome editing. By following the

PAM principle, it is possible to find many target sequences for a gene. However, one needs to consider the

targets location (exon or intron; 5’end or 3’end), GC content and most importantly, the number of potential of

mismatch. Luckily, one does not need to design sgRNA manually but take advantage of available online tools,

such as CHOPCHOP (https://chopchop.cbu.uib.no/). One should note that one target sequence valued by one

tool maybe disvalued by another. It is better to compare different tools and select consensus result from them.

        Since its advent, the CRISPR/Cas9 has been widely used in plant genome editing, not only for reverse

genetics studies but also for the crop agronomic traits improvement (Mao et al., 2019; Zhu, Li and Gao, 2020;

Zhan et al., 2021). These applications, at the DNA level, can be classified into several categories. The first

application is to generate knockout mutants for reverse genetic studies. Following the Cas9 caused DSB, the

endogenous non-homologous end joining (NHEJ)-mediated DNA repair machinery is error-prone, introducing

small indels at the DSB site and causing frameshift mutation. This is particularly useful to generate high order

mutant when genes are closely linked. Large fragment deletion or multiple gene editing is also feasible if more
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sgRNAs are used. Second, taking advantage of DNA binding activity of dCas9 (dead Cas9 without nuclease

activity), gene transcriptional activity can be manipulated by using dCas9 in fusion with multiple copies of

transcriptional activation domains like VP16, EDLL for transcriptional activation, SRDX for transcriptional

repression or epigenetic regulatory components for epigenome controlled gene expression (Qi et al., 2013;

Zhan et al., 2021). Third, compared with random indels caused by NHEJ, target editing can be performed in a

directional manner using recently developed cytidine base editor (CBE) and adenine base editor (ABE)

(Komor et al., 2016; Gaudelli et al., 2017). CBE converts C to T and ABE converts A to G. CBE and ABE

development rely on the modification of Cas9. For CBE, the Cas9 fusion contains three basic elements. First

is the nickase Cas9 (nCas9) D10A that loses non-complementary strand /PAM strand cleavage activity but

maintains the complementary strand/non-PAM strand cleavage activity. The second component is a cytidine

deaminase that converts C to U but this conversion can be corrected by a U DNA glycosylase as part of DNA

repair mechanism. This requires the third component a uracil DNA glycosylase inhibitor (UGI). A linker is

used to connect cytidine deaminase to nCas9 and the organization of nCas9 fusion is cytidine deaminase-

linker-nCas9 (D10A)-UGI. The nickase activity of nCas9 generates a nick at the complementary strand

containing G, which elicits the DNA repair machinery using the edited U containing non-complementary

strand as repair template, thus improving C to T transition efficiency (Komor et al., 2016). Similarly, the typical

Cas9 variant for ABE also involves three components, a wild type adenine deaminase Escherichia coli TadA

(ecTadA), a directional evolved ecTadA (ecTadA*) and nCas9 D10A (Gaudelli et al., 2017). Combining CBE

and ABE into one construct results in the formation of dual editor which enables C to T and A to G mutations

simultaneously (Li et al., 2020; Zhang et al., 2020; Grünewald et al., 2020; Sakata et al., 2020). Base editing

has enormous application potentials in agricultural breeding, since most agronomic traits are controlled by

SNPs. However, CBE and ABE only produce transition mutations but not transversion mutations. To achieve

precise genome editing, one strategy is to rely on the homology directed repair (HDR) pathway. This requires

the donor template to contain desired modifications and flanking sequence with homologous ends to the Cas9

cleavage site. However, the HDR efficiency is very low in plants and selection markers have to be used to

facilitate positive screen. Recently sequential transformation method has been developed which exhibits

improved HDR efficiency in terms of target gene knock in and sequence replacement (Miki et al., 2018). The

drawback is that two rounds of transformation is time consuming and it is difficult to segregate the transgenic

constructs out. The limitations of base-transition base editors and poor efficient HDR mediated genome

targeting are largely resolved by prime editors (Anzalone et al., 2019). Depending on the reverse transcriptase

activity, desired genetic information can be copied from RNA to target DNA site. Specifically, Moloney

murine leukemia virus (M MLV) reverse transcriptase is fused to C terminus of nCas9 H840A, which cleaves

the PAM strand. The 3’end of sgRNA contains extensions with primer binding site (PBS) and a template

containing intended sequence information. The resulting chimeric sgRNA is collectively termed prime editing

sgRNA (PegRNA). Following the nick generation on the PAM strand, the PBS binds to the 3’end of nicked

strand and elicits its extension by the template provided by pegRNA and the M-MLV reverse transcriptase

activity. After flap equilibration and DNA repair, the template information from the pegRNA is fixed at the
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target site. If a second sgRNA is used to introduce another nick at the non-PAM strand, the DNA repair

machinery will use edited strand as repair template thus improving editing efficiency (Anzalone et al., 2019).

1.1.3 Conditional gene manipulation boosts gene function studies

In Arabidopsis, the most popular usage of CRISPR/Cas9 for genome editing is to generate knockout mutants.

However, in many cases, a knockout mutant is not viable, or shows severe early developmental defects, thus

inhibiting further function exploration in later developmental stages. Ideally, switching off a gene function at

desired tissue and desired time provides the cleanest results of the gene function. Several conditional genome

editing strategies have been established in plants based on CRE/Lox recombination system, ZFN and TALEN

(Heidstra, Welch and Scheres, 2004; Christian et al., 2013; Qi et al., 2013). These methods are not widely

accepted by plant biologists probably due the difficulties in genetic manipulation and vector construction.

        When a gene function is initially determined via loss of function mutant analysis, the results are often

verified by overexpression assay, to test if the gene is sufficient for that function. However, the frequently used

constitutive overexpression may cause pleotropic effects and thus obscure the function exploration. Therefore,

it is also important to generate a conditional system that is capable of switching on a gene function broadly or

cell-type-specifically.

        The XVE-based estradiol inducible system is the mostly used chemical inducible system in plants. XVE

is a fusion protein consisting of three elements. X represents the DNA binding domain of LexA, while V is the

transcription activation domain of VP16 and E is the regulatory region of human estrogen receptor. Besides

XVE coding sequence, the system also contains eight copies of LexA operator and a minimum 35S promoter.

In the absence of estrogen, the XVE is cytoplasm localized and once given estrogen treatment, the XVE

relocalizes to nuclei where it binds to the LexA operator and activates downstream gene expression (Zuo, Niu

and Chua, 2000). The XVE itself is expressed under the direction of its upstream promoter. However, the

original XVE system had already assembled the constitutive promoter pG10-90 upstream of XVE and the

hygromycin selection marker into the binary construct, lacking the flexibility of binary vector construction

with regard to choosing inducible promoters and selection markers. Later, the flexibility was improved by

combing the XVE system with SingleSite Gateway technology, which allows cloning of promoter and gene of

interest into an inducible construct in two separate steps, and the selection marker was fixed to Kanamycin

(Brand et al. 2006). The limitations of this system are that two rounds of cloning is time consuming and there

are no other selection marker options. One theme of this thesis is to build a conditional gene expression system

which enables convenient, fast, flexible construct production, and to combine this system with the

CRISPR/Cas9 tool for inducible genome editing.

1.2 Arabidopsis thaliana root as a model

Roots are important plant organs that play essential roles in anchorage of plant body, acquisition of water and

nutrients from soil and their transport to aerial parts. Roots are also able to sense and respond to soil



Introduction

10

environmental changes. Therefore, proper development and function of root systems are key to the overall

performance of plants as a whole. For some plant species, for example, radish, carrot and cassava, roots

develop into storage organs that provide an important source of food and nutrient for human. Additionally, the

polygonum multiflorum and ginseng roots have been used as medicine for a long history.

        From a grand scale, the presence of roots, and in particular when combined with vascular system,

represents a successful evolutionary event and promotes the flourish of plants on lands. Through interactions

with soil, the roots indirectly influence on the faunal components, which comprise of a variety of arthropods

and nematodes (Kenrick, 2013). Roots also accelerate the weathering of calcium-magnesium silicates and thus

facilitate shaping the earth system on our planet (Kenrick, 2013). In addition to the aerial part, plant roots also

represent an important carbon sink. It was estimated that for a balsam fir, the biomass of the root took up over

20% of total biomass (Baskerville, 1965). Taken all together, appropriate root functions are important not only

for plants themselves, but also for human beings and for the ecosystem of the Earth.

        Although the studies of root development are of great ecological and economic values, root are

challenging to approach experimentally, since for most plant species roots are complex and underground. In

the past decades, our understandings of root development have been enormously advanced by using the

Arabidopsis root as a model. Arabidopsis roots have stable and simple cellular organization, highly orientated

cell divisions and highly predicable cell fates. The transparent root texture makes them perfect for micro-

observation. Based on these features, our understanding of Arabidopsis root development at different stages

and in response to various environmental stimuluses is achieved at an unprecedented level.

        Our planet is confronted with global warming because of the elevated CO2 levels in the air. One strategy

to combat against the Earth warm-up is to increase carbon sequestration. In nature, most carbons are

sequestered in the wood in the form of plant cell walls. Different from primary growth which contributes to

the height increase, the secondary growth contributes to organ thickening and to wood formation and therefore

to the carbon sequestration. During the secondary growth stage, the Arabidopsis root vascular anatomy is very

similar to that of a tree trunk, meaning that the molecular mechanisms underlying secondary growth we get

from Arabidopsis root can be used to guide tree breeding to potentially alleviate global warming.

1.2.1 Cellular organization of Arabidopsis root

After seeds germination, the Arabidopsis roots display continuous primary growth. It increases the root length

and thus enables the root to explore the deeper soil for water and nutrients. Increased root length is the

consequence of anticlinal cell divisions (the division plane is perpendicular to the root surface) in the root

meristem (RM) that adds cell numbers in the longitudinal direction and cell elongation in the elongation zone

that increases cell length. In the proximal part of RM, periclinal cell divisions (the division plane is parallel to

the root surface) lay the foundation for later secondary growth. In comparison, the secondary growth of

Arabidopsis roots begins in an acropetal manner when the seedlings are 4-5-day old. The periclinal cell
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divisions of vascular cambial cells along with cell growth contribute to the root thickening. To distinguish the

primary root from the main root or tap root, in this thesis the primary root means the part of tap root that

undergoes primary growth. Similarly, the secondary root means the part of tap root that undergoes secondary

growth. It is possible that all cell types and developmental stages are present in one root (Figure 2).

        In the mature part of the Arabidopsis primary root, from outside to inside, outmost epidermal cell and in-

between ground tissues (outer cortex and inner endodermis) form concentric layers enclosing the inner stele.

The stele contains outer pericycle cells and the enclosed vascular tissues. The vascular tissues are organized

into a bisymmetric pattern which can be subdivided into three domains: a xylem axis in the middle with two

phloem poles perpendicular to it and the intervening procambial cells. In the distal part of the primary root,

lateral root cap (LRC) cells and columella cap cells forms protective layers for the RM (Figure 2).

        Different cell types can be readily recognized by their morphology and position, and they also possess

specific features. A subset of epidermal cells undergo tubular extensions and give rise to root hairs, which

significantly increase the root surface area and as a result, enhance the absorptive ability of water and nutrient.

Endodermal cell have characterized lignin thickenings called casparian strip, which forms a paracellular

apoplastic diffusion barrier between outer ground tissues and inner stele, and therefore enables selective

nutrient uptake and exclusion of pathogens. Later, endodermal cells have another type of cell wall modification

called suberization. Pericycle cells can be divided into xylem pole pericycle (XPP) cells and phloem pole

pericycle (PPP) cells, based on their relative position. A small part of XPP cells can be periodically recruited

for lateral root (LR) formation, and the non-LR fate XPP cells later contribute to secondary growth (Smetana

et al., 2019). PPP cells are implicated in regulating phloem unloading (Ross-Elliott et al., 2017). Lateral root

cap cells and columella cap cells contain starch granules that can be visualized by lugol staining. The starch

granules work as statolith that plays roles in sensing gravity.

        The fully differentiated forms of xylem and phloem are tracheary elements and sieve elements,

respectively, which are conductive tissues responsible for water, photoproducts, hormone, peptide and small

RNA transport. Primary xylem cells are divided into protoxylem cells and metaxylem cells, based on their

positions and secondary cell wall modifications. The outer protoxylem cells are smaller with annular or helical

cell wall thickenings while the inner metaxylem cells are larger with rigid pitted or reticulate cell wall

thickenings. The phloem pole contains pericycle neighboring protophloem and inner metaphloem, along with

their lateral companion cells. Different from tracheary elements that are dead cells, the sieve elements are

living cells but undergo secondary cell wall thickening and enucleation process.

        When secondary growth is activated, procambial cells that are physically touching the xylem axis give

rise to vascular cambial cells (Figure 2). The cambium produces xylem inside and phloem outside. During the

secondary growth, the epidermis and the ground tissues are replaced by pericycle-originated periderm, from

outside to inside, comprised of phellem (cork), phellogen (cork cambium) and phelloderm (Wunderling et al.,
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2018). Due to their special position, non-LR fate XPP cells are involved in both vascular cambium formation

and periderm formation (Smetana et al., 2019), and thus contribute to secondary growth in both ways.

1.2.2 Cellular origin of Arabidopsis root

Except the hypocotyl, which is established during embryogenesis, all differentiated cell types are derived from

slowly dividing stem cells which surround a group of mitotically inactive cells named quiescent center (QC).

The stem cells divide asymmetrically to produce daughter cells in contact with QC to renew themselves and

distal daughter cells which exhibit further divisions before differentiation. With the exception of columella

stem cells, the daughter cells of which differentiate without further division, as revealed by starch granule

accumulation. The undifferentiated status of stem cell is maintained by the short- range signal produced in QC

(van den Berg et al., 1997). The stem cells and QC together constitutes the stem cell niche (SCN) (Figure 2).

        Histological and clonal analysis have revealed the embryonic cellular origin of primary root tissue (Dolan

et al., 1993; Scheres et al., 1994). Based on embryo cell numbers and morphology, the Arabidopsis

embryogenesis can be divided into different stages: zygote stage, 1-cell stage, 2/4-cell stage, 8-cell stage, 16-

cell stage, globular stage, triangular/transition stage, heart stage and torpedo stage. When embryogenesis

begins, the fertilized zygote divides asymmetrically to generate a smaller apical cell and a larger basal cell.

The apical cell undergoes stereotypical cell divisions and eventually contributes to the formation of the shoot

meristem, cotyledons, hypocotyl, and stem cells of vascular, ground, and epidermal tissues. The basal cell first

divides horizontally to produce a suspensor, which connects the embryo to the maternal tissue. The upper most

cell is later specified as the founder cell of RM, called hypophysis. Hypophysis undergoes another round of

cell division at the late globular stage to form an upper lens-shaped cell that will be specified as QC and a

lower cell that will be specified as columella stem cells. At the triangular stage, the epidermis and ground

tissue specification completes, and two symmetric cotyledon poles are specified. By the late heart stage of

embryogenesis, the formation of the first lateral root cap layer is regarded as hallmarking the onset of RM

activity (Scheres et al., 1994).

        The initiation of vascular cells occurs in the early globular stage. Through periclinal division, the inner

four cells first produce ground tissue cells outward and four vascular precursor cells inward, which then display

another round of periclinal divisions to generate outer pericycles and four inner provascular cells (De Rybel et

al., 2016). The resulting four provascular cells are ancestors of all vascular cells in the root and hypocotyl

(Figure 2).
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Figure 2 Schematic representation of Arabidopsis embryonic root and post-embryonic root development

with a highlight on vascular development. Modified from De Rybel et al., 2015.
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        The radial root patterning of a mature embryo is preserved during postembryonic root growth. For the

vascular patterning formation, it takes about 27µm right above the QC for the patterning completion (Mähönen

et al., 2000). The vascular stem cell number is about 11 and when the patterning is finished, the vascular

number becomes about 31. It indicates that about 20 periclinal divisions are required to complete the patterning.

The periclinal divisions happen to the phloem domain and divisions occur in two stages. At the first stage, the

protophloem sieve elements and its lateral neighbors divide to generate more procambial cell flanking the

xylem axis, which finishes at about 12µm above the QC. At the second stage, the protophloem sieve elements

and its lateral neighbors display last round of cell division to complete the pattern, which takes place at about

27µm above the QC (Mähönen et al., 2000). The procambial cells touching the xylem axis will turn into

cambial cells during the secondary growth (Smetana et al., 2019).

1.3 Signalling pathways regulating Arabidopsis primary and secondary root

development

Plant cells have pluripotency. During plant tissue culture, plant hormones auxin and cytokinin are two

indispensable plant hormones supplied in the culture medium, implying their important roles in de novo

organogenesis. In this section, I will summarize signaling pathways involved in Arabidopsis embryonic root

establishment, vascular procambial cell proliferation and patterning formation, with a highlight on auxin and

cytokinin related signaling pathways. Additionally, small RNAs, peptides and other transcriptional regulation

in vascular development will also be discussed in this section.

1.3.1 Auxin signaling and its roles in primary root development

Auxin, one of the most important plant hormones, controls many developmental process. A set of F box protein

AUXIN TRANSPORT INHIBITOR RESPONSE1 (TIR1) and AUXIN SIGNALING F-BOX1-3 (AFB1-3)

act as auxin receptors. Auxin receptors are integrated into a multi-subunit E3-type SKP1-CUL1-F-box (SCF)

ubiquitin ligase complex including an Arabidopsis SKP1-like protein, the cullin AtCUL1, and the AtRBX1

protein (collectively called SCFTIR1/AFB). When the auxin level is high, the SCFTIR1/AFB complex ubiquitinates

its substrates Aux/IAAs for degradation by 26S proteasome. Aux/IAAs belong to a transcription factor family

which inhibits AUXIN RESPONSE FACTOR (ARF) function by forming heterodimers with ARFs. The

derepression of ARFs initiates downstream gene transcription (Hagen, Guilfoyle and Gray, 2004).

        Auxin plays essential roles in embryonic root formation. Blocking auxin biosynthesis, perception,

transport, and signaling transduction all inhibit embryonic root development (Petricka, Winter and Benfey,

2012). Right after the first asymmetric ell division of zygote, the apical cell lineage displays pronounced DR5

(a synthetic auxin responsive promoter by multiplexing the auxin responsive elements) activity until globular

stage, when DR5 maximum activity shifts to the hypophysis and adjacent suspensor cells. Consistent to auxin

signaling changes, the native auxin indole-3-acetic acid (IAA) distribution also shows a similar apical-basal

reversal during early embryogenesis. Further study revealed that auxin efflux transporters PINFORMED (PIN)
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mediate the auxin gradient formation. PIN7 initially localizes to the apical cell membranes of suspensor cells

before early globular stage, which directs auxin flow to the apical proembryo, meanwhile, another auxin efflux

transporter PIN1, shows no evident polar localization in the apical part. At the early globular stage, the PIN1

exhibits basal localization in the provascular cells facing the hypophysis, and PIN7 relocalizes to the basal

membrane of suspensor cells, consistent with the shift of auxin maximum. The quadruple mutant of pin1,3,4,7

fails to form embryonic root (Friml et al., 2003). Therefore, spatiotemporal dynamic expression and polar

localization of PINs, determines auxin gradient and finally embryonic root formation.

        MONOPTEROS (MP/ARF5) knockout mutant and the gain-of-function mutant of its Aux/IAA inhibitor

BODENLOS (BDL/IAA12) fail to build an embryonic root (Berleth and Jürgens, 1993; Hamann et al., 1999).

A detailed embryogenesis assay shows specification of functional hypophysis does not happen (Berleth and

Jürgens, 1993; Hardtke and Berleth, 1998). In addition to that, the lower tier of proembryo is not properly

specified later, which will cause the vascular proliferation and patterning defects (Berleth and Jürgens, 1993;

Przemecket al., 1996; Hardtke and Berleth, 1998). BDL playing its inhibitory functions on MP transcription

activity requires physical contact with another corepressor TOPLESS (TPL). The rootless phenotype of the

gain of function mutant allele bdl-1 can be suppressed by tpl-1(Szemenyei, Hannon and Long, 2008). Although

MP and its interactor BDL are involved in hypophysis specification, neither mRNA nor protein exists in the

presumptive hypophysis. MP expression in the provascular cells adjacent to the future hypophysis is sufficient

for hypophysis specification, indicating MP exerts its function non-cell autonomously. MP locally promotes

PIN1 expression, which efflux auxin to the adjacent hypophysis position. However, auxin alone is not

sufficient for hypophysis specification (Weijers et al., 2006). Therefore, there must be other factors that

mediate MP function. Further studies identified the direct targets of MP, TARGET OF MONOPTEROS 7

(TMO7) that encodes a basic helix-loop-helix (bHLH) transcription factor, through which MP determines

hypophysis formation. TMO7 is expressed in a similar pattern as MP, but its protein moves downwards to

specify hypophysis cell fate. Knocking down TMO7 expression level abolishes the hypophysis specification

(Schlereth et al., 2010).

        The hypophysis specification marks the initiation of embryonic root meristem. Later, hypophysis

undergoes another round horizontal division and the apical daughter cell will be specified as QC. Two parallel

pathways are implicated in QC specification during embryogenesis. The PLETHORA (PLT) (AP2-domain

transcription factors) pathway and SHORTROOT (SHR)-SCARECROW (SCR) (GRAS family transcription

factor) pathway. Loss of function mutants of them fail to establish the QC and RM can not be maintained, as

a result the primary growth will cease a few days after germination (Aida et al., 2004; Sabatini et al., 2003).

PLT1-4 transcription mainly surrounds the SCN region, but the PLT proteins form gradient along the root

meristem due to cell-to-cell movement and growth dilution, with the maximum in the QC cells (Mähönen et

al., 2014). The graded distribution of PLTs defines the root zonation formation. High level of PLTs regulating

stem cell maintenance, mild level of PLTs control meristematic cell division and low level of PLTs is required

for cell differentiation (Galinha et al., 2007). During embryogenesis, some cell fate regulators are transiently
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required for identity specification (Weijers et al., 2006; Müller and Sheen, 2008), however, it is still unknown

if PLTs are continuously required for QC and stem cell maintenance after its specification. Nor is it known

whether PLTs act cell autonomously or non-cell autonomously.

        QC is believed to produce short range signals to non-cell autonomously maintain stem cell niche, as the

stem cells adjacent to laser-ablated QC differentiate while the intact QC adjacent stem cells remain

uninfluenced (Vandenberg et al., 1997). A WUSCHEL-RELATED HOMEOBOX (WOX) gene WOX5 might

represent one of such signals, since the columella stem cells differentiate in wox5 mutant (Sarkar et al., 2007).

The expression of WOX5 in QC is defined by a peptide encoded by CLAVATA3/ESR RELATED40 (CLE40)

and its receptor ARABIDOPSIS CRINKLY4 (ACR4), a leucine-rich-repeat receptor-like kinase (Stahl et al.,

2009). Similar mechanisms also exist in maintaining shoot meristem and vascular cambium homeostasis

(Fletcher et al., 1999; Schoof et al., 2000; Hirakawa et al., 2010).

        During the postembryonic growth, in the SCN, the quiescence of QC and the number of surrounding stem

cells are regulated by RETINOBLASTOMA-RELATED (RBR). The conditional knockdown or knockout of

RBR shows QC proliferation and increased stem cell numbers (Wildwater et al., 2005; Wachsman, Heidstra

and Scheres, 2011). Reducing RBR expression in scr background is able to restore QC identity and function,

indicating RBR functions downstream of SCR in stem cell regulation. In another context, the physical binding

of RBR to SCR is required to restrict ground tissue stem cell divisions (Cruz-Ramírez et al. 2012). It seems

that in different tissues, RBR works in a conserved pathway which involves D cyclins, KIP-related proteins,

and E2F factors (Wildwater et al., 2005; Bénédicte and Crisanto, 2020), however, it remains to be elucidated

if RBR plays conserved functions in secondary tissues.

1.3.2 Cytokinin signaling and its roles in primary root development

Cytokinins are involved in many developmental processes, including root stem cell niche specification (Müller

and Sheen, 2008), primary vascular patterning (Mähönen et al., 2000; Mähönen et al., 2006a; Mähönen et al.,

2006b), shoot stem cell niche control (Zhao et al., 2010), tissue regeneration (To et al., 2004). The first

identified natural cytokinin is trans-zeatin (tz) which was extracted from maize endosperm (Letham, 1963).

The natural cytokinins are adenine derivatives with N6 position substituted by either an isoprene derived side

chain (isoprenoid cytokinins) or an aromatic derived side chain (aromatic cytokinins). Although aromatic

cytokinins have been identified in plants, little is known about their synthesis. So far the knowledge of

cytokinin biosynthesis and metabolism was mainly obtained from isoprenoid cytokinins (Sakakibara, 2004).

        There are four free-base isoprenoid cytokinins: isopentenyladenine (iP), trans-zeatin (tZ), cis-zeatin (cZ)

and dihydrozeatin (DZ). The iP and tZ are the active forms and their derivatives are the most abundant species

in plants. IP and tZ are susceptible to cytokinin oxidase (CKX) mediated degradation unlike their derivatives.

In additional to the free-base cytokinins, the naturally existing cytokinins also include nucleoside and

nucleotide forms. For example, the nucleoside form of iP is isopentenyladenine riboside (iPR) and the
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nucleotide form is isopentenyladenine riboside 5’ (mono, di, tri) phosphate iPRMP, iPRDP and iPRTP, based

on the phosphate numbers (Sakakibara, 2004).

        The first step of iP/tZ biosynthesis is to add an isoprene side chain to the adenine of AMP/ADP/ATP at

N10 position to produce the corresponding nucleotides iPRMP, iPRDP and iPRTP. This step is catalyzed by

isopentenyltransferases (IPT) using dimethylallyl diphosphate/DMAPP as isoprene donor. IPRTP and iPRDP

can be dephosphorylated by phosphatase to produce iPRMP. LONELY GUY (LOG) catalyzes iPRMP to

produce iP (Kurakawa et al., 2007). Alternatively, iPRMP, iPRDP and iPRTP can be hydroxylated into tZRMP,

tZRDP and tZRTP, respectively, by cytochrome P450 monooxygenases CYP735A1 and CYP735A2 (Takei,

Yamaya and Sakakibara, 2004). Similarly, phosphate groups are removed from tZRTP and tZRDP by

phosphatase to form tZRMP, which can be catalyzed by LOG for tZ synthesis. In the first step catalysis reaction,

ATP and ADP is preferably used rather than AMP.  The side chain of iP and tZ can be conjugated with D-

glucose to form the inactive version of cytokinins that can be used for storage. Even though iP and tZ exist in

xylem and phloem sap, the corresponding nucleosides are the main transport forms (Sakakibara, 2004).

        In plants, the cytokinin signaling transduction resembles an evolutionary conserved two component signal

transduction system in bacteria (Figure 3). In bacteria, the first component is a membrane bound hybrid

histidine kinase which consists of an extracellular input domain used for sensing environmental stimulus, an

intracellular transmitter domain which contains a conserved histidine residue. The histidine kinase works in

the form of dimer. The second component is a response regulator which includes one receiver domain with

conserved aspartate residue and an output domain which typically regulates gene transcription. Once the

histidine kinase senses the stimulus, the kinase activity of one subunit is activated to phosphorylate the

conserved histidine residue in the transmitter domain of the opposing subunit. This process is called trans-

autophosphorylation. Then the signal is propagated by the phosphorylation of conserved aspartate residue in

the receiver domain of the response regulator, and the output domain is activated (Maxwell and Kieber, 2004).

        In Arabidopsis, ARABIDOPSIS HISTIDINE KINASE4 (AHK4)/CYTOKININ RESPONSE1

(CRE1)/WOODEN LEG (WOL) is the first reported cytokinin receptor (Inoue et al., 2001; Yamada et al.,

2001). In addition to AHK4, other two homologs AHK2 and AHK3 are likely to serve as cytokinin receptors

due to their highly similar structure to AHK4. Different from its orthologs in bacteria, AHK4 has an aspartate-

containing receiver domain at C terminus, in addition to the CHASE extracellular cytokinin binding domain

and the histidine-containing transmitter domain. The Arabidopsis genome encodes 32 cytokinin response

regulators (ARABIDOPSIS RESPONSE REGULATORs (ARRs)) which have the aspartate-containing

receiver domain. Since the signal transduction in nature is an alternate phosphorelay process between histidine

residue and aspartate residue, that means to propagate the signal to a response regulator, an intermediate

phosphotransfer protein containing a transmitter domain with conserved histidine, is required. Indeed,

Arabidopsis genome contains five such phosphotransfer proteins, named ARABIDOPSIS HIS-

PHOSPHOTRANSFER PROTEIN1-5 (AHP1-5) (Maxwell and Kieber, 2004).
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Figure 3 Cytokinin signaling transduction model in Arabidopsis.

        Based on the phylogenetic relationship and the protein structure, the Arabidopsis ARRs are classified into

four groups. The type A, B, C and APRRs (To et al., 2007). Type A, B and C ARRs all contain a receiver

domain at N terminus with a conserved aspartate residue, but the receiver domain sequence of C type ARRs is

relatively distant from the other two. Different from A and C which contains only a receiver domain, the B

ARRs also harbor an output domain at C terminus which has both DNA binding and trans-activating activity.

Therefore, type B ARRs mediate cytokinin signaling output. Type A ARRs are the direct targets of type B

ARRs and their expression can be quickly induced by exogenous cytokinin, thereby representing a set of

cytokinin primary response genes (Zubo et al., 2017; Xie et al., 2018; Potter et al., 2018). Meanwhile, they

negatively regulate cytokinin signaling by an unknown mechanism (To et al., 2004). The APRRs have an

abnormal receiver domain lacking the conserved aspartate residue. AHP6 is a pseudo-histidine

phosphotransfer protein which lacks the conserved histidine residue required for phosphotransfer. AHP6 acts

as cytokinin signaling inhibitor by competing with other AHPs (Mähönen et al., 2006a; Mähönen et al., 2006b).
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The crosstalk between cytokinin signaling other hormone signaling often converge on the regulation of

cytokinin signaling inhibitors, such as type A ARRs and AHP6 (Müller and Sheen, 2008; Bishopp et al., 2011;

Zhao et al., 2015).

        In addition to auxin signaling, also cytokinin signaling controls root meristem establishment. ARR7 and

ARR15, negative regulators of cytokinin signaling, are positively regulated by auxin signaling in the basal

hypophyseal cell derived from asymmetric cell division of hypophysis, where they block cytokinin response

as shown by a synthetic reporter two-component-output-sensor (TCS). When inducing ARR7RNAi in arr15

mutant background, the TCS response activity spread to the basal hypophyseal cell, and the stem cell related

gene expression is all disrupted (Müller and Sheen, 2008). Auxin and cytokinin signaling are also key factors

for vascular initiation, proliferation and patterning. This will be discussed in the next section.

1.3.3 Vascular tissue development

Vascular tissues initiation starts from the early globular stage of embryogenesis, a process of periclinal cell

divisions and cell fate specification. Two of the four provascular cells are physically connected to each other,

and this connection is considered to be required for future bisymmetric pattern formation. These two cells

receive more auxin effluxed by PIN1 from incipient cotyledons, which marks the acquisition of xylem identity

(De Rybel et al., 2014). Besides its roles in hypophysis specification, MP also controls vascular development

during the embryogenesis. The mp mutant has reduced and disorganized vascular cell files (Berleth and Jürgens,

1993; Przemecket al., 1996; Hardtke and Berleth, 1998). MP directly activates TARGET OF MONOPTEROS5

(TMO5), a bHLH transcription factor in the provascular cells. TMO5 and its homologues promote vascular

tissue development, by interacting with another subclade of bHLH members, LONESOME HIGHWAY (LHW)

and their homologs (Ohashi-Ito and Bergmann, 2007; De Rybel et al., 2013; Ohashi-Ito et al., 2013; De Rybel

et al., 2014; Ohashi-Ito et al., 2014). TMO5 initially expresses in the four provascular cells and later the

expression becomes restricted to the xylem axis. All TMO5 subclade members express in the xylem axis of

the RM during the postembryonic growth. In contrast, the LHW and LONESOME HIGHWAY-LIKE1 (LL1)

have relatively broader expression. The respective subclade members of TMO5 (TMO5, TMO5-LIKE1-3) and

LHW (LHW, LL1) function as heterodimers. Loss of function mutants of them have fewer periclinal cell

divisions and as a result, fewer vascular cell in both embryonic and postembryonic roots. The bisymmetric

vascular pattern is also disrupted (Ohashi-Ito and Bergmann, 2007; De Rybel et al., 2013). Higher order

mutants show transitions from indeterminate growth to determinate growth. This transition is not because of

embryonic defects perpetuate during the postembryonic growth, but because TMO5 and LHW are also required

for postembryonic control of vascular indeterminacy (De Rybel et al., 2013). While TMO5 subclade members

all express in the xylem precursor cells (at least from heart stage onwards), xylem cell number only increases

from 2 at globular stage to 5-6 at mature stage. Similarly, during postembryonic vascular growth, the vascular

number (pericycle cells are also included) increases from about 23 at the position right above the QC to about

40 at the transition zone, where the xylem cell number remains about 5-6. Moreover, when ectopically
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expressing TMO5 in ground tissue, periclinal cell divisions occur not only in ground tissue but also in neighbor

pericycle cells. These all indicate TMO5/LHW heterodimer non-cell autonomously controls vascular cell

proliferation by activating a moving signal from the xylem axis (De Rybel et al., 2013). Several lines of

evidence indicate cytokinin might be such a moving signal. The cytokinin signaling mutant wol contains about

8 vascular stem cells but this number only slightly increased to about 9 in the differentiated zone, revealing a

defect in periclinal cell division (Mähönen et al., 2000). In the RM, the cytokinin signaling concentrates on

procambial cells flanking the high levels of auxin signaling marked xylem axis (Bishopp et al., 2011). In

addition, the divisions from procambial cells constitute the most cell files in the vascular bundle (Mähönen et

al., 2000). A later study builds the link between TMO5/LHW and cytokinin in shaping vascular growth and

patterning. TMO5/LHW directly activates expression of a cytokinin biosynthesis gene LOG4 in xylem axis,

the synthesized cytokinin diffuses to surrounding procamibum cells where they promote periclinal cell

divisions (De Rybel et al., 2014).

        During the postembryonic growth, the periclinal division in the RM occurs in the protophloem sieve

elements (PSE) and their lateral cells touching pericycle. Blocking symplastic transport severely block

periclinal cell divisions, indicating mobile signals derived from PSEs directing divisions. Such mobile signals

are PHLOEM EARLY DOF (PEAR) transcription factors. PEARs expression centered on PSEs and the

proteins move to nearby cells. The expression of PEARs is promoted by cytokinin signaling and antagonized

by class III homeodomain-leucine zipper transcription factors HD-ZIP IIIs. HD-ZIP IIIs also block PEARs

further movement into inner procambial cells (Miyashima et al., 2019). The expression region of HD-ZIPIIIs

were shaped by antagonistic functions between auxin signaling which promotes their transcription (Donner et

al., 2009; Ursache et al., 2014), and the endodermal imported miR165/166, which degrade the mRNAs of HD-

ZIPIIIs (Carlsbecker et al., 2010). The quadruple mutants of HD-ZIPIIIs show overproliferation of vascular

cells, which is caused by the deeper penetrance of PEARs into the vasculature. Removing all six PEAR

homologues is able to rescue the vascular cell numbers of HD-ZIPIII quadruple mutant to the wild type level.

Taken together, cytokinin regulated PEARs define the dividing domain whereas auxin and miRNA regulated

HD-ZIP IIIs defines quiescent domain, which together prime the future radial growth (Miyashima et al., 2019).

        Even though our knowledge on vascular development has increased enormously, some aspects need to

be of note. First, how do these two pathways interact? It is likely that TMO5-LHW guided cytokinin

biosynthesis is required for PEAR expression, placing PEARs downstream of TMO5 pathway. At least one

DOF member, DOF2.1, promoting periclinal cell division relies on TMO5-LHW dependent cytokinin

biosynthesis (Smet et al., 2019). It would be interesting to see PEARs expression in TMO5-LHW mutants, if

PEARs are able to rescue TMO5-LHW related phenotype, and if PEAR mutants are resistant to cytokinin

treatment with respect to periclinal division. Although it was demonstrated that HD-ZIPIIIs block PEAR

expression and protein movement, the results could be further solidified by inducing miR165/166 expression

in the vasculature and following PEAR dynamics before phenotype appearance.
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        Second, it seems LOGs controlled cytokinin biosynthesis could not fully explain TMO5-LHW function.

Even in wol as well as log1234578 mutants, the vascular cell numbers is more or less the same as vascular

stem cells (slightly fewer than wild type), but far more than that in tmo5t5l1t5l2t5l3. In wol and log1234578,

also procambium cells differentiate into protoxylem cells which differ from tmo5t5l1t5l2t5l3. (Mähönen et al.,

2000; De Rybel et al., 2013; De Rybel et al., 2014). How to interpret these differences? First, during

embryogenesis, it seems the cytokinin signaling does not make a significant contribution to vascular cell

proliferation, but auxin signaling does. Second, during postembryonic growth, TMO5 might play a role in

maintaining vascular stem cell populations in a cytokinin biosynthesis independent manner. Consistent with

this, TMO5 is able to partially rescue mp rootless phenotype during embryogenesis, similar to TMO7

(Schlereth et al., 2010).

        Third, it is interesting that in the primary patterning, high auxin response-marked xylem identity cells

rarely divide, but the surrounding procambial cell divides, suggesting they are working as organizing cells.

HD-ZIPIIIs also work downstream of auxin signaling, and ATHB8 is a direct target of MP (Donner et al.,

2009; Ursache et al., 2014). It is likely that high auxin signaling response in xylem axis promotes TMO5-LHW

related gene expression to direct nearby procambial divisions on the one hand, and promotes HD-ZIPIIIs gene

expression to maintain xylem cell quiescence on other hand. The HD-ZIPIIIs mRNAs are also regulated by

miRNA165/166, and at the protoxylem position, the corresponding dosage of HD-ZIPIIIs is low, which may

explain why protoxylem cells own the division potential (Carlsbecker et al., 2010; Miyashima et al., 2019).

        Not limited to cell divisions, cytokinin signaling is also implicated in xylem patterning. When giving

cytokinin treatment, or ectopically expressing LOG4 or TMO5 and LHW, or in the mutant of cytokinin

signaling inhibitor ahp6, the protoxylem differentiation is blocked. On the contrary, in cytokinin biosynthesis

mutant log1234578, or perception mutant like wol, all vascular cells differentiate into the protoxylems. In wol

mutant, all protoxylem phenotype can be partially rescued when expressing AXR3-1, a dominant negative

version of IAA17, to impede auxin signaling, therefore protoxylem fate determination requires not only low

level cytokinin signaling but also high level auxin signaling (Mähönen et al., 2006a; Mähönen et al., 2006b;

Bishopp et al., 2011; De Rybel et al., 2014).

        In addition to negatively regulating cell divisions, HD-ZIP IIIs specify xylem fate formation in a dose

dependent manner. SHR is transcribed in the stele cells, from where it moves into endodermis and is

sequestered by SCR. SHR-SCR together promote the transcription of miRNA165/166. The miRNA moves

inward to degrade HD-ZIP IIIs. At the peripheral region, high levels of miRNA lead to low HD-ZIP IIIs

transcript levels which specify protoxylem fate, while in the inner cells, high levels of HD-ZIP IIIs determine

the metaxylem fate. In the athb8 phb phv rev mutant, all primary xylem cells acquire protoxylem identity.

Consistently, a dominant mutant phb7 that is insensitive to miRNA mediated degradation, shows ectopic

metaxylem formation, a phenotype similar to shr and scr mutant (Carlsbecker et al., 2010).
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        Protoxylem and metaxylem differentiation involves characteristic secondary cell thickenings. NAC

domain transcription factors VASCULAR-RELATED NAC-DOMAIN6 (VND6) and VND7 control

metaxylem and protoxylem differentiation, respectively. Ectopic expression of VND6 and VND7 induce non-

vascular cells into metaxylem and protoxylem, respectively (Kubo et al., 2005). Along with other NAC

homologs VND1-5, NAC SECONDARY WALL THICKENING PROMOTING FACTOR1 (NST1), NST2,

and SECONDARY WALL ASSOCIATED NAC DOMAIN PROTEIN1 (SND1), they regulate secondary cell

wall thickening by activating a batch of downstream genes including transcription factors regulating secondary

cell wall thickening, secondary cell wall biosynthesis, and programmed cell death. Thus they represent the top

level master regulators of secondary cell wall thickening. Among the downstream transcription factors,

MYB46 and MYB83 represent the second level of master switch controlling secondary cell wall thickening.

They also share a number of common downstream targets with VNDs. Therefore, a multitude feedforward

regulation ensures robust xylem formation (Zhong and Ye, 2015).

        ALTERED PHLOEM DEVELOPMENT (APL), one MYB transcription factor, is the first identified

phloem development regulator. Loss of function mutant displays loss of phloem poles and xylem like cells in

the phloem position, indicating APL is a master regulator of phloem differentiation while inhibiting xylem cell

fate (Bonke et al., 2003). Further study reveals that APL targets two NAC genes, NAC45 and NAC86, which

orchestrate sieve element formation by directing NAC45/86 DEPENDENT EXONUCLEASE-DOMAIN

PROTEIN1-4 (NEN1-4) for enucleation (Furuta et al., 2014). Recently, through tracing protophloem

development trajectory at single cell level, APL was found to be negatively regulated by PLTs but positively

regulated by PEARs in phloem development. The pear sextuple mutant (pear1 pear2 dof6 obp2 hca2 tmo6)

frequently loses sieve element differentiation. As early phloem identity regulators, PEARs downregulate genes

which are upregulated by later phloem regulators NAC45 and NAC86 and vice versa, forming a seesaw pattern

of mutual inhibitory network (Roszak et al., 2021). In addition, OCTOPUS (OPS) and BREVIS RADIX (BRX)

were identified as positive regulators of protophloem differentiation while CLE45 and its receptor, a receptor-

like kinase BARELY ANY MERISTEM 3 (BAM3) are negative regulators (Mouchel et al., 2006; Bauby et

al., 2007; Truernit et al., 2012; Depuydt et al., 2013). Recently, SUPPRESSOR OF MAX2-LIKE3 (SMXL3),

SMXL4, and SMXL5 were discovered as key regulators in phloem formation. In smxl3smxl4smxl5 triple

mutant, the phloem formation is absent (Wallner et al., 2017).

1.3.4 Vascular cambium development

After vascular tissues exit the RM, the vascular cell file number and pattern remain stable until secondary

growth starts, when some procambial cells turn into cambial cells whose division activity causes the radial

growth (Figure 2). Except for the differentiated xylem and phloem cells, which procambial cells contribute to

secondary growth was unknown until recently. A procambial cell fate map has recently been revealed through

histological and clonal analysis (Smetana et al., 2019). It turns out only xylem adjacent procambial cells are

involved in cambium formation. The other procambial cells on the phloem side divide a few rounds and are
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gradually pushed outwards together with primary phloem poles due to the inner cambial cell divisions. XPP

cells contribute to both vascular cambium and cork cambium formation, while other pericycle cells are

exclusively implicated in cork cambium formation (Figure 2) (Smetana et al., 2019). In the RM, xylem identity

cells are characterized by auxin signaling maximum and mitotic inactivity, a feature similar to QC. When the

secondary growth initiates, the primary xylem cells have already become fully differentiated dead conductive

cells. Therefore, it is likely that the developing xylem cells serve as organizers by priming neighboring cells

as cambium stem cells. During secondary growth, the xylem side cambium (developing xylem cells) maintains

high levels of auxin signaling, HD-ZIPIIIs (such as ATHB8), WUSCHEL-RELATED HOMEOBOX gene

WOX4 and TDR/PXY (TDIF RECEPTOR/PHLOEM INTERCALATED WITH XYLEM) expression. While

cambial stem cells are characterized by an AP2 domain transcription factor AINTEGUMENTA (ANT)

expression. Even though cambial stem cells produce both xylem and phloem cells, clonal assay indicates that

only one bifacial cambium stem exists (Smetana et al 2019). An independent research using Arabidopsis root

hypocotyl as model get the similar results (Shi et al., 2019). Similar to the RM, in the secondary root, the

developing xylem cells with high levels of auxin signaling act as organizing center of cambium stem cells,

which non-cell autonomously specify proximal cells as cambial stem cells. Positioning a new auxin signaling

maximum in the phloem domain by clonal expressing of MPdelta, a truncated version without domain III and

IV that releases it from AUX/IAA inhibition, is sufficient to induce WOX4, TDR/PXY and ATHB8 expression

in the clone and in cells surrounding the clone before and after the clone differentiates into a vessel,

respectively. Auxin determining cambium stem cell organizer is mediated by HD-ZIPIIIs. Alleviating HD-

ZIPIII expression by inducing miR165 leading to decreased expression of organizer markers as well as

mitotically activation of organizers. Meanwhile, the organizer also non-cell autonomously affects phloem

identity by an unknown factor, since reducing auxin signaling or HD-ZIPIIIs expression not only

downregulates stem cell gene expression but also phloem gene expression (Smetana et al., 2019).

        The cambium stem cell organization and differentiation regulation is highly dynamic and very redundant.

This can be revealed from the limited number of mutants showing obvious cambium related phenotype. For a

long period, cambium regulation investigation was mainly focused on the ligand-receptor pair TDIF (tracheary

element differentiation inhibitory factor)-TDR/PXY and their downstream target WOX4 (Ito et al., 2006;

Fisher and Turner, 2007; Hirakawa et al., 2008; Whitford et al., Hirakawa et al., 2010). The small peptide

TDIF is encoded by CLE41 and CLE44 and TDR/PXY is a membrane located protein kinase. TDIF-

TDR/PXY-WOX4 signaling cascade works redundantly with their respective homologues in cambium

maintenance and xylem differentiation inhibition (Etchells et al., 2013; Wang et al., 2019; Smit et al., 2020).

Recent advances reveal that TDIF-TDR/PXY promotes cell proliferation through upregulation of WOX4,

while TDIF-TDR/PXY inhibits xylem differentiation by activating glycogen synthase kinase3 proteins (GSK3)

which then repress the xylem-promoting factor BRI1-EMS SUPPRESSOR1 (BES1) (Kondo et al., 2014).

Interestingly, a GSK3 quadruple mutant that includes bin2bil1bil2SK13RNAi has increased vascular cell

numbers compared with wild type control, suggesting that a cambium proliferation negative regulator exists
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among them. Later, BIL1 was proved to be such a negative regulator. BIL1 phosphorylates MP to improve its

transcriptional activation on cytokinin signaling negative regulators ARR7 and ARR15. Negative effect of

BIL1-MP on cambium activity is antagonized by TDR/PXY (Han et al., 2018).

        Recently, through genome wide transcript profiling of cambiums cells, transcriptional regulation of root

secondary growth was preliminarily disclosed. A comprehensive loss of function mutant analysis using 32

transcription factors, whose expression had been validated using reporter assay, revealed 62 genotypes that

showed cambium related phenotypes. A transcriptional regulatory network was generated based on q-PCR

results from 13 selected inducible overexpression lines. The resulting network highlights WOX4 and KNAT1

as transcriptional hubs in this network, and wox4knat1 double mutant shows the strongest phenotype among

all genotypes analyzed, validating the robustness of this network. However, cambium activity is not completely

abolished among the mutant combinations from the same transcription factor family or different family. Even

in wox4knat1 mutant, the residual cambium activity still existed, indicating the strong redundancy of

transcriptional regulation at different levels. However, where to position these TFs in a big picture of cambium

development is still challenging (Zhang et al., 2019). KNAT1 has recently been shown to interact with ARF6

and ARF8 in cambium maintenance (Ben-Targem et al., 2021).

        Cytokinins play essential roles in primary root patterning and proliferation. With respect to secondary

growth, cytokinins act as key regulators of cambium growth. Cytokinin biosynthesis mutant ipt1,3,5,7

completely loses cambium activity while maintaining the primary root bisymmetric vascular pattern.

Reciprocal grafting experiments showed that the wild type scion is able to rescue mutant stock and vice versa.

The iP type cytokinins are the main cytokinin species for shoot to root transport while the tZ type cytokinins

are the main cytokinin forms for root to shoot transport (Matsumoto-Kitano et al., 2008). Consistently, the

knockout mutant of ARR7 display enhanced secondary growth, and overexpressing it inhibits secondary

growth (Han et al., 2018). In poplar, manipulating cytokinin levels by heterogeneously expressing Arabidopsis

CKX2 or IPT7 reduces or increases radial growth, respectively (Nieminen et al., 2008; Immanen et al., 2016).

Despite of its importance, little is known about downstream events of cytokinin signaling in regulating

secondary growth. Therefore, exploring the cytokinin downstream targets and elucidating their related roles in

secondary growth is another aspect of this thesis.

        Lateral organ boundary domain (LBD) family is a plant specific transcription factor family with 42

members in Arabidopsis. Among the LBD family, the first reported member is ASYMMETRIC LEAVES2

(AS2/LBD6) and the loss of function mutant analysis revealed that AS2 is involved in the leaf development

on aspects of symmetric leaf morphology, leaf venation and polarity. This might be caused by an interaction

between lateral organ (leaf primordia) and the SAM, since AS2 is required to restrict KNAT1, KNAT2 and

KNAT6, homeodomain transcription factors promoting shoot meristem fate, in the meristem region (Serrano-

Cartagena et al., 1999; Ori et al., 2000; Semiarti et al., 2001; Lin, Shuai and Springer, 2003). Later, a close

homolog of AS2, LBD36 was found to be functional in the petal proximal-distal patterning, along with AS2
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(Chalfun-Junior et al., 2005). The founding member of this family, LOB, expresses at the adaxial base of all

lateral organ boundaries from the SAM and at the base of lateral roots. Loss of function mutant of LOB has no

visible phenotype but overexpressors cause aberrant leaf morphology and flower sterility (Shuai, Reynaga-

Pena and Springer, 2002). A group of auxin inducible LBDs, LBD16, LBD17, LBD18, LBD29 and LBD33

are implicated in lateral root development, callus formation and de novo root organogenesis (Okushima et al.,

2007; Goh et al., 2012; Fan et al., 2012; Liu et al., 2014). Nitrate repressing anthocyanin synthesis is mediated

by LBD37-LBD39 which are induced by nitrate but negatively regulate nitrate uptake and assimilation (Rubin

et al., 2009). VND6, VND7 and two LBDs, LBD18 and LBD30 form positive feedback loop in regulating

xylem differentiation (Soyano et al., 2008). Recently, LBD15 was reported to positively regulate VND7

expression (Ohashi-Ito et al., 2018). In the work by Zhang et al (2019), for the first time, LBD4 and its closest

homolog LBD3 were found to be required for secondary growth. LBD4 is also involved in a positive feedback

loop downstream of WOX14 and TMO6 in regulating vascular division and organization (Smit et al., 2020).

Both LBD3 and LBD4 can be rapidly induced by cytokinin, suggesting they might mediate cytokinin induced

secondary growth (Naito et al., 2007).
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2 Aims of the study

The aims of this thesis is to establish a conditional gene expression manipulation system that enables target

gene switch on and off in a cell-type-specific way. Additionally, the aim is to identify the transcription factors

which regulate secondary growth downstream of cytokinin signaling.

1, Establish an XVE based gene inducible system that allows flexible cloning

2, Based on established inducible system, generate an conditional genome editing system

3, Identify transcription factors downstream of cytokinin signaling that regulate secondary growth
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3 Materials and Methods

The materials and methods related to this thesis are described in respective publications. The methods and

corresponding publications are summarized in Table 1.

Table 1 Methods and corresponding publications. Publications in brackets indicate methods performed by

co-authors. Publications with an asterisk indicate methods assisted by co-authors.

Method Publication
Construction of the inducible promoter entry clones (I)
Histological analysis II, III*
Microscopy and image processing I, II, III*
Statistical analysis I, II*, III*
Cloning of IGE constructs II
Arabidopsis transformation I, II, III*
Plant growth and chemical treatments I, II, III*
Protoplasting and FACS (II)
qPCR II, III*
PCR for TIDE analysis II
Amplicon sequencing (II)
Molecular cloning II, III
Mutant generation by CRISPR/Cas9 II
RNA-seq (III)
Quantification and statistical analysis I, II, III
GUS staining I
Genetic crossing of Arabidopsis III*
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4 Results and Discussion

4.1 Generation of an inducible system

Taking advantage of the site-specific recombination reaction catalyzed by the LR clonase, MultiSite Gateway

cloning technology enables the integration of intended promoter, gene of interest (GOI) and terminator into

one destination vector in one single LR cloning step. Before an LR reaction, the promoter, GOI and terminator

need to be precloned into respective donor vectors through BP reaction to generate entry vectors

(corresponding to first box, second box and third box) containing LR clonase-recognized attL/attR

recombination sites. The advantage of MultiSite Gateway cloning technology is that, once an entry vector is

ready, it can be used in generating different constructs and the entry vectors generated by different groups can

be exchanged and shared among the plant community, which makes it a highly flexible cloning system.

        The XVE-based inducible system has two basic components: the XVE coding sequence and its following

terminator, and 8x LexA operon and a mini 35S (Zuo, Niu and Chua, 2000). However, in the original system,

these two components are separated by the expression cassette of hygromycin selection marker. We therefore

removed the selection marker and cloned the remaining sequences into the first entry vector. We also

introduced a multi cloning site before the XVE to facilitate the insertion of promoter of interest (I, Fig. 1,

Figure 4). Then we generated a large set of inducible promoters (promoter-XVE) covering different tissues

and cell types (I, Table 1). An inducible binary construct can be readily generated by an LR reaction (Figure

4). The new inducible system works in a stringent way: the expression of GOI is determined by the presence

of estrogen and the inducible promoter used (I, Fig. 2, Fig. 3). Furthermore, no adverse effects of estrogen

itself or the inducible system were found on the primary and secondary growth of Arabidopsis root (I, Fig. 4-

Fig. 6).

        Previously it had been shown that when giving local estrogen treatment to Arabidopsis leaves by using a

paint brush, the gene induction occurred only to the region where estrogen was given, indicating slow diffusion

of estrogen in leaves (Brand et al., 2016). However, in that experiment, the estrogen treatment was transient,

and it is unknown if estrogen is diffusible when the treatment time is longer. To test this, we transferred five-

day-old pG1090:XVE>>GUS seedlings from normal growth medium to estrogen containing medium for one

day, two days and three days before GUS staining. Meanwhile, seedlings transferred to estrogen-free medium

were used as control. While the control seedlings displayed no GUS staining after three days treatment, the

seedlings growing on estrogen containing plates showed GUS staining in the whole roots, hypocotyls and parts

of cotyledons. The partial staining of cotyledons might be the result of direct contact to the medium or the

diffusion of estrogen from root to shoot. To distinguish these two possibilities, we performed a parallel

experiment by isolating the top part of seedlings (including the upper part of roots and the region above that)

from the estrogen medium using a sheet of parafilm. GUS staining revealed that even after three days estrogen
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induction, the seedling regions that did not touch the medium showed no GUS staining, strongly indicating

that the estrogen diffuses slowly in the root and from root to shoot (I, Fig. 7).

Figure 4 Cloning steps of generation of an inducible construct (a) and an inducible genome editing construct

(b). Modified from Siligato et al., 2016 and Wang et al., 2020.

4.2 Construction of inducible genome editing (IGE) constructs

Based on the established inducible system, we cloned a codon optimized Cas9 gene along with the terminator

into the second box (Ma et al., 2015). The ccdB negative selection maker flanked by two Bsa I sites was cloned

into the third box. The sgRNA expression cassette can be obtained by two-round PCR steps using publically

available vectors as templates (Ma et al., 2015). One or more sgRNA cassettes can be assembled into the third

box by Golden Gate cloning, a cloning technique that is capable of multiple fragment assembly. Together with

the large set of inducible promoters and destination vectors with various selection markers, an IGE construct

can be made by a single LR reaction step (II, Fig.1a) (Karimi, Inze and Depicker, 2002; Siligato et al., 2016).

To facilitate non-destructive screening of the transgenic seeds, we also generated two fluorescent screening
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destination vectors (II, Extended Data Fig. 1). In future, to generate a customized IGE construct, one just needs

to introduce the sgRNA cassettes into the third box, select appropriate inducible promoters (or build their own

inducible promoters) and the destination vectors with desired selection markers, then perform an LR reaction

(Figure 4).

4.3 IGE system enables cell-type-specific genome editing

We next tested the IGE system in Arabidopsis RM by targeting PLT2 in the gPLT2 3xYFP;plt1,2 background

(Mähönen et al., 2014). Four PLT2 targeting sgRNA cassettes transcribed under different Pol III promoters

were integrated into the third box by Golden Gate cloning. (II, Supplementary Fig. 1). The broadly expressed,

inducible promoter 35S-XVE (ip35S) was used to drive Cas9 or dCas9 expression. While a long-term dCas9

induction had no effects on the YFP fluorescence, one-day induction of Cas9 caused loss of YFP signal in the

root cap and, sometimes in the epidermis or middle stele. Prolonged induction gradually abolished the YFP

signal in the whole RM accompanied with disorganized RM structure (II, Fig. 1c-e). And from eight days

onwards, the RM started to differentiate, a phenotype resembling the plt1,2 double mutant (II, Fig. 1e,

Supplementary Table 1). The loss of YFP signal and the following appearance of expected phenotype

suggested the transgenic PLT2 was efficiently mutated.

        To test if IGE system is capable of removing PLT2-3xYFP fluorescence in a cell-type-specific manner.

The ipWOL, ipWOX5, ipSCR and ipWER (inducible promoter of WEREWOLF) promoters were used to direct

the expression of Cas9-tagRFP (Siligato et al., 2016). The usage of fluorescence-tagged Cas9 facilitates the

observation of promoter activity, and the limited movement of PLT2-3xYFP allows the observation of cell-

type-specific effects (Mähönen et al., 2014). After one-day induction, we observed the specific RFP expression

and the loss of YFP fluorescence in respective domains (II, Fig. 2a). A three-day induction caused the

differentiation of endodermis, QC, and lateral root cap (LRC)/epidermis, consistent with the roles of PLT2 in

QC specification and stem cell maintenance (II, Fig. 2b). This data indicate that PLT2 cell autonomously

maintains RM in undifferentiated state. Accompanied with QC differentiation, ipWOX5 activity shifted and

expanded towards the provasculature, resulting in a larger domain absent of YFP signal (II, Fig. 2b). This was

likely caused by recurrent QC respecification and differentiation from adjacent provascular cells. The result of

QC respecification from adjacent provascular cells is consistent with previous QC ablation results

(Vandenberg et al., 1995). In addition, we found the loss of YFP fluorescence in the RM correlating well with

the Cas9 expression level, region and time (II, Supplementary Fig. 3, Extended Data Fig. 2). The capability of

IGE mediated PLT2-3xYFP fluorescence elimination can be stably transmitted to next generation (II,

Supplementary Fig. 2).

        To explore the relationship between the loss of YFP signal and the IGE mediated PLT2 editing, we

performed genotyping analysis to IGE-PLT2 lines. When using ip35S to drive Cas9 expression, PCR detected

a dominant truncated band, the size of which corresponds to the PLT2 deletion between the first and the last

target. This large fragment deletion of PLT2 was later verified by Sanger sequencing (II, Supplementary Fig.
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4). We also performed fluorescence-activated cell sorting (FACS) to ipWER-PLT2 and ipWOL-PLT2 lines

after 24h induction, to isolate RFP-only and YFP-only cell populations (II, Supplementary Fig. 5a). PCR

detected a strong truncated band from RFP cell population, with the size similar to that from unsorted ip35S-

PLT2, and a weak wild type size band from RFP cell population. While in the YFP cell population, the results

were opposite (II, Extended Data Fig. 3a). To determine the large fragment deletion efficiency, we performed

quantitative PCR (qPCR) analysis using the isolated DNA from each population as templates. The deletion

efficiency in RFP-positive cells was about 59–73% (II, Extended Data Fig. 3b, c). In addition to the large

fragment deletion, tracking of indels by decomposition (TIDE) analysis also revealed small indels from the

RFP-positive cells with the mutation occurring mainly to the first target and the last target (II, Supplementary

Data 1). The higher editing efficiency at the first and forth targets perfectly explained the truncated band

detection in RFP positive cell population by PCR assay. The difference in editing performance for each target

can be either caused by the promoters used to drive sgRNA expression, or the target itself. To investigate the

influence of promoters used on editing performance, we constructed IGE constructs by only varying the

sgRNA promoter. The results indicated that the AtU3b (for the first sgRNA) and AtU6-29 (for the last sgRNA)

are the best promoters (II, Extended Data Fig. 4, Supplementary Table 1). However, we could not exclude the

influence of the target itself on editing performance.

        We also showed that IGE meditated PLT2 editing was a rapid process. After eight-hour induction and

before any visible YFP signal change, the deletion efficiency from the RFP positive cells reached to 52%-70%

(II, Supplementary Fig. 5b, Extended Data Figs. 2, 3c, Supplementary Data 1). We also constructed transgenic

lines with single sgRNA targeting PLT2, both TIDE analysis and amplicon deep sequencing revealed high

editing efficiency in Cas9 expressing cells (II, Supplementary Fig. 6, Supplementary Data 2). Thus, the loss of

fluorescence signal from a fluorescence tagged protein can be used as a reliable indicator of target gene

mutation. Using IGE system, we also confirmed the roles of RBR in restricting cell divisions and GNOM, a

vesicle trafficking regulator, in PIN1 localization and expression (II, Fig. 2c, d, Extended Data Figs. 6, 7).

        We noticed ip35S is not a ubiquitous promoter but a relatively tissue specific promoter in the RM, as

revealed from Cas9-tagRFP expression (II, Fig. 2a, Supplementary Fig. 3). After prolonged induction, we

observed the loss of YFP signal from the whole RM in terms of PLT2 editing. The same response was also

observed when using ipWER for PLT2 editing (II, Figs. 1e, 2b). We concluded that while PLT2 is cell

autonomously required for undifferentiated state maintenance, its expression in LRC and epidermis is non-cell

autonomously required for PLT2 expression in other regions of RM. One evidence supporting this conclusion

is that when using the same promoters for RBR editing, the loss of RBR-YFP signal occurred to restricted

regions, and no negative feedback regulation of RBR expression in other domains was observed, further

confirming the cell autonomous functions of RBR (II, Figs. 2c, d, Extended Data Fig. 5).

        We observed stem cell death in the RM when targeting PLT2, RBR and GNOM using ip35S and ipWOL

(II, Extended Data Fig. 8). This is very likely caused by Cas9 mediated DSBs which lead to genotoxic stress
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to the stem cells. Currently exogenous forces causing DNA damages are radiomimetic drugs (bleomycin and

zeocin) or x-rays (Fulcher and Sablowski, 2009). However, with such methods, it is impossible to control DSB

events amount, to generate DSBs at the cell-type-specific level and the interruption of endogenous gene

functions affects interpretation of phenotype output. With IGE system, it is possible to produce DSB in a

controlled manner. For example, researchers could use IGE to target genes that do not express in the RM, to

generate two DSBs, four DSBs, and so on. Alternatively, DSBs can be induced by targeting constitutively

expressed reporters. Therefore, our IGE system has potentials to facilitate related studies.

        All above cases are using IGE to target fluorescence-tagged genes, not the fluorescent reporters. We are

wondering if we target the fluorescent reporter, what is the effect on the fused gene function? This is appealing

because currently there are many complementing reporter lines available for essential genes, and targeting an

exogenous reporter gene, in theory, should have fewer off-target effects. When targeting the YFP using ipWER-

YFP in gPLT2-3xYFP; plt1,2 and RBR-YFP; amiGORBR backgrounds (Cruz-Ramirez et al., 2013; Mähönen

et al., 2014), the LRC and epidermis displayed the characteristic developmental defects, following the loss of

YFP fluorescence (II, Extended Data Fig. 9). We also observed the QC differentiation when targeting YFP in

QC region in gPLT2-3xYFP; plt1,2. However, the rate of YFP signal disappearance was high, but compared

with PLT2 targeting, the differentiation rate of QC was relatively low, suggesting basic levels of functional

PLT2 still exists in maintaining QC identity (II, Fig. 2b, Extended Data Fig. 9b). Therefore, editing the 3’end

tagged reporter of a gene is able to dampen the gene function but the effect is not as good as with direct gene

targeting. Similarly, by targeting 3’ end of a gene it is possible to block the gene function, but to abolish a gene

function, it is better to target 5’ end.

4.4 IGE vs amiRNA

Lastly, we wanted to know the advantages of IGE system compared to conventional artificial microRNA

method. First, we found that inducible expression of amiRNA against PLT2 by ip35S or ipWOX5 was able to

dramatically decrease the PLT2-3xYFP fluorescence, but compared with IGE-PLT2, the regions showing

decreased YFP signal were much broader (II, Fig. 1b, Extended Data Fig. 10a), which was likely caused by

the movement of amiRNA. Second, the IGE caused phenotype was much stronger than amiRNA. For example,

no RM and QC differentiation was observed in amiPLT2 lines (II, Extended Data Fig. 10a, Supplementary

Table 1). Similarly, even though the amigoRBR roots showed overproliferation phenotype in the RM, the IGE-

RBR phenotype was stronger. The secondary root and the cotyledon epidermis of amigoRBR were normal

compared with WT, while IGE-RBR secondary root tissue phloem and periderm, cotyledon pavement cells

and guard cells showed excessive divisions (II, Extended Data Fig. 10b). These results not only highlight the

conserved functions of RBR in restricting cell divisions in different tissues, but also imply the applicability of

IGE system in different organs.

4.5 Identification of LBD3 and LBD4 as cytokinin primary response genes
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Cytokinins play essential roles in regulating procambial cell divisions and vascular patterning in the RM (see

introduction above). Consistent with roles in promoting periclinal cell divisions in RM during primary growth,

cytokinins are also key regulators of secondary growth. There is a strong positive correlation between the

cytokinin levels and the secondary growth (Matsumoto-Kitano et al., 2008; Nieminen et al., 2008; Immanen

et al., 2016). Despite of its importance in secondary growth, our current understanding staggers at the cytokinin

level and little is known about the downstream signaling events. Through cambium specific transcript profiling,

We have previously identified a large set of transcription factors required for secondary growth (Zhang et al.,

2019). Since many cytokinin signaling related profiling data are available, exploring them to find possible

secondary growth regulators downstream of CK signaling is straightforward. By searching for transcription

factors whose promoters are accessible to type-B ARRs and expression can be quickly induced by cytokinin

treatment (Zubo et al., 2017; Xie et al., 2018; Potter et al., 2018), we obtained three candidates: LBD3, LBD4

and SHY2 (III, Figure S1A). We then turned our attention to LBD3 and LBD4 because their relatives are

implicated in many physiological and developmental processes (see introduction to LBD). First, we proved

the cytokinin inducibility of LBD3 and LBD4. Cytokinin treatment was able to induce LBD3 and LBD4

expression in a similar timescale to cytokinin primary response gene type-A ARRs, and in the presence of

protein synthesis inhibitor cycloheximide (III, Figure 1A, 1B). Consistently, their expression was decreased in

type B ARR double mutants (III, Figure S1C). Next, we constructed fluorescence reporter lines of LBD3 and

LBD4 and we confirmed their response to cytokinin treatment at the whole root level and in cellular level (III,

Figure 1F-H). Furthermore, we observed the reduction of fluorescence after induction the cytokinin

degradation enzyme, CYTOKININ OXIDASE7 (CKX7) (III, Figure S1D). These data suggest LBD3 and

LBD4 are cytokinin primary response genes and they are direct targets of type-B ARRs.

4.6 LBD3 and LBD4 promote secondary growth activation downstream of cytokinins

As mentioned earlier, during primary growth, the vascular cell number is determined by the periclinal cell

divisions in the RM. When secondary growth initiates, the xylem-touching procambial cells and pericycle cells

divide and differentiate to increase the root diameter. By using a cytokinin signaling reporter pTCSn:erYFP,

we observed the graded distribution of fluorescence above the root tip, with the maximum in the upper part of

root which correlates well with the secondary growth activation point (III, Figure 1F). Given the fact that

cytokinin biosynthesis mutant ipt1,3,5,7 has no cambial cell divisions and therefore no secondary growth, and

the fact that increased cytokinin levels enhance secondary growth, we raised the hypothesis that the cytokinin

signaling maximum in the upper region acts as signaling cues triggering secondary growth activation. To test

this idea, we gave cytokinin treatment to three-day old seedlings for two days. In the control, the five-day old

root has only sporadic cell divisions in the middle xylem side procambial cells, while cytokinin treatment

boosted cell divisions not only in the procambial cells but also in the pericycle cells (III, Figure 2A-C). We

also measured the area of the pericycle lineage and inner vasculature. After the cytokinin treatment, the total

area significantly increased compared to control (III, Figure 2D). Since cytokinins are not only required but
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also sufficient to prematurely activate secondary growth, they represent the rate-limiting factors in secondary

growth activation.

        As the cytokinin primary response genes, LBD3 and LBD4 show similar expression patterns to TCS (III,

Figure 1F-H). To investigate the role of LBDs in secondary growth activation, we generated single and double

knockouts of LBD3 and LBD4 using CRISPR-Cas9 technology (III, Figure S2B). The single and double

mutants showed normal primary growth and equal cell file numbers in the stele before secondary growth

activation (III, Figure S3). During the activation stage, initially only lbd3lbd4 double mutant had significantly

fewer cell file numbers and less radial growth (III, Figure S3B, D, E). As root grew on, the difference between

the mutants and wild type roots enlarged, with the double mutant and lbd4 single mutant showing fewer cell

file numbers and less secondary growth (III, Figure 2E, G, H). For the eight-day old WT roots, the procambial

cells and pericycle cells divided several rounds, while the double mutant has only limited cell divisions (III,

Figure 2E). To study the secondary growth dynamics, we made cross sections at 0.3cm intervals from the root

tip upwards to seven-day old WT and lbd3lbd4. It turned out the activation of first cell divisions was

comparable to the WT, even though the frequencies of cell division seemed to be lower (III, Figure 1C, Figure

S2A). However, the radial growth initiation was dramatically delayed for lbd3lbd4. For the WT, the secondary

growth started at 24mm from the root tip upward, while in lbd3lbd4, this number was 33mm (III, Figure 1C,

D). To test if cytokinin promoting cell divisions and secondary growth are mediated by LBD3 and LBD4, we

gave cytokinin treatment to LBD mutants. The double mutant behaved less sensitive to cytokinin in terms of

cell divisions and radial growth (III, Figure 2E-H, Figure S2B-E). These data demonstrate that LBD3 and

LBD4 are required for secondary growth activation downstream of cytokinin signaling.

4.7 LBD3, LBD4, LBD1 and LBD11 redundantly regulate secondary growth

To explore the potential redundancy among LBD members, we mutated other two close homologs LBD1 and

LBD11 (III, Figure S1B). Reporter analysis revealed that both LBD1 and LBD11 express in the secondary root

(III, Figure 3A, Figure S1G), although in relatively restricted domains compared to LBD3 and LBD4, which

are broadly expressed in the root secondary tissue (III, Figure S1G). Different from LBD3 and LBD4,

prolonged cytokinin treatment was required for LBD1 and LBD11 induction (III, Figure 1A, Figure S1E, F),

suggesting that they are not primary response genes. The lbd1lbd11 double mutant had similar primary growth

and secondary growth dynamics to the WT in seven-day old roots, indicating they are not essential genes in

early secondary development (III, Figure 1C, D, Figure 3B). This was evident when we checked the

lbd3lbd4lbd11 triple and lbd1lbd3lbd4lbd11 quadruple mutants, which had similar cell file numbers to

lbd3lbd4 in seven-day old roots (III, Figure 3B, C). We then checked the secondary growth phenotypes at later

stages. While lbd3lbd4 have fewer cell files compared with WT, the number was dramatically decreased when

combined with lbd1 and lbd11 (III, Figure 3D, H). Especially for lbd3lbd4lbd11 mutant, the decreased cell file

number was frequently accompanied by the presence of xylem and phloem touching events, a phenotype that

was not observed in any single or double mutants (III, Figure 3G). This indicates that LBD3 and LBD4 are not
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only required in the early secondary growth activation, but also involved in further secondary growth and

cambial stem cell maintenance together with LBD1 and LBD11 in the later stages.

        The xylem-phloem touching phenotype of lbd3lbd4lbd11 resembles the tdrwox4 double mutant (III,

Figure 3D, E) (Hirakawa, Kondo and Fukuda, 2010). To test if the touching phenotype is the result of down

regulation of TDR and WOX4, we performed qPCR analysis to the triple mutant. The expression of TDR and

WOX4 was comparable to the WT (III, Figure 3F). We then crossed the TDR, WOX4 mutants to LBD mutants

and observed additive effects on secondary growth. For example, lbd3lbd4wox4 mutant had less secondary

growth compared to any of parental lines, and had the xylem-phloem touching phenotype that did not exist in

either lbd3lbd4 or wox4. In lbd3lbd4lbd11tdr quadruple mutant, the secondary growth was severely

compromised and the xylem-phloem touching events were more frequent than in any of parental lines (III,

Figure 3D, E, G, H). Altogether, LBDs redundantly promote secondary growth and maintain cambium stem

cells with TDR and WOX4.

        Given that these four LBDs are required in secondary growth activation and maintenance, we next asked

if they are sufficient for such processes by overexpressing these genes in an inducible manner. After two days

induction to three-day old seedlings, even though the cell file numbers remained similar to respective control,

the total stele area significantly increased because of cell growth. This was particularly evident for LBD3

overexpression, which caused a sharp increase in each cell area (III, Figure 4H, Figure S4G-I). LBDs were

able to promote cell divisions but this occurred only after a longer induction, following cell expansion (III,

Figure 4I, Figure S4J-L). Consistent with cell growth regulation, in LBD mutants, both cell file number and

average cell size were smaller than WT (III, Figure 3H, I). This was different from tdrwox4, which showed

similar cell file number to lbd3lbd4lbd11, but the average cell size was much larger than lbd3lbd4lbd11 (III,

Figure 3H-I). These results indicate LBDs regulate secondary growth not only by promoting cell divisions, but

also by promoting cell expansion. To understand the underlying molecular mechanism downstream of LBDs,

we performed RNA sequencing analysis after eight-hour and one-day induction of LBD3 and LBD11

expression (III, Data S1A–S1H). The subsequent gene ontology enrichment analysis for differentially

expressed genes revealed that cell wall modification related genes were over-represented (III, Figure S4D-F),

which explained the LBD mediated cell growth regulation.

4.8 LBDs negatively regulate cytokinin signaling

When LBDs are overexpressed, the cell growth preceded cell divisions and, it is not known whether LBDs’

promotion cell divisions is the consequent result of cell growth. Even if this is true, it is less likely to be the

only way that LBDs regulate cell division, since an examination of hormone related genes revealed dramatic

changes in cytokinin, auxin and abscisic acid biosynthesis and signaling related genes (III, Table S2). After

LBD3 and LBD11 induction, all secondary root expressed type-A ARRs were dramatically downregulated (III,

Figure 4A). Further qPCR assay revealed all four LBDs were able to inhibit ARR5 and ARR15 expression just

after an eight-hour induction (III, Figure 4B). Type-A ARRs are cytokinin primary response genes, and
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particularly for ARR5 and ARR15, which are frequently used as cytokinin signaling reporters (Bishopp et al.,

2011; Miyashima et al., 2019). These results indicate that LBDs negatively feed back into cytokinin signaling.

To confirm this, we crossed cytokinin reporters to the LBD3 inducible overexpression line and lbd3lbd4

mutant. Consistent with the compromised promoter activity of ARR5 and TCSn after LBD3 induction, we

observed the enhanced ARR5 and TCSn expression in lbd3lbd4 (III, Figure 4C-F). Therefore, a negative

feedback regulation exists between cytokinin and LBDs to keep root secondary growth in balance. A previous

study showed that constitutive overexpression of LBD3 causes decreased cytokinin levels in the shoot part

(Naito et al., 2007). From our RNA sequencing result, we found LBD3 downregulated genes related to

cytokinin biosynthesis and signaling transduction. Thus it seems LBDs regulate cytokinin signaling at different

levels and the detailed mechanism remains to be elucidated.
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5 Concluding Remarks

Conditional genome manipulation facilitates reverse genetic studies by eliminating the adverse effects due to

constitutive overexpression or stable knockout of a gene. By modifying the estrogen inducible system that was

established two decades ago, we generated a MultiSite Gateway compatible cell-type-specific gene expression

system in plants. With this system, we can conditionally overexpress one gene broadly or in a cell-type-specific

manner, thus facilitating gain of function studies. Furthermore, it is possible to conditionally knock down a

gene expression level by expressing silencing small RNAs. The estrogen based inducible system has been

applied in different plant species and different plant organs (Zuo, Niu and Chua, 2000; Brand et al., 2006;

Moore, Samalova and Kurup, 2006), therefore, we believe this also applies to our system. By combining the

CRISPR-Cas9 genome editing technology and the conditional expression system we built, we constructed an

inducible genome editing system in plants. We showed that transgenic and endogenous target genes can be

efficiently knocked out at cellular levels at desired developmental stages and in different organs.

        One of the most important concerns of using IGE system is to estimate editing efficiency and build a link

between the phenotype and genotype. We have shown that when targeting a reporter tagged-complementing

transgene, the loss of reporter signal could be used as a reliable indicator of target gene editing. When targeting

an endogenous gene, it is better to use fluorescence tagged-Cas9 instead of Cas9, since the editing efficiency

shows strong correlation with the Cas9 expression (II, Supplementary Fig. 3) (Decaestecker et al., 2019). And

such a Cas9 is convenient for cell sorting and the following genotyping, especially when cell-type-specific

inducible promoters are used. However, cell sorting is time consuming and tedious and many labs may not

have accesses to a sorting machine. To resolve this, when doing cell-type-specific IGE, one can always use a

broadly expressed inducible promoter as positive control, from which genomic DNA can be easily isolated

without sorting. Alternatively, one can do IGE in a background with ubiquitous fluorescence reporter

expression. In this case, a second sgRNA targeting the fluorescence reporter is required. It has been shown

that the fluorescence reporter gene editing correlates well with the endogenous gene editing (Decaestecker et

al., 2019). For the genotyping step, TIDE is a powerful and convenient tool for indel efficiency estimation at

one target site. Although one sgRNA seems efficient enough to silence a gene, two or more sgRNAs for one

target gene enables large fragment deletion that can be detected by normal PCR and the efficiency can be tested

by qPCR. It has been reported that up to six genes can be simultaneously mutated by using cell-type-specific

Cas9 expression (Bollier et al., 2021). We have not tested the multiple gene editing potential of IGE system

but in principle, it should be feasible. However, the more sgRNA are used, the more off-target potentials it will

have and the more genotoxic stress it will cause to plant cells. The main goal of multiplexing genome editing

is to get rid of redundancy of a gene family. Instead of using four sgRNAs to generate a conditional quadruple

mutant, for example, it is rational to use one sgRNA to do IGE in the triple mutant background.

        Given the simplicity of type II CRISPR-Cas9 system, in theory, our inducible system is compatible with

most if not all, current CRISPR-based genome manipulation tools for different purposes. For example, recently
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developed CRISPR-act3.0 can be integrated with our inducible system for conditional multiplex genome

activation (Pan et al., 2021). As a widely accepted inducible system, the estrogen-based system has its own

limitations. For example, compared with the easy accessibility of RM, it is difficult to give estrogen treatment

to shoot apical meristem, which is deeply embedded in the leaf or flower primordia. In this case, the inducible

promoter can be replaced by a normal tissue specific promoter, which in theory works in a similar way to the

other reported genome editing tool like CRISPR-TSKO (Decaestecker et al., 2019). Sometimes, the estrogen-

based system is leaky and when combined with CRISPR-Cas9, the target genes can be edited without estrogen

induction. This may not be a problem for gene function studies, but instead of only using mock treated material

as control, one can also involve wild type material as control. Recently, an optogenetics-based light inducible

system was developed in plants which switches off gene expression under white light or darkness, but switches

on expression under red light (Ochoa-Fernandez et al., 2020). This system has the potentials to overcome

limitations of chemical inducible system, and it is also possible to be  repurposed for cell-type specific gene

expression. But the problem is that this system contains four independent expression elements, how to combine

them into one transgenic construct is challenging.

        Cytokinins have long been known as rate limiting factors in secondary growth. We identified a set of

LBDs which activate and promote secondary growth downstream of cytokinin signaling. We also showed that

these four LBDs regulate secondary growth by controlling both cell divisions and cell growth. To our

knowledge, they are the first reported transcription factors promoting cell growth. LBDs are strictly required

but not sufficient for cambial cell divisions. On the contrary, LBDs are not only required but also sufficient

for cell growth. It seems that LBDs promote cell growth by means of cell wall loosening, as revealed from the

isotropic growth after overexpressing LBDs. It seems that cell wall loosening and cambial cell division are

two interconnected processes. Supporting the link between them is that decreased expression level of a pectin

biosynthesis gene galacturonosyltransferase4, which is supposed to cause cell wall loosening, in tomato, poplar

and switchgrass results in enhanced growth and biomass (De Godoy et al., 2013; Biswal et al., 2018; Li et al.,

2019). Recently, the molecular mechanisms of cytokinins controlled cell divisions in shoot apical meristem of

Arabidopsis was revealed (Yang et al., 2021). Two cytokinin downstream MYB transcription factors MYB3R1

and MYB3R4 mediate cell divisions by directly activating expression of cell cycle related genes. We also

noticed that LBD4 is a direct target of MYB3R1 (Yang et al., 2021), suggesting cytokinins regulate LBD4 at

different levels. In Arabidopsis roots, it is unclear if it is the same or other homologous MYBs playing similar

roles. It is possible that there are different pathways mediating cell division activities of cytokinins,

independent of the two MYBs mediated cell cycle regulation, since lbd3lbd4 also shows decreased cell

divisions and is resistant to cytokinin treatment. Since LBDs are not sufficient for cell divisions, LBD might

play such a role by an unknown mechanism.

        In future, it is important to determine the cell wall structure and composition in LBD knockout mutants

and overexpression lines. It is also interesting to see if the cell wall loosening chemical treatment is able to

partially rescue the mutant cell division defects. Additionally, it has been reported that some auxin induced
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LBDs are able to physically interact with Arabidopsis basic region/leucine zipper motif 59 (AtbZIP59) in

directing auxin induced callus formation (Xu et al., 2018). We thus believe cytokinin induced LBDs might

also need partners for proper secondary growth control. From the RNA profiling of LBD overexpression lines,

we realized that the LBD mediated regulatory network could be complicated since LBDs seem to broadly

interact with many hormone pathways. To identify LBD downstream targets in secondary growth, it is also

necessary to do RNA profiling in LBD mutants. With the stable knockout mutant it is difficult to trace the

early molecular changes that cause the secondary growth defect. To overcome this limitation, RNA profiling

can be done after conditional LBD knockout using the established IGE system. We also found LBDs negatively

regulated cytokinin signaling. However, the underlying mechanism and the biological significance requires

further investigation. In LBD high order mutants, we also observed the defects in the maintenance of cambium

stem cells between the primary phloem and the xylem axis, a phenotype similar to the tdrwox4 double mutant

(Hirakawa et al., 2010). In tdrwox4 mutant, the cambium stem cell differentiation phenotype is caused by

decreased cell division activity while the xylem and phloem differentiation continues. Our genetic analysis

indicates that in LBD mutants, TDR and WOX4 are still functional, as revealed from the synergistic effects on

secondary growth when introducing tdr or wox4 alleles into the LBD mutants. It has been reported that TDR,

WOX4 and LBD4 are all downstream targets of auxin signaling and TDIF peptide (Hirakawa et al., 2010;

Smetana et al., 2019; Smit et al., 2020). Therefore, pathways regulating cambium stem cells are highly

complicated and redundant.
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