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Abstract

Cellulosebiosynthesis is a common feature of land plants and involves multimeric
complexes composed of cellulose syntha@EESA) proteins and other structural proteins.
The exact stoichiometry of CESA protaimd interactions among pteins withincellulose
synthase complexCS¢isnot well understood. Therefore, cellulose biosynthesis inhibitors
(CBIs) are useful tools in decoding fundamental aspects of cellulose biosynthesis. Here,
characterize th&€Blindaziflamwith a uniquemode of action for resistance management
whichprevens plant growth by inhibiting cellulose biosynthesis

Arabidopsis thalianendaziflam resistanhutantswereidentified through forward genetic
screening. Since indaziflam is also activeaasPhyscmitrium patensaforward genetic
approach to screen indaziflam resistance was applidél. gatensand positional cloning
combinedwith nextgeneration sequencing revealed two point mutations in CULLIN1
(CUL1) andUXIN/INDOLEACETIC ACID INDUCED [A&)Which bothare involved in
auxin signaling pathwayBhe nutants werealsocrossresistant tosynthetic auxin 2;:D.

It is predicted that indaziflam affectslant growth and developmerdnd impactedhe
production and remodeling of plant cell walleditly or indirectly.

Moreover, to gain insight into the nature of the protein composition of Cl%Gwloyeda
strategy called Biotin identification (BiolDgimed at identifying proximate and vicinal
proteins in vivo associated with CESM P. patens | generated multiple BioHZESA
translational fusions by homologous recombination to identify biotinylated proximate
proteins Due to limitations, including but not limited thfferent behaviors of fused
proteins tagged at the-©r Nterminus, decreaseexpression level, longer incubation time
with biotin, higher incubation temperature, amarge sizeBirA* tag,| was not able to
identify any interacting proteins.

Another finding of this thesis that P. patenscan be useda produceknown natural
products that are difficult to obtain by chemical synthesis. iAnvivo combinatorial
biosynthesis approach was pursue@impatenso obtainrare cannabinoids witheneficia

biological activity The outcome was to produce rare cannabin@dd some pathway



intermediates. This idea's other significant result is designing differercdnaidate

producing moss strains, especially within the chemical class of cannabinoids.

Keywords:Physcomitrium patensCellulose biosynthesishibitor (CBI) BiolD Auxin

combinatorial biosynthesis
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Chapter me: Introduction and literature review
1.1Plant cell wall biology

Findingrenewable forms of enerdizat can compete witlfossil fuels has beersgnificant
scientific challengg One push has beeowards using noiiood, biomasscropsthat can

be used tgoroduce enegy from cellulose and other cell wall polysaccharides ratraar t
seedstarch[1, 2] Rantbiotechnologycanenhance the energy density of biomass species
and improve biomass conversion to biofuels. Biomass conversion to biofuels involves
harvestinghe biomassdrying it, and transporing itto a cellulosic ethanol refinery where

it turnsthe cellulose, hemicelluloses@j, and pectin into fermentable sugarBhe term
saccharificationdenotes the process of enzymatic bioconversion of cellulose into
fermentable sugars. Cellulose representsignificantsource of fermentable sugars in
lignocellulosic biomassBiotechnological applications focused oreducing he
recalcitranceof celluloseto enzymatic digestion ka received major attentionThe
extensive hydrogen boimf betweenglucan chainsn native celluloses a major
recalcitrance sowe [3]. Unfortunately,the combinedcosts of hydrolytic enzymes and
biomas9retreatmens have caused cellulosic feedstocks to be far more costly than starch
for biofuel productior{4]. With these challenges in nd, a longterm goalhas beeno
manipulate the biosynthetic processes genetic engineering strategits understand

the cell wall biosynthetic process aalder cellulose structure to reduce its recalcitrance

to chemical and enzymatic hydrolysis

1.2Theplantcell wall

The natural structure and chemistry of plant cell wallsllfalfvast range of functions,
includingthe ability ofcells to expand, become rigid, provide structural support and
mechanical stability, transport watever great distances, protect plants fronotic and
abiotic stresses, provide cekll communication and support growth andll cshape
changeg5, 6] Without cell walls, plants would be pliant piles of cells, more like molds than
the trees and other greenery that grace our plafigt The pant cell wall's physical

featuresare evidentwhen a cell adopts its characteristic shape and. diae example



during cell elongation, cell walsustbe strong in the lateral areas but flexible in apical
areas to enable cell expansi@h. In general, the cell wall can be compareth®building
block of the plant organismindeed, it is impossible to conceive of a viable plant cell
without its cell wall. Furthermore, cell wadlee the central storage of the energy from
photosynthesis anthost fixed carbon sources earth[8].

In general, plant cell walteelong to oneof two classes: primary and secondary cell walls.
Primary cell wallgPCW)differ from secondary wallSSCW)in both composition and
function [9]. Every plant cell makes a PCW early in itsdifieng cell divisiorand
throughout cell growtli10]. AlPCWs contain cellulose and a matrix of hemicelluloses and
pectins, with some structural proteifikl]. In addition to PCWs, all plants deposit a thick
and rigid SCW after cell growth haseen completed. The SCW contains cellulose,
hemicellulose, and lignin. The SCW is also the main component of wood cells found in
trees. The hemicellulose ithe PCWof dicots is mostly xyloglucanshile xylans are the
major hemicellulose INSCW[12], and PCWcontairs considerablymore pectins and
proteins compared t&CW7].

Celluloseis a homopolymer of glucosiat issynthesized by plants and some baeteri
ueta-1,4-glycosidic bonds join these monore&w form very long glucachains (made up

of thousands of glucose monomerBxtensive hydrogen bonding between glucan chains
results in avater-insoluble rigid, semtrystallinepolysaccharid¢l3]. Glucanchainsare
arrange in fibrillar units whicharefurther assembled as microfibril bundlég, 15] The

key enzyme involved in the process of cellulose biosynthesis is edilldose synthase A
(CESA) which is a uridine diphosphate-D-sugar (UDRBugar) dependenti -
glycosyltransferagd 6], and it belongs to the processive glycosyltransferagel(@&mily
which also includeshitin and hyaluronan synthases. GT Il faangymecan'invert the
stereochemistry of thedonor UDPFsugar's anomeric ¢C). Thus cellulose synthase
3Sy SNinkesl UDFA f dzO2 & S Hinké®l VUDRjiucdSe (Figure 1). A catalytic
aspartate(D) acting as a base, a DxD motif required to complex metal ions to bind UDP
glucose, a QxxRW mof®369, R370, V371, R372, and W3n3)he glucan binding

domain and an additional D are théaracteristicfeatures of all CESf7]. Finally, it is



well accepted thaelongationof the glucan chaingccuss at the norreducing end of the

chain supported by silver labeling experimefit8] and xray crystdlographydata[19].
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Figure 1.1 The putative mechanism for glycan synthéliss mechanism needs two catalytic carboxylates.
One to activate the acceptor species (D) and one to a divaletal e associated with theuga (DXD)
(Adapted fron{16]).

CESAroteins function together as cellulose synthase complexes (CSCs) in the plasma
membrane(Figure 1.2Ayith a total of 2530 nm diameter. The C&§/mmetrical rosette
structure containssix globular prot@ complexegFigure 1.2B[R0, 21] Each lobe of the

CSC rosette hassimilar structureo CESA subunif22, 23] Recent &idies have shown

that 18, 24, or 36CESA proteinper CSGnay mediatemicrofibrils’ synthesiwith a
corresponding maximum number of celluloskains [24]. Seed @nts contain six
functional and phylogenetic classes of CESA proteins, three for PCW synthesis and three
for the lignified SCW synthesis of tracheary elements and {iB&}sAny mutations of
seconday CESAenes cause a distinctive irregular xylem phenotype and collapsed xylem
tracheary elements, and weak ste[@8].

In the model plantArabidopsis thalianahere are ten gene®\{CESA10) encodingCESA
proteins[27]. Combined biochemical and genetic studies suggest CESHenesCESA4
CESA7and CESA8are necessary for cellulose deposition during SCW formation and
interact directly[25]. Related evidence also suggests BBESAICESA3 and CESAGre



essentialCSC memberf PCW[28]. CESAZESAmndCESA#Bave partial redundancy to
CESA@8, 29] By comparison, there are CESAenes in maiz{80], 18 genes ipoplar
[31], andeightgenes in barlej32].

Three CESA isoforms in both primary and secondary wall rosette a@S€gually
consistent with 18 CESAs (thpasr lobe) in a 1:1:1 rati@Figure 1.2B)383]. As cellulose is
synthesized, CSCs slide within the plasma membrane (Ebfyang cortical microtubules
(CMTs)which can beletectedby livecell imaging of fluorescent protetagged CS{34].
Understanding CSC dynamics during cellulose synthesis, trafficking of CSCs to and from the
plasma membrane (PManduncoveringCSC proteins' radeandsomeother proteins that
impactcellulose synthesis are some of the mo#ticalaspects of cell wall biology.

Plants are expressing differerE &Asoforms, which often are not functionally equivalent
[35]. The isoforms interact, possibly by forming heterotrimeric comp[8&¢<Lonserved
residues rappingof the three isoforms reveals that tiptant conserved region (PCR) and
transmembrane (TM) region's complex interfamesnearly identicdB5]. Reconstitutions
of singleCESAsoforms fromPhyscomitrium patersnd Populus tremula x tremuloides
revealed that single isoforms with no additional pldetived factors auld be sufficient

to form cellulose fibers resembling authentic wall mana microfibrils (CMFHB6, 37]
Plant CESAcontairs three distinct regionshat mediate oligomerizatianthe N-terminal
domains (NTDs)PCR, andlassspecific regios (CSR). NOB form extended cytosolic
structures with a RINdke domain with the hypervariable regioRECR is inserted into the
catalytic glycosyltransferase domand CSR follows a conserved substbateling motif
near the active sitg8, 33] A cryeelectron microscopy (cryBM) structure revealed@ESA
trimeric complex in the formation of CMF in SCW during cellulose biosyri8tess]
ThedatashowsCESArimer complexeproducecellulose chainsontaining three glucan
chains toalignwith CMFs synthesized bysi CesA trimersosette and assemble into
microfibrils containing 18 cellulose chdjis].

The length of individual glucan chains differ in cell types and plant sprdiesgeneral

it can be from 100@000 (PCW) to as much as 16000 (SgiM¢pse molecules in length

[39]. Researcherspeculatedan analogous pore structure present ilami CESA, which



might be responsible fgrositioning theglucan chain's correct hydrogen bortdemerge
the CESA into the celall [40]. Based on this assumptiommutations within the
transmembrane helices of plant CESAs could ajfecan chain threadingnd microfibril
crystallizationBoth glucan chain lengt{degree of polymerizatigrandhydrogen bonding
(degree of crystallizatignare two fundamental properties of celllose thataffect its

enzymatic hydrolysjg1].

A
cell wall
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cytosol

Zn-binding domain CR1

central catalytic domain

. CESA1
‘ CESA3
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Figure 12: Schematic Structure of a CESA Protein and an@$&bidopsis(A) Domain structure of a CESA.

The intracellular Nerminal domain contains a Zn binding domain and a variable red#fo(dwed by two
transmembrane domains. Two conservedions(CR1 and CR2) flank on both sides by large cytoplasmic
central catalyit. Thecytoplasmic @erminal domain follows the six subsequent transmembrane domains

(B) A schematic of a CSC consisting of 18 individual CESA proteins. CSC is composed of six lobes that contain
three CESA isofornfadaptedfrom [42]).

1.3Moss as a model for understiding cell wall biology and as a vehicle for biotechnology
Bryophytes are ancient land plants and considered the missing link between algae and
vascular plants, and their morphologies and life cycles are different from flowering plants

significantly{43].



Physcomitrium patenéve in open habitats and colonize damp soil or dry areas; these
environments can be exposed to varying light conditions (Figs#eE]44]. Opposite of
flowering plants, in moss, the gamptoyte is the haploid generation and dominant over
the diploid sporophyte generation. In three months of its life cycle, mosses propagate
through spores from filamentous cells called protonemata, which exhibit apical growth
(Figure 13D). They germinate, aw, differentiate, and produce callike buds that
develop into gametophores, an upright haploid leafy shidemoss life cycle's vegetative

stage avoids any genetic instabilities and allows stable produletign

Figure 13: Habitus and laboratory culturef Physcomitrium patengA) NaturalPhyscomitrium patens
population covering rocks near Toronto, Canada. (B)-Gfpséthe sporophyte, comprising the short seta

that bears the spore capsule with its calyptra. (C) Laboratory culture of gametophytes is growing on a solid
medium in a Petri dish. (D) Filamentqustonemata are growing on a solid medium in a Petri dish. (E)
Gametophytes are growing on peat pellets in a glass jar.



Leafy shoots differentiate in the haploid generation, and the gametophytes, i.e., pollen
tubes and embryo sacs, are part of the hapjdant bodies in which fertilization occurs.

The tissues of the gametophytic leafy shoots of mosses are much simpler than the
sporophytic shoots of flowering plants. The gametophore entails a photosynthetic stem
with the leaves distributed in a helicaltigan around it. Along with aging gametophore,
rhizoids grow from the stem base. The monoecious moss carries both sex organs on one
single gametophore and sdértilize. Archegonia and antheridia differentiate at the tips of

the leafy shoots to form eggand sperm, respectively. After gamete production and
fertilization, the zygote divides to produce a matrotrophic sporophyte consisting of a foot,
setum, and capsule. Spores are made within the capsule (Fig&)e Wwhich eventually
breaks open irregularly release the sporgg4, 46, 47]

Physcomitriunis a small plant that can grow in controlled laboratory conditions on simple
media (Figure 3BCJ48]. The dominant haploid agnetophytic generation makes
Physcomitriuman excellent model organism for genetic studies since mutations'
phenotypic effects can be observed directly in the progeny. On the other hand,
Physcomitriumhas the highest reported ratio of homologous recombaratto norn
homologous recombination of all land plants. The favorable res#hyggcomitriunto
mutagenesis makes the moss an attractive organism for reverse g¢A£i68]

Many moss genes have been isolated and disrupted, and sequenced genes (ESTS) projects
are ongoing, andP. patensis the most suitable moss for genetic comparisons with the
flowering plantg46]. Manygene families present iA. thalianaare also present irP.

patens hence most likely in their common ancestor. This allows for direct comparisons of
gene sequences and comparative gene fundtdn 52]

In contrast to vascular plants with both primary and secondary cell walls, mosses have only
a primary cell wall. Among bryophytes, mosses have very well specialized cells, such as
stereids, hydroids, and leptoids, similar to the higher plants' vascular tissue. Stereids have

thickened cell walls specializing for support, hydroids are watstucting cells, and



leptoids are sugaconducting cells. Unlike the cells in the vasculardis$inigher plants,
these cells lack lign[B3].

Mosses have diverged from the lineage leading to vascular plants nearly S(E4Mé,

thus, hold a phylogenetically informative position. Although mosses are simpler than
vascular plantsmany moss features are siaril to those of tracheophytes, and
development processes are analogous to vascular plants, and the majority of genes are
homologous to vascular plant genes, [65].

Physcomiium patenscan be genetically engineered to knock out the genes responsible
for undesirable postranslational modi@iations[45]. Additionally it is feasible to target

any gene of interest to a wedhown naturally highly expressed locus. For all thessons,

P. patensprovides an ideal systenof choice for basic molecular, cytological,
developmental questions artie heterologous expression of proteins and metabolites

[45].

1.4 The evolution of land plants and preadaptation

Using a bryophyte modePhyscomitrium patensallows comparative genomics to
understand evolutionary processes that allowed land plants to thrive and become
successful. Bryophytes are the earliest branching land plant lingagessentingthe
closest existing plants tall land pants' ancesta [56]. It is crucial to understand the
evolutionary processes that allowed thestiland plants' genesis to understand how the
infertile land became colonized and transformed fully. It is commonly accepted that land
plants evolved from aquatic green algae (Figu#{5l7]. Some suggested liverworts are

the earliest branching lineage and sister to all other land pj&8is

In contrast, others suggested that all three bryophyte lineages, mosses, liverworts, and
hornworts, were monophyleti59]. These conflicts between these views are due to the
different methods and taxa used. The early land plants lacked anatomical complexity, so
the land's downfall was dependent on molecular adaptatidas result, they would have
required changes and developments in stress signaling to tolerate the variable

environment on lands, such as exposure to dehydration, increased UV radiation, and the



higher and more rapid temperature fluctuations. So, to makeose onto land, they
indeed required some preadoption to face the stresses.

Plant hormones regulate plant growth and development. Also, they are managing
responses to external stimuli, including stresses. It has been hypothesized that some
hormone biosythetic pathway components were established in charophytes before
conquesting the lan{b6]. The evidence for auxin biosynthetic origins in the charophytes
is based on relatively low protein homology scores and questionable phylogdfétics

This finding proved that while charophytes contain auxin, the ability to regulate growth
and development through auxin conjugation was a land {gipetific adaptatiof61].

Other than hormonemediated stress signaling, other biochemical changes were needed
to help protect cells from high UV and the lack of buoyancy. Important compounds include
phenolics that are found in charophyt€2]. For example, lignilike polymers present in
bryophytes as a critical evolutionary change allowing lignin synthesscessary
adaptation in vascular plan@3]. Charophytes have also been known for having resistant
cell wallstolerating the high temperature, and the extra structural support required on
land [64]. A study by Mikkelsen et al. proposed that cell wall polysaccharnicielecaty
significantly increased in charophytes before conquering[&6id

Our knowledge of cellulose production in land plastfom the model angiosperm
Arabidopsig[38], and most of the celluloselated components imrabidopsishave
orthologs in other plant speci¢s6]. Although these data were derived from seed plants,
the 'core' components of cellulose synthesis are also present in earlier diverging lineages,
including mosses (i.ePhyscomitriury) indicating coordinated expression of the genes is
essential to arrange the synthesis activities.

Seed plants have largefESAgene families in comparison to seedless plants. The
hypothesis can explain this difference: rosettes in seed plants are compoSHeSaf
subunits encoded by two or more different gen¥]. Another reason for these
differences may be the cellpe-specific expression, which reflects functional or regulatory
specialization. For example, Amabidopsis thalianahe geres AtCESA4AtCESA7and

AtCESAa@8re expressed during secondary cell wall deposition in vascular. #¢8ESA1



AtCESAZANd AtCESAEGre expressed in expanding cellsing primary cell wall formation
[25, 6872]. Based on studies of evolution and functional specializatidDE&Asnd
cellulose sythaselike genes (Csls), a variation @ESAsan be required for vascular

tissues' evolutiof67].

‘ Diploid dominant life cycle

/

| Conquest of land - embryophytes | Vascular plants
Mosses
{ Liverworls
Bryophytes —*
Hornworts
4 Zygnematophyceae

Colechaetales

Charales

Streptophytes

Klebsormidiales

Mesostigmatales

1
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Figure 14: Phylogenetic relationship between land plants and green alateall charophyte lineages are
shown, but zygnematophyceae are recovered as sister to land plants. Bryophytes are the earliest branching
land plants anatomically comparable to the earliest land plants. Still, hornworts' position is the least
confident, pssibly representing a distinct land plant lineage. The ancestral green flagellate shows the origin
of key groupings. Streptophytes include charophyte green algae and land plants. The development of
vascularization and the anatomical complexity is assatiaith the switch to a diploid dominant life cycle.

(1) Evidence for the presence of all five major plant hormones (ABA, ethylene, auxin, gibberellin, and
cytokinin) in microalgal. (2) Origins of charophytes accompanied by some traits shared withmiand3pla
Evolution of morphological complexity. (4) The subsequent loss of morphological complexity in these single
cells or filamentous algae and loss of motile gametes resulted in conjugation. (AdaptgeBijom

The mosshyscomitriunpatens(Hedw.)lacks lignified secondary cell wallghich are
characteristic of vascular plariat have support cellwith thick wallscalled stereid§74].
However,their unlignified cellwalls contain cellulosegnd they also have cells called
hydroidsthat conduct water witha thin cell walndundergo programmed cell death like

tracheary elementsUnlike inArabidopsisthe CESA isoforms' specific funcgsom P.
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patensare unknowr[75]. Additionally, seed plant CSCs contain ti@E&Asoforms[76],
whereas CSCs i patensmight be home or heterooligomeric[77]. However,these
features have yeb be determined experimentally.

Moss has seve@ES# genes that do not cluster with the §iESA&lades in seed plants
based on the phylogenetic analygi$]. Three pairs show high similari§pCES#8 and
PRCESA PpCESA and PpCESA PpCEA, and PECESRA0) and three pseudogenes
(PPCESAPpPpCESA2ndPpCESA}L75, 77] ESTS' relative abundarscshow expression
of PpCESAPpCESA@NdPpCESA&e induced by auxji5]andPpCESAGr tip-growing
protonemata, rhizoids, and daity hairs inductioifb3].

MossCESAenes have isoforms and diversified from seed plai$S# but their functions
are still unknowiji75, 77] Knowing about the functional differendestweenPpCESand
seed plants can provides@an insight into CSC evolution @éimelrole of each CESA isoform
in the complex assembly8]. Analysis of mutations has shownly one of the seveR.
patens CESAs functional. PpCESABE necessary for gametophore formatiand the
ganetophore buds of mutants do not accumulate crystalline cellulose in their cell walls
andfail to developand formdeformed celtlumps[77]. Aso, doublePPCESA6/Rnockout
shows a shorter gametophorg53]. Another doublePpCESA3/&nockout produced fewer
gametophora, leading to the assumption that they contribute to structural support but
are not requiredor morphogenesif21]. The genes identified &ESAuperfamily in moss
Physcomitriumpatenswere assigned taCESAand CSLfamilies. Phylogenetic analysis
confirmed this hypothesishat the CESA and CSL families' diverggmedated the
separatiorf mosses and vascular plantbere is a similarity in SCW microfibril texture as
well as convergent evolution between mosses and vascular pRnfsatensmidribs
include hydroid cells to transport wat@nd stereid cells provide support for aerial organs
and have thick and cellulosieh cell wall§75]. Based on previous studigle genes that
encode secondari?pCESAEhdPpCESA8nd primaryPpCESAdre subfunctionalized and
specializedso they encode interchangeable proteiifilse diwersification and duplication
of CESAollowed by changes in the regulatory elements of primary and secoG&S$

in mosses and vascular plamscurred independently based on phylogenetic studigk
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1.5 The role of phytohormone signalimgplant cell walformation

The sizead shape of a plant cell are controlled by cell expansion and localized cell division
during plant growth. The cell wall expansion is the only construction process to shape the
plant organs by loosening the cell wall matrix and deposition of new wall oemtso
These expansions happen either isotropically, in all directiwnasnisotropically which
means a specific directional growf9]. How cell expansion occurs depends on growth
effectors such as phytohormones and light. Some ofpiuicular hormones control
developmental responses. In terms of plant growth and developmerde thermones

and cell wall organizations' importarsigggests that synthesis and modification of cell wall
components and hormone production should be connediesttlyor indirectly{80]. Over

the last century, many molecular and physiological studies have shown the link between
auxinpromoted cell division and elongation to cell wall remodgB0g 81]

Phytohormones play a crucial role in plant growth, development, and stress responses
[82]. One class of phytohormones, cytokininissjhas a critical role in cell divisi@amd
proliferation during plant developmei®3], chloroplast division, senescence dgidj,

and abiotic stress respons@®5]. Some evidencesuggess (ks are involved in stress
resporses [86]. P. patensis a new diverging land plant encodipgpteins involved in
cytokinin biosynthesis, metabolism, and signdl@¥. It is the only planthat encodes

both classical and newly identified cytokinin receptors in its gerj8ifjeThere are 20
different endogenous cytokinindetected inP. patens and cytokinirdeficient plants
showedthe importance of extracellular cytokinins for bud format[88]. P. patens
developmentis controlled mainlyby evolutionary phytohormones such as auxin, Ck, and
abscisic aciABA)89, 90] Cks, in particular, are essenfiai the evolutionof moss' life
cycleas they induce the production bluds(three-faced apical cellsand the transition

from protonemic growth to the formation of leafy structutee gametophore[91]. An
exogenous Chpplication results inreoverproduction of budf2)].

In 2012, Goss et al. showed tHGRESAT moss is upregulated by cytokinin, which also
induced gametophore developmefit7]. While cytokinesis is unaffected Anabidopsis

cesamutants, in mossesa5KQcell expansion and cytokinesis are disrupted 93] Yet,
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cytokinesis defects have been notedAirabidopsisKOR1 mutantf94], but the role of
KORI1in cellulose biosynthesis is still uncléathile CESAs in seed plamire specific for
primary and secondary cell wall biosynthd2ks, 28, 29] P. patensCESAs seem to be
specified for primary cell wall biosynthesis in different cell typels The gametophore
specific phenotype is consistent with the improvement RFCESA®xpression by
cytokinin, promoting gametophore initiation. In contrast RpCESASPpCESAGs
expressed in thgrowing protonemal filaments, axillary hairs, and rhiZ&8F and its ESTs
are overrepresented irdiaries derived from cultures treated with auxin, which promotes
caulonema and rhizoid developmdii6]. These differences in the patterns of functional
specialization oP. patenandA. thalianaCESAs are consistent with phylogenetic analysis

showing independent diversification of CESAs in mosses and seedflants

1.6 From aixin biosynthesis to signaling and transport

The phytohormone auxin is synthesize@ wide range of streptophyte plants (the most
basal land plants), seed planend somealgae speciesthus suggesting that some
components of the auxin signaling pathway hhilge conservedThere is evidencef
presentingauxin signaling machineryRmyscomitriunpatensidentical to flowering plants

[52, 95]

Auxin is required for plant growth through cell elongation, cell division, and cell
differentiation, and specifically in moss development of protonemal, gametophore, and
sporophyte tissue requires the action of auXBil, 96] Auxin stimulates the gradual
transition from chloronemal to caulonemal cells at the tip of protonemal filanj@ris
Various studies showed an increase in auxin levels in the tip cells of protonema filaments
[98]. It has also been reported that the transition of chloronema to cauloneaffeded

by light quality through cryptochromeediated changes in auxin sensitivity. Furthermore,
auxin can influence the development of gametophore shootstlagid different organs

[99].

MossEST databaseeveal the presence of three genes encoding Auxin/INBAEETIC

ACID (Aux/IAfroteins[100], which bind to AUXIN RESPONSE FACTOR (ARF) transcription
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factors and block them from the upregulation of atndsponsive genes. The molecular
function of these components is consedvin land plant$101]. When auxin is present,
TRANSPORT INHIBITOR RESPONSE 1/GNANNE-BOX (TIR1/AFB) acts as a co
receptor with Aux/IAA for auxin. The study of auxin antagonists in angiosperRs and
patenssuggests that auxin response mediated by TIR1, Aux/IAARIng@roteins an
ancient mechanisnjl02]. A recentstudy has shown that the moss Aux/IAA proteins
interact withPpAFB Arabidopsi§FIR1 moss homologenhd reducePpAFBlevels and
mutations inAux/IAAgenes lead to an auxnesistant phenotyp&L00]. On the other hand,

the genomic analysuncoveredhe presence bgenes encodin(AUXIN BINDING PROTEIN

1 ABPlandIBA RESPONSEBRY proteins in bryophytefs2], suggesting thahe three
known auxirsignaling pathwaysere present in the last common ancestor of extant land
plants.

When auxin binds, Aux/IAA is degraded Bg§S protease through ubiquitination, and ARF

is thenfree to act upon auxiesponsive genes. In ABP1 signaling, ABP1 is anchored on
the external surface othe plasmamembrane[103]. TheP. patensgenome contains
TIR1/AFBAuUx/IAA and ABP1homologs[52], and auxifresstant mutants in moss have
shown the same behavior of the TIR1/AFB signaling pathwashitopsi$100].

The sensitivity of plants to auxin depends on the function of a protein ubiquitin ligase
complex of theSkp, Cullin,-Box containindSCIrtype. SCF complexes consist of do¥k
protein, a SKP1 homolog, a Cullin/CDC53 homolog, and aRREXIRINGbox1l/
regulator of cullind) homolog. Fbox proteins consist of various protgirotein
interactiondomains, the domain responsible for recruiting specific substrates to the SCF
complex to target and ubiquitinate protein degradation by the 26S proteafivég

Two distinct pathways play a role in auxin transport: an activoesdlll polar transport

and a passive distribution through vascular tisgll]. The péar auxin transport is
essential for auxin distribution over both short and long distances, which occurs in a cell
to-cell manner and depends on the specific influx and efiuxer proteinghat enable

the uptake and release of auxin from/to tapoplast[101]. Some auxin carriers are

characterized: the PINORMED (PIN) proteirj305] and several ABCB and ABCG
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transporter protein familiegfL06-108], which are involved in auxin efflux from the cell and
the AUX1/LIKEUXINNERMEASEUX1/LAX) proteins are involvedauxin influx{109,
110]. Four homologs of the auxin influx carrid&ftgX1/LAXave been detected in
the Physcomitriungenomes[52]. The influx ancefflux carriers are sensitive to several
inhibitors such as IN-naphthylphthalamic acid (NPAyeatments with the inhibitoralso
cause changes in the distribution of auxin in the sporophyte and result in abreonrgio

developmentbut not in the shoof111].

1.7 Auxin and crosstaikith other phytohormones

Auxin interacts with all the othgrhytohormone pathways and impacts morphogenesis
[112]. Different hormore pathways affect auxinhomeostasisby modifying auxin
transport,biosynthesisor signaling componenf$13]. For example;ytokininsnduce the
expression ofAA3 which has negativesffect onthe auxin-signaling pathway at threot's
transition zone, ths causingauxininducedcell proliferationinstead ofdifferentiation
[114, 115] Ethylenealsocontrols auxin levels lhangingauxin transporters' expression,
such as BX andPINfamilies and biosynthetic enzymd46-119].

Recently cytokinins were shown to control PIN protein endocytosis and induce their
degradation in lytic vacuold420]. High concentrations gdsmonatealso imuce PIN2
endocytosis and degradatiofi21]. On the contrarygibberellinsignaling and the
secretory peptidefom the GOLVEN family limit PIN trafficking to lytic vac[ii2@s 123]
Consequently other than auxin many other hormones control auxin efflux and
the intracellular traffickingf PIN. Sincauxin is involved imanyaspects of plant growth
and development, it is natnexpectedthat auxin regution turns out to be so complex

relative toother plant hormones.

1.8 Syntheticauxinherbicides

Many synthetic small moleculean induce an auxin respon&ynthetic auxin herbides

are similar to natural auxin IAAhere are iffe classe®f auxinic herbicides: pine@xy
carboxylic acids (e.g., ZMchlorophenoxyacetic acid); benzoic acids (e.g., dicamba);

pyridineacids (e.g., picloram, clopyralid); quinolinecarboxylic acids (e.g., quinclorac); and
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pyrimidine carboxylic acid (e.caminacycbpyrachlor). Binding to receptor proteins
depends on structural variation in each herbicide molefl®@d] These herbicides are
more stable and can persist for a longiene, in contrast to IAA in plants that degrade
rapidly. These molecules can yield growth and development in horticulture and agriculture
at lower concentrations, but they are alethal at higher concentrati@as an herbicide
for weed contro[125].

Due to several reasons, resistance to auxinic herbiciddgliengingo evolvebecause
genetic alteration in the complex signaling network governed by auxin decsemg®gl
rangein severeenvironmental conditionfl26, 127] Also,auxinsaffect the metabolism
dynamicsn the cellsat various levels dfe organizationsuch agndocytosis, cell polarity,
and cell cgle control Finallyauxins act in regulatory processexldirectembryogenesis,
patterning tissues, and new orgiormation[128].

The auxin mimicking herbicides-2lidhlorophenoxyacetic acid (202 and inaphthalene

acetic acid (NAA) were used in this study.

19 Cellulose biosynthesis inhibitors (CBI) as a molecular fodtbcstudy cellulose
biosynthesis

In previous studies, cellulose synthesis was shown to be important in stabilizing tip growth
in plants[76]. Both pollen ibes and root hairs extend through tip growth, similaPto
patensprotonemal tissu¢129]. Inhibiting cellulose biosynthesis in the cell wall causes loss
of directional cellular expansioand radially swollen tissuefl30]. These combined
characteristics, leading to swollen tissues and stunted growth, providectabie
phenotype for genetic screefi30].

Cellulose biosynthesis inhibitors (CBIs) are a chiyndigerse group of herbicides that
reduce cellulose production specifically. Although these molecules interrupt the cellulose
biosynthetic pathway, the exact mode of action remains vfRld. Genetic screening of
mutagenized populations with CBIs has led to the identification of mutations leading to CBI
resistance. Due to the specificity of CBIs to the cellulosgriloesis pathway, mutations
leading to CBI resistance are found primarily in genes involved in cellulose biosynthesis

[131-133]. Continued development of new and ant CBIs is expected to be driven by
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their utility in cellulose biosynthesis research and weed control ageditk Therefore the

precise associations between CBIs and CESA are correlative. The responses to chemical
inhibition have been studied via ligell imaging thus far. One group of CBIs promotes the
clearing of CESA from the plasma membrane such as isoxab#reragroup stops the
movement of CSC in the plasma membrane which,@éichlorobenzonitrilg(DCB) is
categorized in this group, and the third group disrupts the mechanism of the CSC which is
co-disturbance of both CESA and microtubytE30] (Figure 1.5)This classification is

based on shofrterm [*C] radioisotope tracer studies and the incorpomatid glucose into
cellulose[134] and timelapse confocal microscop¥35]. Interestingly, however, in the
mossFunaria hygrometricghe number of rosette structures decreaisunder treatment

with the CBIDCB, as visualized withdmefracture electron microscopy30].

.- Group 1:
Isoxaben
Quinoxyphen

Flupoxam
Triazofenamide

- . Thaxtomin

Group 2: "'-;' ' Group 3:

|
Indaziflam Triaziflam Morlin
DCB J

Figure 15: A Venn diagram showing the three clasdeSBIsThe overlapping regions represent how a CBI
can show a range of modes of action that can pose a challenge to their classification.

The CBuUsed in this study iswdaziflam. The herbicide was introduced by Bayer Crop
Science and had a photosysténnhibition value of 9.f136]. Indaziflam is an alkylazine
herbicide used to control annual grasses by eliminating the invasive grasses, increase the

competitiveness of continuing @xcuring species, and ultiatelyincrease biomad437].
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The mechanisnmdazifamcontrols weeds are different from other CBIs, such as isoxaben
Indaziflam has a different molecular target than isoxaben that eventually causes
differential effects orlCESA patrtichkeelocity, clearing the plasma membrane in indaziflam
treated plantg136]. In a dosedependent manner irabidopsiscellulose production is
inhibited and a primary mode of action for indazifl@emsistingof inhibition of cellulose
biosynthesig136]. Their results do not support that indaziflam has the saangon
mechanismas isoxaben and other CBI like quinoxypli&6]. Based on these findings,
indaziflamcausesradial swelling and ectopic lignificatian Arabidopsisand Poa annua
treated seedlings. These findings suggest that indaziflam affects a different component of
the complex cellulose biosynthetic process than other[CB3$ Since no published alleles

confer resistance to indaziflams mode of action is still not completely understood.

1.10The use oPhyscomitriunpatensas a vehicle for exprésgnovel compounds

P. patensas been used to study plant metabolic engineering for a very lonq188g

The high efficiency &. patendhhomologous recombination among plants has established
P. patensas a model organism to study gene functipt® 52, 139]P. patensare also

used as a hetelogous expression host for recombinant proteins and natural products of
therapeutic and commercial val{£38, 140143]. P. patensas a photosynthetic organism,
can play a role ambiotechnological host and an expression system for plant biosynthetic
pathways [144, 145] Stable and heterologous expression of genes encoding various
biosynthetic enzymes in planta is an alternative marobial hostexpression for
biotechnological production, aaluabletool for functional characterizatiprand an
alternative industriatscale production of biopharmaceuticals. The m@sgatenshas
already beenrecognized as viable fareconstructing heterologous pathways aa
biotechnological hoqtL46].

Polyethylene glycol (PEG) mediated transformatiorP .ofpatensprotoplasts with a
linearized plasmid is being used as a standard method to introduce heterologous DNA into
P. patengells[147]. Multiple insertion sites targetingne single transformation event are

also another important feater of P. matens [148]. The homologousrecombination
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machinery oP. patengan beappliedto assemblanulti-fragment construgwith 5 and

3 flankingsequencs and integratehem into the genomeThis is a similar methodology
usingS. cerevisia@Jthoughthe developmenbf a similamethodfor P. patensan further
increase its utility as a plant biotechnologitamework[149]. Improvement in targeted
techniques of largecale genome manipulation in plant systems is valuable and could help
understand and improve genetic structure and function at the chromosome and genome
levels[149]. The appliation and optimization ah vivoDNA assembly methodologies can
significantly improve the potential Bf patenss a biotechnological host species and as a

photosynthetic chassis for synthetic biology.

1.11 Thesis objectives ang/pothesis

The work outlined in this thesis has focused on uBingatensas a tool to explore basic
biological questions and exploit the organism for biotechnology applications. | have used
Physcomitriumpatensfor a line of inquiry into cellulose biosynthesis gsieverse and
forward genetics techniques. | have also tried to determine how ameRgtd¢enss for
reconstituting a metabolic pathway, the cannabinoid biosynthetic pathwayGamabis

sativa

Objective Ic Forward genetics to identify possible CBtjéts.

Cellulose synthesisas beernnvestigated througlhe use ofcellubse synthesis inhibitors
(CBIs)130]. CESAs and the accessory proteins involved in the CSC are targets for the CBls
whichcan influence cellulose biosynthesis and may induce-gk€Biode of actiofil 50].

In thisthesis,| will characterize the effects of CBIs on the deposition of cellulose, explore
the mechanism by which CESA responds to the &ilsdentify CBI resistant mutaims
Physcomitriunpatensby using the forward genetic approathmArabidopss thalianaand

Triticum aestivunCBI resistance was caused by point mutatiomsfierent CESAenes
(Bonetta, unpublished) hypothesized that forward genetic screening wadkhtify new

CBI resistantnutants in mosssimilar toA. thalianaand T. aetivumpoint mutations in

primary cell wall CESAghichwould alter CBbinding resulting in CBI resistancethiis

hypothess is correct, it will be evident that mutations affecting cellulose productid®. in
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patens are transfelable among land plants, and abiotic stress signaling is subject to

cellulose synthesis, which likely played a vital role icdhguest of land by plantélso,

identifying numerous genes and pathways connected to CBI sensitivity will allow for a

better understanding ofCBIl's mode of actiofFrunctional conservation of theellulose
biosynthesiscompasition has been established across 500 milyaars of land plant
evolution.This has been a successful apprahaeihhas helped build our understanding of
the cellulose syntheszathways likely to berucialin anatomically simple early land plants.

The result®f this objective will be described in Chapter 2.

Objective Z; Identification of CSC components

Since there is no reliabie vitroassay for cellose synthase activity from plant material,
the second objective of thisesearch ido characterize CSC's composition in moss that
g2dzZ R KSt LI dzyO2@0SNJ yS¢g O2YLRySyida GKIQ
called biotin identification (BiolDforward genetic screens have implicatedveral
proteins other than CESA#at are part of the CSGowever, this reverse genetics
approach, BiolbDsnecessarily limited to testing oblypotheses based ornpaevious study,
which has been done on bacteria, yeast, plants, and mammaliankeelising theCSC
compositionshould lead to defining a better mechanistic role of -Q&SA proteins in
cellulose synthesis. For example, there is currently no known tactofathe CSCThis

work is discussed in chapter three.

Objective X The use of moss as a vehicle for cannabinoid biosynthesis.

Researchers worldwide have chosen md3syscomiium patens as the candidate
organism to produce drug candidates derived fdamts and it has been used as a vehicle

for the production of pharmaceuticdls13]. Some drugfike cannabinoidare difficult to

KT

obtain by chemical synthesis, and they are not available in sufficient amounts from their

original plant. To overcome tipeiblicdemand we require alifferent,efficient production

system Combinatorial biosynthesis has already been successfully done for the production

of compounds such as antibiotics in microorgani$bdds] Anin vivo combinatorial
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biosynthesis approach will be pursue®hyscomitriumprimarily to obtain known natural
products with useful biological activity such as cannabinAidstical aspect of this work

is to produce not just the most gonon cannabinoids, also rare cannabinoids and pathway
intermediates.

An important additional outcome of this idea is that knowledge gained during the
establishment of #hyscomitriunstrain producing cannabinoids will enable the design of
several other drugandidateproducing moss strains, especially within the chemical class
of cannabinoidsThe possibilities of usidghyscomitriunas a new production platform for
plantderived natwal products are novel arekcting. The resultf this objective will be

described irAppendix 1
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Chaptertwo: Forward genetics iRhyscomitrium patenglentifies
indaziflam resistant mutants

2.1 Introduction

Physcomitriunis established as a plant model system for study plant gene functions using
forward and reverse genetics. It is also used as an experimental system to answer
molecular, developmental, and evolutionary questions that mostly rely on the excellent
gene targéing capabilities mediated by homologous recombinatjd8§ As a bryophyte,

the position ofPhyscomitriunat the base of the land plant lineage can help understand
the evolutionary processes for cparative genomics, which led to the origins and creation
of land plants, although there are features unique to bryophytes that showed extra to the
requirements of subsequent land plaf&5]. Likewise, the bryophyte's lineagpecific
features indicate the numerous evolutionary routes can take, and that can prove
compelling and unexpected fac{s5]. For example, the fimog of neochrome in

fern Adiantum capillusenerishelped with new gene formation in evolutionary processes.
The neochrome is a chimeric protein in which théeihinal chromophore binding
domains from the fared/red sensing phytochromes are fused witk thiuelight sensing
phototropin [152]. This neochrome arose in the hornworts and is thouglitave been
passed to ferns by horizontal gene transfgb3]. Similarneochrome has also been
discovered in the green al§dougeotia scalarisn which they are thought to have arisen
independently{154]. Nonetheless, of their fascinating origins, this neochrome has been
proposed to confer a selective advantage to ferns idlilghit habitatd153]. The discovery

of neochrome, initially through the analysis of phototropic mutants in Adiantum, validates
the benefit of forward genetics in discovering the unexpected and novel.

Forward genetics is based on the available genetic resources Phiyscomitriungene
discoveryThis approach is based on whglenome sequencing of bulked segregant pools
to identify mutants and thecreen's related phenotypeahichencourageshe pursut of

the mutants' analysis, particularly Bnyscomitriumfor novel gene discoveries given the
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novel mechanisms involved in bryophyte signaling pathwaysiraaetstand some early
events in land plant evolution.

This thesis's forward genetic approach ishasn single nucleotide polymorphisms (SNPs)
created by a mutagen. An SNP siteerethe nucleotide substitution leads to amino

acid substitution or otherwise affects a protein is a coding SNP (cSNP). SNPs can occur
anywhere in genomes, including in oaglregions of genes where they can be associated
with natural variation in gene functions and often a defeat in organisms. In the context of
mapping SNPs in crosses where two distinct ecotypes aresusddas ifPhyscomitrium
patensthe Gransden (Gr) dnVillersexel K3 (Vecotypes,the SNP genotyping allows
identifying the parental origin of regions in the genomd?. Ipatens the forward genetic
screenng has taken advantage of identifying thousands of SNPs between the Gr and Vx
ecotypes

The detas of the approach used in this thesis and the basic principles and theory behind
SNPbased mapping will be described in the following sections. This approach deals with
bi-t £t StAO {bta 6! 71T.0 AY BKAOK IffStSlkle 200dz
B occurs in genotype B (Villersexel ecotype). The crossing of these genetically distinct
ecotypes results in a diploid sporophyte genome containing SNPs from both parents, which
become shuffled following recombination during meiosis. In mosses, thetgahytes
produce the sperm (antheridium) and egg (archegonium), creating organs, and the
gametes are produced by mitosis. Following fertilization, the diploid sporophytes form and
grow from the archegonium. These form diploid sporangia at their tipshwlinien have

spores through meiosis. The spalerived progeny are haploids and are equivalent to
recombinant inbred lines in diploid species (Figure 2.1). This process relies on the basic
principle that SNPs closer together are less likely to be sepd@matedombination events
between them, which approaches 0% when adjacent. In contrast, SNPs on different
chromosomes (linkage groups) or sufficiently separated on the same chromosomes (i.e.,

at opposite ends) will show no association (50% assortmentgempy3i89].
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Figure 2.1Physcomitriunpatenslife cyclel: Spore dispersed and germination, 2: Protonema development,
3: New female gametophyte, 4: New male gametophyte, 5: Egg growth, 6: sporophyte development. 7:
Mature sporangiunfAdapted fronGraphicRF.com

By implementing this positional mapping process on indazifla routants in
Physcomitrium patenswve aimed to identify novel genes involved in the cellulose
biosynthesis pathway. The typical wige response to indaziflam is characterized by slow
growth since it blocks cell elongation, which eventually causes cell death. Any mutant in
which this response nlenger occurs was scored as resistant, which progressed through
normal growth and development without the inhibitory effects of indaziflam being
manifest. Previous findings suggested that indaziflam affects a different component of the
complex cellulose bsynthetic process, causes radial swelling and ectopic lignification in
ArabidopsishalianaandPoa annudreated seedlinggl36].

Indaziflam is known as a CBI. Investigation of CESA behavior while the plaetisvitea

CBIs can provide us a platform to answer questions regarding the mechanism of delivery,
activation, movement, and array organization during cellulose biosynthesis. By identifying

mutations from forward genetic studies of @®hated plants that cofer resistance to
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these chemicals, it is possible to learn about the different mechanisms involved in cellulose
biosynthesis. Chemicals like DC85], flupoxam (FPX)56], indaziflam[136], isoxaben
(ISX)[157] and, quinoxyfer[158] are widely used as herbicides and contain diverse
chemical structures (Figure 2.2). The herbicides group includesiixOBdaziflam cause
changed motility of CSCs across the plasma membrane. DCB and indaziflam act to
completely inhibit the CSC movement across the plasma memliia6el59]

Indaziflam, N(1R,2SP,3-dihydro-2,6-dimethyt1Hinden1-yl]-6-[(1R S fluoroethyl}
1,3,5triazine2,4-diamine, is a strong herbicide produced by Bayer Crop Scieree (U
Environmental Protection Agency [EPA], 2049 § used to control broadleaf weeds and
annual grasses and is effective at low concentrations, and bezalesirable candidate

for widespread use in agriculture. However, to be most effeatideziflan would need

to be paired with indaziflam resistant crops. To develop indaziflam resistance in crops,
firstly, we need to understand its herbicidal mode of action. Brabhai®lih Ras shown

that indaziflam can cause a decrease in CSC velocity and prevent plant[jB&jthihe
evidencefor indaziflam's mode of action currently rests with tkel-1 allele, which has

been shown to conferlaw level of resistance against indaziffd36]. Indaziflam was also
shown to inhibit the production of cellulose in a daspendent mannefl136]. Previous
studies have demotrsted that CBlesistantA. thalianastrains can be identified through
forward genetic screenir{@31, 132, 158, 16(Bonetta unpublished]. However, thesxre

not successful in finding a strong resistance to indaziflam, which suggested indaziflam may
have multiple targets in planf&31][Bonetta unpublished].

To characterize the effects of CBIs and the mechanism with the forward genetic approach,
| will identify CBresistant mutants i?. patensThese mutations maaiter CBI interaction

and result in CBI resistan@d | will determine whethahe mutationsare causing the
relative changes i. patensgenes and pathwayare connected to CBI sensitivitg

provide a betteunderstanding of CBI's mode of action.
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Figure 2.2: Cellulose biosynthesis inhibitor structu€aemical structurearefrom www.chemspider.com.

2.2 Materials and Methods

2.2.1Physcomitriunstrains ad growth conditions

Physcomitrium parensild-type ecotypes Gransden and Villersexel (V3) were used for all
experiments and observations. All sample® .gbatensvere grown on the media called
BCDand BCDATBCD medium supplemented with 5mM ammoniamtrate), described

in table 2.1. The media overlayed with sterile cellophane disks (RPI Research Products
International, ULTRA CLEAR CELLOPHANE) cut into circles and autoclaved in glass Petri
platesand incubated approximatebt 21-25°C under continuou#iumination at 5Q80
mmol/m?/s supplied by white fluorescent tubes. The plants were subcultured by
homogenizing tissue in@ ml sterile water with a PowerGen 125 grinder equipped with
Omni International hard tissue Omni disposable tip probes (USAif8gi€dala, FL, USA)

and plating them onto BCDAT medium overlaid with cellophane disks and grown under the

same conditions for 5 to 7 days for protoplast isolation.
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For sporophyte induction, gametophytes were incubated at fi@&}in 8 hours light and
16 hours darlkat 50;80 mmol/nt/s (Adaptedfrom [162]) on sterile peat pellets (Jiff§; 42

mm).

Table 2.1: Media farulture and transformation d®. paten$163].

Solution BCD BCDTA PRMB PRMT PRML
(per L) (per L) (per L) (per L) (per L)
MgSQ 7HO 0.25¢g 0.25¢g 0.25¢g 0.25¢g 0.25¢g
KHPQ (pH6.5) 0.25¢g 0.25¢g 0.25¢g 0.25¢g 0.25¢g
KNQ 1049 1049 109 10g9 109
FeS@7HO0 12.5 mg 12.5mg 125mg 125mg 12.5mg
Ammonium Tartrate - 0.92¢g 0.92¢g 0.92¢g 0.92¢g
Alternative TES (Trace elements)* 1.0 mL 1.0 mL 1.0 mL 1.0 mL 1.0 mL
Mannitol - - 60 g 80¢g 80¢g
Agar 7049 7.0 g 80g¢g 5049 -
CaGClsolution 1.0 mL 1.0 mL 10 mL 10 mL 10 mL

55.5 g/L (sterile)
Add after autoclaving

* 55 mg/L cupric sulfate pentahydrate; 55 mg/L zinc sufate heptahydrate; 614 mg/L boric acid; 389 mg/L
manganous chloride tetrahydrate; 55 mg/L cobalt chloride hexahydrate; 28 mg/L potassium iodide; 25 mg/L
sodium molybdate dehydrate

2.2.2 Protoplast isolation and CBI screen

To study the effect of CBIs on moss, protoplasts were isolated according to Roberts et al.
[162]using thewild-type5-T Rl &@a 2f R OKf 2NRYSYIlf GAa&aadzS
(SigmaAldrich) solution, which was dissolved in 50 mL 8. Bf&ihitol. Protoplasts were
isolated by treating 5 to 7 days old protonemata wit?0 (w/v) Driselase (Sigma Chemical

Co., Dorset, UK) in 8.5% (w/v) mannitol solution fe6@0ninutes. Protoplasts were
washed twice by centrifuging at 200 rpm for 3 minutes in 8.5% mannitol. PRMT medium is
melted and equilibrated to 45°C in the water Hyaprotoplast regeneration plates were
prepared with PRMB medium and overlain with sterile cellophane disks. Protoplasts were
resuspended in 5 mL PRMT held at 45°C, and 1.5 mL of suspension was spread on each
PRMB plate. Plates were incubated for five @ddy25°C with continuous light at &0

mmol/m?/s [162].
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Cellophane #a1a 6SNB GKSYy (GNIyaFSNNBR G2 ./5!¢
different CBIs listed in table22.This represents an-mouse CBI collection compiled by
screaning Arabidopsis plants on a@@® compound collection from Cambridge Corp. for
cellulose eéficient phenotypes and validation by cell wall cellulose content (Bonetta,
unpublished). The CBI screening concentration was determined basedthen
concentration that has growth effects dmabidopsis thalian@Bonetta et al. unpublished)
andwild-type sensitivity. The explants were removed from the CBI supplemented media

and transferred to BCD plates after four weeks of growth.

2.2.3 Dose@esponse curve

Growth curves must be completed on wiyghe plants using CBIs to establish the screening
conditions and test whether CBls affect protonemal tip growth and cell wall regeneration,
affecting phenotype and influenced growth Rhyscomitrium patensThereforethe
ANRGGK OdzNIBSa 6SNB O2YLX SGSR 2y RAFFSINBY (i (
10>aX HAn >aX | ytiRe plant. Sampled RitNA z&rb fieicide concentration
contained a solvent equal to the highest herbicide concentration.

ltwasF2dzy R GKIFIG GKSNB gl a AyO2YLX SGS 2NJ y2 3
HPpd ¢CKSNBF2NB Hn >a ¢l a OK23aSOBltéamed GINBE Sy |
P. patenswas carried out by transferringtday-old previously described regenerated
protoplass to solid BCBTmedia supplemented witB0 uM of 32 CBIs listed in table22.

and incubating fotwo weeks anddigital photographs were takdh64].

2.2.4 Creation and screeninginfmutants byUV mutgenesis and indaziflamareen

Protoplasts were isolated as described previously and embedded in a 3ml PRMT agar
medium. Approximately 50,000 protoplasts were suspended in PRMT for each 9cm Petri
dish, then spread on PRMB plates overlaying with celloptiake. The protoplasts were
SELR &ASR {22 utrpvbletradiatdrd@89 nm) in a UV Stratalinker 2400 and
incubated in darkness 24 hours. Since photoreactivation is used to repair UV damage in

DNA, incubation in the dark helps avoid the repair rapidm. Then the plates were
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incubated at 25°C, under continuous illumination, and allowed to regenerate. This
treatment resulted in 120% of the irradiated protoplasts surviving and regenerating as
protonemata. After five days to enable cell wall regeti@nathe cellophane beang the
embedded regenerants wasansferred to plates containing standard BCRgdr
medium (1ImM Cag;Ino mannitol) supplemented wi0 uM indaziflam for four weeks.

By that timejzr mutants were distinguishable and could be routinely subcultured.
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Table 22: List of CBls tested iAhyscomitrium patens

Molecular

Weight
CBH Chemical Name (g/mole)
3 2-(2-bromo-4-methylphenoxy)-N-(2,4-dimethoxyphe nyl)acetamide 380
7 N-{amino[(4-methyl-2-quinazolinyl)Jamino]methylene}-4-methylbenzenesulfonamide 355
8 N-[2-( 2-isopropyl-5-methylphenoxy)ethyl]-3-phenylpropanamide 325
9 3,5-diethoxy-N-(4-methyl-2-pyridinyl)benzamide 300
14 2-{3-[(4-fluorophe noxy)methyl]-4-methoxyphenyl}-3-propyl-2,3-dihydro-4( 1H)-quinazolinone 420
15 3-(2-furylmethyl)-2-(4-methoxyphenyl)-2,3-dihydro-4(1H)-quinazolinone 334
17 7-ethoxy-4-ethyl-2H-chromen-2-one 218
21 2-(1,3-benzodioxol-5-yl)-3-benzyl-2,3-dihydro-4(1H)-quinazolinone 358
23 2-(1,3-benzodioxol-5-yl)-3-propyl-2,3-dihydro-4(1H)-quinazolinone 310
26 2-(4-bromophenyl)-N-(4-methyl-2-pyridinyl)acetamide 305
27 N-(2,4-dimethoxyphenyl)-4-iodobenzamide 383
30 N-[1-(anilinocarbonyl}-2-( 1,3-benzodioxol-5-yl)vinyl]-5-bromo-2-furamide 455
31 N-(2-methoxybenzyl)-5-nitro-2-pyridinamine 259
32 2-hydroxybenzaldehyde (4,6-dimethyl-2-pyrimidinyl)hydrazone 242
33 2-{[4-(phenylsulfonyl)phenyl]thiolethanol 294
34 2-[(4-chlorophenyl)thio]-N-(2-methoxybenzyl)acetamide 322
36 N-{4-[(4-chlorabenzyl)aminc]phenyllacetamide 275
37 (4-methoxyphenyl){1-propyl-1H-benzimidazol-2-yl)methanal 296
38 1,3-benzodioxol-5-y|{ 1-propyl-1H-benzimidazol-2-yl)methanal 310
40 3-methyl-2-phenyl-5,6,7,8-tetrahydro[1]benzothieno[2,3-b]pyridin-4-amine 294
41 1-methyl-4-(7-nitro-1,2,3,4-tetrahydro-4aH-xanthen-4a-yl)piperazine 329
42 N-(5-chloro-2-methylphenyl)-3-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)propanamide 343
43 5-(2,3-dichlorobenzyl)-1,3-thiazol-2-amine 259
44 4-(2-bromo-4,5-dimethoxyphenyl)-3,4-dihydrobenzo[h]quinolin-2(1H)-one 412
45 isonicotinaldehyde (4-methyl-2-quinolinyl)hydrazone 262
Indaziflam  2-N-[{1R,2S)-2,6-dimethyl-2,3-dihydro-1H-inden-1-yl]-6-(1-fluoroethyl)-1,3,5-triazine-2,4-diamine 301.37
CMC 4-chloro-2(methylthio)pyrimidine-5-carbontrile 185.63
ACC 4-amino-6-chloro pyrimidine-5-carbonitrile 154.56
DPC 4,6-dichloro pyrimidine-5-carbonitrile 173.99
APC 2-aminopyrimidine-5-carbonitrile 120.11
DCB 2,6-dichlorobenzonitrile 172
Isoxaben 2,6-dimethoxy-N-[3-(3-methylpentan-3-yl)-1,2-oxazol-5-yl| benzamide 332.4
Flupoxam  1-[4-chloro-3-(2,2,3,3,3-pentafluoropropoxymethyl)phenyl]-5-phenyl-1,2,4-triazole-3-carboxamide  460.79

2.2.5 DNA preparation and whedenome squencinggWGS)

A DNA purification kit for Solexa was used to prepare genomic DNA fiergghome

sequencing. Genomic DNA was collected from siablautants on20 uM indaziflam.

Gametophyte tissues were frozen with liquid nitrogen and ground to produce a fine

powder. Ground plarii A 3adzS 6+ a Y2@0SR (2 | wmdSolutiwn
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(Qiagen®, Cat#158906) was added. The solution was mixed and incubat&d! fatr &

K2dzNX» ! FGSNI 2yS K2dzNE Me®u >f 2F wmn Y3IKYE w
by inversion, and allowed to incubate at@7or an hour. After the sampleas settled

FYyR O022ftSR G NB2Y GSYLISNI G§dzZNBX wnn >t 21
Cat#158910) was added, and the tube was mixed by inversion for approximately 2 minutes.

The sample was incubated on ice for 1 hour. After incubation, the sarapleentrifuged

at 13,000 rpm for 10 minutes at@. After centrifugation, the supernatant was transferred

to a new tube and incubated on ice for 5 minutes. The 10 minutes centrifugation, transfer

to a new tube, and 5 minutes incubation were repeateddhrere times to ensure DNA

LIJdZzNA G @ ¢ KS LIJzNATFASR &AdzLISNYyFaGlFyd éFa (GNIFya
cold 100% isopropanol and mixed by inversion 50 times. The tube was centrifuged at
13,000 rpm at 4C to collect the genomic DNA pellEhe supernatant was discarded, and

0KS LISttStG ¢1a o6FaKSR gAGK onn >f 2F 1m: S
at 4°C for 5 minutes, the 70% ethanol supernatant was discarded, and the DNA pellet was
air-dried for approximately 30 minutes.§h 3Sy2YA O 5b! LISttt S4G ol a |
of 10 mMTris buffer(pH 8.0.

The solution was gently tapped to bring DNA into the solution and rehydratetiGafd@5

1 hour. DNA concentration and quality were measures using a BioDrop EBGDEEEL).

Whde Genome Sequencing (WGS) was completed by BGI Genomics, using the lllumina
HiSeq 2500 platform. Sequencing data was compared toPthyescomitrium patens

Gransden ecotype reference genome to identify SNPs' location across the sequenced
genome. The identéd SNPs were filtered fmd SNPs caused by UV mutagenesis (G to A,

or C to T transitions) located in the DNA coding regions. Dateawelyzed using genomics

tools. Dr. Hossein Lanjanian froResearch Institute for Endocrine Sciences, Shahid
Beheshti Wiversity of Medical Sciencemjalyzed the WGS dat®#/e have chosen five

different genomics tools: bowtie2, samtools, bcftools, anncsad,Vep. These are the

most cited based on literature and accept standard alignment input formats. These
programs haveraried approaches to variant identification and produce different variant

calls[165, 166]
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2.2.6 Somatic hybridization and creation of mapping population

Physcomitrium pateris a monoicous moss, meaning the plant bears both sperm and egg

on the same gametophyte and can gmflinate predominantly in the wild. Crossing
techniques usually have been used between the Gransden (Gr) ecotype and the genetically
divergent VillersexgVx) ecotype for genetic mapping. Vx is the most divergent amongst

P. patensind can produce sporophytes upon cros§iy]. Vx displays a Single Nucleotide
Polymorphism (SNP) rate five to ten times higher thafl&]. Also, Vx is the ecotype

other than Gransden, commonly used in forward gesestudiesSomatic hybridization

between ndaziflam mutants and the Vx wildé LIS &1 & LISNF2NXY SR dza Ay =
protoplast fusion method, with some modificatidJa®9]. Protoplasts were isolated from
izrmutants, and Vx used the same protoplast isolation procedure as described previously
and combined the two strains for hybridization. Cells were resuspendeanin8&o

mannitol at a final cell density ofx110° cellsml*l. One milliliter of each cell suEpsion
(1x10Pcells total) was combined, mixed gently, and then centrifuged at 200g for 4
minutes at room temperature with no braking. The supernatants are discarded, and
protoplasts were resuspendedin25d 2 F (KS gl aK &az2f dziagney O2yi
10mM CaCl Somatic hybridization was started by adding ¥30 ¥dza A2y az2ft
(Polyethylene glycol (PEG) MW 6000 50% (w/v), Gat®l) and mixing gently. After

40 minutes, 1.5ml of wash solution was added. Afterihutes, another 10nl of wash

solution was added. A further 18l of wash solution was added after ®hutes.

Following adding the wash solution, protoplasts were mixed gently and incubated at room
temperature. Finally, After 7@inutes, protoplasts were centrifuged at 230g

four minutes at room temperature with no braking, and the pellet was resuspended in
PRMT held at 45°C, and 1.5 mL of suspension was spread on each PRMB plates. Plates were
incubated for five days at 25°C with continuous light g88nmol/n¥/s [162, 170] After

5-7 days, cellophane discs were removed and transferred toABGBedium
supplemented witl20 uM indaziflam and incubated under the same conditions for several
weeks to select for stable hybrids insensitive to indaziflam. Control plates on each

component strain were carried out in parallel.
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The second technique, sporulation, and crossing expetimereperformed betweernzr
mutants (with Gr backgroundnd Vx ecotype. Protonema or gametophore tissues were
inoculated from BCD plates to plant pots on autoclaved peat pellets for five weeks at 25°C
with continuous light at 5B0 mmol/n?/s. Next, thepots were transferred to 16°C with a
short daylight cycle of 8 hours of light and 16 hours of the dark regime and a reduced
Tt dzSy OS NI (% weit& light for the Yest ofkheé experimefit61]. After two

weeks at 16°C (upon gametangia formation), the culture is submerged with water for 24
hours, after which the excess water is drained, leaving a moist culture. The same operation
is repeated one week later to age complete fertilization. The first visible green
sporophytes could be observed three weeks after the first wateringziithatant plants,

which had a Gransden strain background, exhibit low levels of male fertility, and
accordingly, the appearance dkveloping sporophytes on this strain was generally
indicative of crosgertilization by the Vx parent. Spore capsules on the Gransden parent
were collected when capsules were becoming uniformly dark brown and mature, usually
2t0 4 weeks latefl71]®@ { LI2 NP LK@ 0 Sa 6 SNB loAeNdkeR bfo®eR A Yy
storage at room temperature and performing germination asddgsure sporophytes
weresurfacesterilizedwith 30% bleach for five minutes, then washed with sterilized water
4-5 times. Spornagia were broken open in sterile water to make a spore solution. Next, the
spore solution was spread on BCDAT plates supplemented with 20mM calcium chloride,
overlaid with cellophane disks at 25°C under continuous light to induce the development
of protonema. Spore germination was recorded seven days after inoculaffiem. 710

days, the germinated spores were transferred to the BlGedium supplemented with

20 puM indaziflam and incubated under the same conditions to select for indaziflam

insensitive plats (Figure 2.3).

33



25,000 mJ.cr2 UV radiation (280

nm) to create mutations
uv

WT (Gr.) © ® <]
[+ [}
(<] ) o
» JXOO( » (o°,° “, | »
[+
g (<] P [<]
o ]
<]
(<]
20% survival rate OnBCDAT+Indaziflam izrputative mutants
/// ) (i) Protoplastgusion ) \\
B / izr ‘('\V/I) \
s ® e o
e © ¢ o
b 4 . ® e
] ° e
DNA Markers
m NMN Fused protoplast selection i : -
onindaziflam 2 gy - - -
ii) Sporophyte cross S ’ == ¥ =
o -
® Putative crossed plants grow Selection based on
® L] on medium DNAmarker
L AP
® o @

Crossed spores selecti
onindaziflam

Figure 2.3(A) Diagram outlining forward genetic screenimg UV mutagenesis. (Bwo hulk segregant
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2.2.7 AFLP analysisRifyscomitriunpatensecotypes

The genetic analysis of the progeny of a cross between a mutant insensitive to indaziflam
(izr) generated in the Gr background with Vx allowed the identification of the causal gene
for the detected phenotypend only ones demonstrating tiphienotype of interestvere
retained to remove mutations that were not responsible for the phenotypentiyed
mutations and the mutations found in multiple mutants were subtracted to leave only a
handful of variations to examine in a relatively smatligo of the genome. From there,

we would be able to identify the mutation causing ittrgghenotype[172].

An amplified fragment length polymorphism (AFLP) marksrbban used to detect

crossed sporophytes and discriminate between the Villersexel and Gransden genotypes. In
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the Gransderspecific allele, the intercalation in linkage group (LG) 11, a marker appears

to be inverted and then causea misidentification by SCALRWIER[173] This
intercalation in the Gransdon genome causes a mutation A113G/G113V, eliminating the
Msel restriction enzyme site in the Villersexel genotype and thp difference in

fragmert length between the Villersexel and Gransden alla/é3].

Primas were used to amplify the allelic fragments from both ecotypes genomic DNA
(MsetForward: AATTCACAATTCGTGGATGCA and -Revtsk:
AGAGGAGGAAATGGTATAGCCATC). About 500 bp DNA amplicon was generated from each
parental genotype and digested with Msel resion enzyme (NEB), which showed an
additional Msel site in the fragment amplified from the Gransden genotype, the existence

of this restriction enzyme site generates the Granssjgactific AFLP.

2.2.8 ldentification of the causal mutation

Identificationof missense mutatiain theizr mutantsenewasconfirmed by polymerase

chain reaction (PCR) amplification and restriction enzyme digestion of a fragment. The
genomic DNA was extracted based on the genomic DNA extraction
cetyltrimethylammonium bromide (CTAB) method with minor modificatifdrt].
Gametophore tissues were frozen with liquid nitrogeyield fine powder and transferred

G2 F GdzoS® ! pnn >t @2ftdzyS 2F /¢! . 06dzZF FSNI (
HCI pHB.0 buffer, and 20 mM EDTA was added to the ground plant tissue. The solution

gl a AyOdzml 4GSR 0 ppc/ F2NI Ly K2dz2NX®» ! FGSNI A\
cooled solution. The solution was mixed by inversion, followed by centrifugation for 7
minutes at 16000 g. The aqueous phase was transferred to a new tube, and 0.08 volumes

of cold 7.5M ammonium acetate and 0.54 volumes of cold isopropyl alcetehdded.

The solution was mixed by inversion, followed by incubation orfoic80 minutes.

Followng incubation, genomic DNA was collected by centrifugation for 5 minutes at
Mcnannn3idd ¢KS adzLISNYFGFyd éFa RAAOFINRSRXE |yR
SiKFry2ts F2tt26SR 0@ |y FTRRAGAZ2YLIE 41 &AK &7

allowed todry and then rehydrated in sterilized waf&i74].
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The candidate gene's amplification was carried out by PCR using the custom primers from
mutant, wildtype, and wiletype segregants usingagDNA polymerase (Takara). The PCR
fragments contain the mutation site iar mutant and wildtype segregants. GenaorDNA
samples were taken from three biological replicates to ensure that the identified mutation
was present in multiple resistant plantéieizr mutation maycreate a restriction enzyme
site.In such a casehé PCR product was cut with the enzyme, feagiments were run on

a 3% agarose gel to separate DNA fragments and determine the genotype.

2.2.9 Growth assays

Theizrresponse was assayed by measuring the growth of explants, small tpexes
fragments of protonemal tissue inoculated on BCDAT, aptMd0daziflam supplemented
media. Two replica plates were set up in which each was split into three equal sections,
within whichten explants from each line were inoculated with even spacing. These lines
included the wildype Gransden strainzr6, andizrlQ Digital photographs were taken
every 34 days and analyzed using ImageJ software to calculate the mean cdoowesi

time [164, 175] The software converts the digital images to binamnét and determines

the colony area based on counting the number of pixels corresponding to each colony
[164]. Colony area determinations based on different photographs were normalized for
each colony using the plate's estimated area. Data processing included removing irregular

explants such that the minimum sample size analyzed per line 8as n=

3.2.10 Phenotypic characterization of fAepatenszr mutant lines

Fresh protonemal tissue was inoculated on BCDAT and BCD medium supplemented with
various synthetic phytohormongBigure 2.4) and grown into weléveloped colonies for

one month to observe phenotypic characterization. Photographs were taken for each

colony, and typical representations are shown in the following sections.
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Figure 2.4: Synthetic plant hormon&hemical structureare from www.chemspider.com.

2.2.11 Quantitativeaversetranscription polymerase chain reactigRFPCR) analysis

The expression of the upregulated and downregulated genes in response to auxin and

cytokinin was measured using gRCR to confirm the reliability of the results for the

dataset. The 15 top genes from auxin and cytokpathwayswere selected, and gene

specific primers were generated for each (Taldg 2.

Total RNA from-@veekold protonema tissue d?. patengrown on BCDAT was extracted

with TRIzol® based on the protddal6], and 5uM IAA was used for auxin treatments. One
g | a-strdndlefl RDNA fith & BantlanKpBiraek S R 2 d:
using MMuLV Reverse Transcriptase (New England BioLab®). Quantiteide Ras
performed using a CFX Connect Réale System (Bi®! 50 | yR {&a2Cl aidmn
Supermix (BKRAD), with three independent biological replicate£.J9 Celohgation

>3 2F G20l f

wb !

factor l-alpha,Phypa_439314) was used as a reference gene to calculateelttive

expression. gRPCR stndardcurves were prepared for each primer set using a series of

10X dilution, including nemplate (NTP) ando-reverse transcriptas@\NR7 controls. Five

pl of the 1/10 diluted cDNA was usethdgRFPCR reactionsereperformed br 30 cycles.

Relative fold change in gene expression was estimated following the threshold cycle (Ct)

valuesOy G KS 2yS KIyRI werkdekdaBrotohsalydey (reateds n /

and reference (untreated. patensi A & a dzS a
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Table 23: List of primers used fgqRFPCR

Primer name Sequence Primer name  Sequence

0 D%&&%G ACGCGTTGTTGGCTTTCACTTTG PpGH31-F' AGAGATCGTGGAGGACATCA
0P %&W | GTGGTTGCGTCCATCTTGTTGC PpGH31-R' CTACTTGCAAGGTCTGGGTTA
PplAA1A& 6 Atccgggagtccgagcettc PpGH32-F' CGACAAGTCCTGTTGACATAG
PplAA1A2 6 ggttctgcgcaggaggtg PpGH32-R' CAGACATCTGCTCCACTTCTT
PplAA1B& 6 cggtggtcagaatgggtca PpRSL2F' AGCAGGCTAGAAAGCATCAG
PplAA1B2 6 Cccacagtctggttctgcg PpRSL2R’ AGGCTTGAGGTTGGTGTTC
PplAA2-& 6  tgccttgggactggttcate PpRSL1F GGACCAAACTGGATCGATGAA
PplAA2-2 6 cacagcaccttgggctitca PpRSL1R' TGGTGAGCTAAAGCACTGATA
PpAUX1F' TGGAGGTCACGGAATCACCATC PpSOURF CTCTAGCGCTACCTCCAATTC
PpAUXZIR' ACACTGTCACTGCTATGCACAC PpSOURR' TGCGAACATCAGTCCTACTTC
PpARFa8F CAGATGAGTCAGGAGCAACTTGAG PpCUL106-FF GAGGCGATCGAGGATACAC
PpARFa8R' ATTCGACGTGTTCACAGGAGACG PpCULX06-R' GCACTTTTGTCAAAGAGCAGC
PpARFa6F CAGATGAGTCAGGAGCAACTTGAG PpCULX05-F CAAACAAGCTGAAGATGCAGT
PpARFa6R' ATTCGACGTGTTCACAGGAGACG PpCULX05-R' CAATCACCTTTCGCACAAAGA!
PpRSLA4F' TCAAACGGCCGAAACATTCTACG PpCUL116-& 8 GTGAAGCAAGCTGAAGATGCT
PpRSL4R’ CAGCTCCGCTCCTTTCAGAATATG PpCUL116-R' GACCTTCCGCACAAAGGC
2.3 Results

2.3.1 Morphological analysis of CBI screen

P. patengierminates from either a haploid spore or a protoplast. Therévaralifferent

cell types ifP. patenschloronemal and caulonemal cells form the protonemata. They have
the characteristic tubular shape, which is growing at the tip while connecting at one end
to the next filament cell. These filaments grow by two main mechanisms: unequal cell
division and ell elongation at the tipl77, 178] Protonemal filaments &. patengxtend

by apical cell division and tip grdwbranching to form colonig¢97]. These filamentare
characterized by rapid wall synthesis and a polarised structure from the first regenerated
cells[179].

The result for testinghe in-house CBcollectionat 20>a O2y OSY G NI A2y 2V
regeneration in wildype mossis summarized in table £.shown infigure 2.5. Te
concentration haseen chosen based on tlgrowth effects onArabidopsis thaliana

(Bonettg unpublished). This experiment helpedtagietermine possible compounds for
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the CBI screen$he regeneration response to different CBIs was varied. Some CBIs did not
affectgrowth and development compared to control, godsome of the CBIs, moss was
very sensitive and diedOn the other hand, some CBIs had effects on the chloronemal
tissue developmenaind caused a bid&ke phenotype. Based on previous studies on
protoplast tip growth and the cell wall formatifitv 7-179], and based on the fact that CBI

is targeting cell wall synthesis compondi®9, 131] I believe that in the affectedlants

by the CBIghe polarized tip growth was disrupted and cells are unable to regenerate the
cell wall.

Since among all CBls, indaziflam can inhibit cellulose prod{t86h andA. thaliana
mutants showed a decreased sensitivity to the auxin mimicking herbiciele [P30], it

was predicted that a cell waklated protein would cause indaziflam resistance. In this
screen for CBI resistance, indaziflam was chosen to study the mode of action associated

with this potent herbicide.

Table 24: Effect of CBI collection Bf. patengyrowth

Growth effect ofP. patens CBI Name

No effect(normal growth) CBI5, CBISBI9, CBI14, CBI15, CBI19, CBI26

Abnormal growth CBI3, CBI17, CBI21, CBI23, CBI31, CBI34, CBI36, CBI37
CBIl42, CBl4%daziflam, CMC, DCB, DPC, Quinoxyfen, TB

No growth or death CBI18, CBI27, CBI32, CBI33, CBI38, CBIl43
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Figure 2.5: CBIs collection testing on WT planNo CBI, B:CBI3, C:CBI5, D:CBI8, E:CBI9, F:CBI14, G:CBI15,
H:CBI17, I:.CBI18, J:CBI19, K:CBI2B|23, M:CBI26, N:CBI27, O:CBI31, P:CBI32, Q:CBI33, R:CBI34, S:CBI36,
T:CBI37, U:CBI38, V&BW:CBI42, X:CBI43,Y:CBl4bd&ziflam, AA:CMC BB:DCB, CC:DPC DD:Quinoxyfen
EE:TB(CScale bars: 100um)
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2.3.2 hdaziflam nofresponsive mutants displayingatg indaziflam resistance

Sunlight contains three UV categories based on the respective wavelengdh(3aV to

400 nm), UMB (290 to 320 nm), and U/ (<290 nm). UB and UMA can effectively reach

the earth's surface while U¥ is filtered out in the atosphere[181]. UVAA radiation has

less DNA damaging effect since native DNA cannot absorb it. Howevelnd\Wisible

light energy (upto 670t nn Yy YU Ol yviaiRdire€t pAofseBshiZing reactions
mediakd reactive oxygen species (ROS) generation, especially singlet éQypldi82].

UVC has the maximum absorption by DNA and is the most potent mufagéh UV
produces DNA damage via a direct or an indirect mestmaiihe direct mechanism affects
two neighboring pyrimidines (thymines or cytosines). The indirect mechanism leads to
oxidative mutations through ROS production, which attacks cellular nucleotide pools,
producing oxidized nucleotides such aby8roxydeoxguanosingriphosphate (80H
dGTP), and causes oxidative base darfifz 184]

UVCwasused to induce mutation in the Gransden background protoplasts. Mutations
affecting herbicide growth responses were identified by the gerromatithe protoplasts

on indaziflarrcontaining media. If wiltype protoplasts or protonemal explants are
regenerated in the presence of indaziflam, the cells show a characteristic change in growth
pattern. Changs in growth patterrs were characterized bycellular differentiation
producing small, round, thiekalled cells in which cell expansion is suppressed (Figure
2.6), the development of chloronemal cells disruptaat the protonemal tissu@as not
developedwhich leads to cell death. Some plants sladwghly reduced growth rate with

a ruptured tip and dwarf and twisted protonemal morphology in case of survival.

In such a way, the indaziflam rm@sponsive mutants have a typical growth rate despite
the presence of indaziflam, which contrasts with thigtype response. Some of these
mutants exhibited premature aerial gametophore tissue, and some of them were not able
to form aerial gametophore tissue. Several independent mutants showing the indaziflam

non-responsiveigr) phenotypes were isolated.
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Figure 2.6Wild-typeresponse of developing protonemal tissue6uM indaziflam(Scale bar: 100 um)

-
BCDTA+20uM indaziflam

2.3.3 Indaziflam resistance screen yielde@d®utant lines

Approximately 5,000,000 protoplagtem 11 poolsvere screened on 20puM indaziflam.

Al protoplasts with at least a minor decrease in sensitivity were selected as patntial
mutants. In total, 112 potentiarexplants were selected and moved to BCD medium after
4-6 weeks of growth on indaziflam supplemented media to grow to matufitjpe2 12
potentializr explants, 46 lines grew to maturity. Of the 46 possirlknes, B lines were

not able or delayed to produce aerial gametophore tisgbgure 2.7) Failing in
developmental transition in protonema and leafy gametophore formation can indicate a
defect in the phytohormone signaling pathwjag5]. The phenotype of some of thzer

lines which were not able or delayed to produce gametophoregtigss quite similar to
auxin [ dzE k)KLBOFand cytokinif186] mutants.

Auxin and cytokinin play an essential role and antagonistic activity in the root and shoot
development oPhyscomitum pateng100]. Wildtype chloroplastich chloronemal cells

in moss divide and form elongated caulonemal geltsjucing buds and developingo

leafy gametophores with browmpigmented rhizoidilaments[96]. Auxin promotes the
differentiation of chloronemata, which is a chloroplash filament into elongated
filaments with fewer chloroplasts called candmata, at the protonemal stage, while
cytokinin is involved in the regulation of thex/IAAgene[100]. In contrast, at the stage

of leafy gametophore formation, auxin stimulates stem elongatiod ahizoid
developmen{187]. Previous studies by Estelle et al. have showauketresistant &ux

mutants cannot transit from the primary chloronemal to caulonema stage, or this process
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happens with a delay compared to wijghe and exogenous auxin incregas transition
and convers gametophore tissues to rhizoid cells. Som#&ants also fail to form leafy
gametophores unless they are treated with exogenous cytgli@s) 189]

Figure 2.8 shows two resistant lines on a range of indaziflam concergi@&oo as a
control to 50 uM) Slected ndaziflam noresponsiveputative mutants were compared
to wild-type plantson 1uM, 5, and10uM 2, 4D, NAA, and cytokinin.

Of those izr mutants with growth defectsonly izrl0 was resistant to all three
phytohormones andchosen for further analysi©f the izr mutants exhibiting normal
phenotype compared to wiltype, izr6 showed strong resistance to NAA, -B4and
cytokinin.

Prioritized mutants were prepared for wha@lenomesequencingand moved to the soil
for crossing in preparation for positional cloning. Further genotypic and phenotypic

characterization was carried out to understand the cause of indaziflam resistance.

5,000,000 protoplast from 11 pools

112 putative mutants transferred to BCD

l 66 died on BCD

46 explants grow to maturity

/ N

30 without defect 16 with defect (5 lost)
F’ 44 phytohormonesensetive / \
2 NAA/2,4D resistant strong 3 no gametophore formation 8 delayed gametophore formation
(izr6,izr32 (izr8, izr12, izr3lL (e.g.,izr10, izrdx X0
4 NAA/2,4D resistant weak
(1215, izrl, izr4l, izry1 6 phytohormonesensetive
3 cytokinin resistant, strong 3 NAA/2,4D resistant strong
(izr39, izr13, izrp (izr8, izr10, izrdB
5 cytokinin resistant weak 2 NAA/2 4D resistant weak
(izr30, izr28, izr40, izr2, izrl8 (izr23, izr1%
1 cytokininresistant strong
1 NAA/2,4Dandcytokininresistant (izr1Q
(izr6)

1 NAA/2,4Dandcytokininresistant
(izr10

Figure 2.7Flow chart of theizr mutant screen.Five million U\nutagenized wildype protoplasts from 11
pools were screenedn the ndaziflam.
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2.3.4 Mapping of causal loci

Genomic DNA from pooledrl0explants was used to obtain whajenome sequencing
analyzed by Dr. Hossein Lanjanin@esearchnstitute for Endocrine Sciences, Shahid
Beheshti University of Medical SciendésxtGeneration Mapping identifies the causative
mutation location by determining areas in the sequencing sample with low SNPs variation
compared to the appropriate ecotypeteference genomg190]. Sinceizr is in the
Gransden ecotype background, the sequencing results were compared to the Gransden
reference genome. The regions, referred to as SNP, can be used to determine the location
of a causative mutatiofi90], but a causative mutation could not be determined by next
generation mapping alone. The presence of SNPs can quantify the variation between
genomic DNA from different ecotypes. Due to cross@egjuency anchaploid spore
derived progenyDNA surrounding the causative mutation will also consist of homozygous
DNA from the background ecotypEhis process relies on the basic principle that SNPs
closer together are less likely to be separateddmpmbination events between them,
which approaches 0% when adjacg0].

The independenindaziflam norresponsivenutants,izr6 andizrlQ were crossfertilized

by @m-culture withVxstrain and protoplast hybridized crossing, respectively, to generate
segregating populationfs2]. In crosgertilization, hybrid diploid sporogonia recovered
from the mutant with Gr maternal background plants, sporelings were idertifisgore
germination and growth on indaziflasapplemented medium. Hybrid sporogonia yielded
spores that segregated 1:1 for tie and wildtype phenotypes. IfPhyscomitriumthe
gametophyte produces gametes by mitosis that fuse to generate the diplmidphyte

and generates haploid spores by meiosis, so the spores obtained from hybrid sporogonia
represent a segregating population containing recombinant chromosomes, the equivalent
of recombinant inbred lines in diploid spedi&2]. Ten segregants from thizré mutants

were selected on 3M indaziflamand pooled.

PCRbased genotyping using the selected SNeétific primers to distinguish Gr from Vx
confirmed the mapped region as segregating with the phendiypgin the izrlOx Vx

cross (i10V) segregants. Hybrids from protoplast fusion were obtained using the SNP in the
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Gransdon genome, which causes a mutation and eliminates the Msel restriction enzyme
site in the Villersexel genotypE&73]. Strainghat containVillersexeBNP and resistant to
indaziflamwere characterized as a segregation populationiZzotO mutants. All izr
segregantq20 explantsdisplayed the Ggenotype, while all wilthpe segregant$54
explantsisplayed the Vx genotype as expected.

SNPs on different chromosomes (linkage groups) or sufficiently separated on the same
chromosomes (i.e., at opposite ends) will show no association (50% assantpregeny)

[73]. To confirm the causative mutation, candidate genes are required sequencing within
the mapped regionTwentysegregants from the (i10M)ere selected on 2M indaziflam

and pooled.Noncrossedizrl0 explants were also selected @OuM indaziflam.The
pooled i10v segregants' genome would consist of an equal mixture of DNA derived from
Vx parental strain with neutral marker allele as a result of random crassngluring
meiosis and sincallowed the identification of the causal genes foritr@henotypeand
eliminated mutations that were not responsible for the phenotype. The SNP and the
location of a causative mutation are determined by analyzing the pooledyé&r@ric

DNA sample due to the subtle resistance phenotype aiztlexplant onmdaziflam.

2.3.5 Identification of the&rlocusin Physcomitrium patergenes

Along with the resistance to indaziflam, ilze6 and izrl0explants demonstrate a clear
resistance to the synthetic auxin NAA,-R,4andcytokinin(Figures 2.2.10). 2,4D and

cytokininallowed for a specific selection of explants for the causetiadieles.
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Figure 2.8izr6and izrlOmutants are grown BCD media contain indazifla30{M) and compared to Wiype (WT)The panel's top row shows tieémutant
growth, the photographs in the middle sh@xl0mutant growth, and the pictures in the bottom row show WT. Photos are taken aftenomgh growth on BCD
media supplemented with zefgontrol)to 50 pM indaziflam.
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BCD +1pM 2D BCD +fM 2,4D

Figure 2.9izr6andizrlOmutants are resistant to 1uM and 5uM DAcompared to Wildype (WT)The left
micrograph in each panel shows the plant growth on BCD media after one month of subculture. The
photographs in the middle of each panel show WT and mutants' phenotypes after one month on BCD media
supplemented with one uM 25B. The gitures on each panel's right show WT and mutants' phenotypes after
one month on BCD media increased with five uM2,4
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izrl0

BCD BCD +iM NAA

BCD +fM NAA

Figure 2.10izr6andizrlOmutants are resistartb 1uM and 5uM NAA compared tdladvtype (WT)The left
micrograph in eaclpanel shows the plant growth on BCD media after one month of subculture. The
photographs in the middle of each panel show WT and mutants' phenotypes after one month on BCD media
supplemented with one uM NAA. The pictures on each panel's right show WTiemishphenotypes after

one month on BCD media increased with five pM NAA.
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Figure 2.11lizr6andizrlOmutants are resistant to 9y and 10uM kinetin compared toild-type (WT)The

left micrograph in each panel shows the plant growth on BCD raétdiaone month of subculture. The
photographs in the middle of each panel show WT and mutants' phenotypes after one month on BCD media
supplemented with five uM kinetin. The pictures on each panel's right show WT and mutants' phenotypes
after one month orBCD media increased with ten pM NAA.
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The wholegenome sequencing (WGS) of iael0 mutant demonstrated two causative
mutations located in chromosome 8 and chromosome 16 (Figure-Bjl3&quencing of
SNP's coding regidrom WGSeveals a point mutain predicted amino acid substitution

in chromosome 8, which causedssense mutation GGT>TTT in the open reading frame
(ORFGGT>TTTGly207Phe This mutation is a nonconservative substitution causing the
change to the amino acid, which has differentch&mical propertie§l91]. Glycine has a
unique structure that contains hydrogen as its side chain (rather than carbon, such as all
other amino acids). As a result, there is much more conformational flexibility in glycine than
other amino acids with tight turns in structures. Taeeness of glycine also means that it

can play a distinct functional role, such as using its backbone (without a side chain) to bind
to phosphateqd192]. This meanshanging to any other amino acid could have a drastic
impact on functiorj193]. Soglycine (Gly) suhigation to phenylalanine (Phe) is unfavored

to the plant

This mutations is in the PplAA1B (also known as
Ppls184 21V6;Phpat.008G051100Pp3c8_ 1472 the V3.lassemblies). The presence

of the GG to TT transition has been confirmed by amplificatitre @ene using polymerase
chain reaction (PCR) using gapecific primers PpIAATR GAGAAGTGTTGCAGAGAAGA
and PplAA1EB2 CACATGCAACAAGAGTCTCT and sequenced, using Sanger sequencing, at
The Centre for Applied Genomics (TCAG) at Sick Kids HospitalARigurall selected
plants contained the GG to TT transitiohAA1B

| disregarded insertions and deletions and retained single nucleotide polymorphisms
located in splice sites, introns, or the lesions that resulted in synonymous codon changes.
Althoudh mutations consistent with UV induces are specific types of mutation,-bamge
ddzoaldAalbdziAzya 2F Oeddz2airyS (G2 UGKEBYAYS o6/ Ito
substitutions, while the last one rarely occ{t84]. Many purine residues (Adenine and
Guanine) can aldme subjected taJ\tinduced mutations in DNifom WV photopralucts at
moderate UV dosagg$95].

50



A

WT

izrl0

C

< Pp3c8_14720V3.1
protein coding

~aReverse strand

G A A C

!x' \ "\
f \ /Y

‘\ AN )X

(VW XYY

'\ / =~ . 1
/ e \ / X \_h\é 5_,"__\*

PpIAA2
PplAAla K
PplAALD

Glycine Phenylalanine

KAMQSMQHNVRASYPGAQS -- VAPGAKNNGVKRGFSEAVGTNFNASSGAGGAV
PVHTMQHNMHASFSGAQAMGGAKNNGVKRVFSEAVGGNHIAASGVGVGVI
KPVHTMQHNMHASFSGAQM-- AFRGGAKNNGVKRVFSEAVGGNHIAASGVGVGVI

K rakkkkeekke kkk kk ok kkkkkkhkkk kkkkAk ok kekk ok kkkkk

0
D NH2
Sow G
H2N
0

v GGAKNNGVKRVES
10 GGAKNNFVKRVES

KKK Kk K[ koK ok kkk

Figure 2.12Genotypingrevealed PplAAl1Bnutation inizrl0 mutants.(A) Schematic representation of the
PplAA1Rjene confirmation and mapped regions iimmutations. (B) DNA sequencing electropherogram of

the PplAAL1Branscript showing GG's transition to TT mutationzilO mutants, black box shows the
mutations' locations. (ClaRial grotein sequence alignment &plAAgenes The alignment was made using
Clustal Omega. An (*) indicates a conserved residue, a (:) indicates conservation between amino acids with
strongly similar properties, (.) indicates s@mnservative replacement of amino acid. The protein sequence
region containing the mutation is mafjed, and the black box shows the mutation location.GQYine is

substituted for phenylalanine. Chemical structuassfrom www.chemspider.com.
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The other missense mutatiofCGT>CCTArg548Pro) is located on the north end of
chromosome 16The posible allele irthe izrl0 mutant contained guanine to cytosine
transition is one of th€ ULLIN{Cullin/CDC53jenes irPhyscomotrium paterreferred to
asPpCUL{falso known aBplsl144 158V6fhpat.016G006900Pp3cl6_1640 in the V3.1
assemblies). The presence of the G to C transition creates a Bfal restrictioCbite N1

To confirm the change iarl0mutant, genomic DNA was extracted fraamnlO explants
selected or20pM indaziflam. DNA fragments were amplified usdtg} LINGenespecific
primers CULAL6-F CGATAAAGATCTGTTTGCAGAGTTT and -16-RUL1
CATCTCTGCTGGTAAAGCCAG, and the fragments were digested with Bfal. All selected plants
contained the G to C transition@ULLIN, and his mutation was confirmed by testing this
region in three differentzrlOmutants and 20 i10V segregants in which G to C substitution
was found exclusively in the mutamtisd segreganté-igure 2.13E).

This allele results incorporation of prolineplace of arginine at position 458 in the coding
region of the CULLIN1 protein. Previous studie&.dhalianashowed mutations in the-n
terminal of AtCUL1which caused increasing tolerance to auxin and380, 196, 197]

Other reports also have described th@UL1mutations €ull-6) result in cytokinin
resistance, which is an indirect effect of auxin resistance since the response to auxin or
cytokinin is positively relatdd96]. CULLIN1 is a hydrophobrotein that acts as a scaffold

for ubiquitin ligase (E3) and targets ubiquitiediated destruction proteing.here are also
NEDD8nodified proteins (NEDOBIEURAL PRECURSOR - CELL
EXPRESSHIEVELOPMENTALLY DERESULATED PROTEWi@))neddylationactivity

[198]. The ubiquitin ligase activity of the SCF complex requires the neddylation states of
CULT199]; therefore, lack of NEDEgtivating enzyme subunit AUXIN RESISTANT 1 (AXR1)
results in a reduction of response to several phytohormones, including[20Rinit was
expected any alteration in the CUL1 proteins causes the defpbenotype such as the

one observed ierl0and auxin hyposensitivity.

The mutation inzrlOidentified inPpCULIound in thehomology domairfCH)in regions
conserved betweemtCULLINANd all threePpCULLIN&homoeologs (Figure 2.13B). The

complete alignment s included in Appendix 2.
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The cullin family members have three Cullin repeat (CR) domains that anchor similar
adaptor proteing201]. The cullin homology domain (CH) at thereninal is critical for

binding the RIN@nger protein, which plays a role as a docking site for ubiquitin
conjugating enzymes (E2s), and the neddylation site that activates the E3 ligase by
promoting substratgolyubiquitination[201]. The B delivers the bound ubiquitin protein

to the target protein, using an E3 ligase as the recognition element in the ubiquitin 26S
proteasome pathwaf202].

IRA RY Q (eriz® Krly Miitablah related to the cellulose synthase gene family and auxin
signaling pathway ithe izr6 mutant. All the WGS and annotation data are available
FylFrfel S Fdz2NIKSNI YR Ay@gSadaAaardisS GKS /.LaQ ¢
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Figure 2.13Genotyping revealethe PpCULLINDutation inizrlOmutants.(A) Schematic representation of
the PpCULDene confirmation and visualization of mapped regionszfamutation. (B) Alignment of the
partial CH domain gftCULLIN®vith three PpCULLIN1The back box shogthe locatons of thePpCULLIN1
mutation. (C) The DNA sequence of BpCUL1ranscript showing the transition of G to C mutatioliziiO
mutantsand the creation of Bfakstriction enzyme site. (D) Protein sequence alignmentildftype (VT)
andizrlOmutant shows the amino acid change (Arg548xa@inineis substituted for prolineBlack boxes
show the amino acid position at 548he alignment was made using Clustal Omega. An (*) indicates a
conserved residue, a () indicates conservation betweeimamcids with strongly similar properties, (.)
indicates semconservative replageent of amino acid, and ( ) indicates a neconservation replacement.
The complete alinment is included in Appendix(E)YCULIDNA fragments were digested with Bfalaafirm

the presence of G to C transition in t8&L1of izrl0explants. i10V sample includes pooled genomic DNA
from 20 i10V explants selected 20uM indaziflam. The Bfal restriction site was present izrdlDand i10V
samples and not presentwild-type DNA. The DNA ladder used is a 100bp DNA Ladder.
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2.3.6 Phenotypic characterizationiofmutants
2.3.6.1izrl0Omutants show slower, less vigorous growth

The distinct plant architecture phenotype of tkelOmutants, including less aerial growth
and smaller gametophoresyas observed from swugulturing and growth assays. First,
plants were allowed to grow oveightweeks on the BCD agar medium (without adding
indaziflam). The architecture @10 mutantswas then compared to wildype. Theizr10
mutants grew more slowly and to a lower density and less considteigeye 2.14)The
phenotype is also comparable by parallel growing the mutantsvdddype in a growth
medium supplemented with 2sB and kinet for four weeks (Figure 2.9 and 2.11).

After several weekgrlOmutants still displayed slower growth accompanied by a reduced
plant bulk than the wildype plant (Figure 2.14). While the wilgbe plants develop into
thick pin cushioslike structuresjzrl0gametophytes remain smaller afessdeveloped.
This is reflected in the length of the gametophores shortézritQ while the leaves are
smaller (Figure 2.14izr10also doesn't form sporophyte, and subsequently, no spore is
produced (Figure.22D).
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Figure 2.14izr10plants show distinct and reduced growth on vpethvisioned Plant structure ofzrlOafter

eight weeks growth on BCD medium. This is dramatically different from thgypélglant structure, which

has denser foliage coverage and more vigorous growth. The decrease in individual gametophores can partly
explain the reduction in plant sizadcfoliage coverage (Scale b&.& cm and 0.1 mm).

2.3.6.2izr10protonemal cells are shorter than wilgpe

After gametophore development izrl0 mutants which appears to have a smaller
gametophore size, including reduced leaves, further analgsisavried out on the cellular

level. Further analysis of the cell morphology was analyzed by meagutihgnd wild

type chloronema cell lengths, assimilatory filamentous protonemal cells (identified as
chloroplastrich protonemal cells with perpendiewlcrosswalls). This revealed that the
izrlOmutant had cells significantly-{@iled ttestR@ | £ dzSf ndnnp 0 & K2 NI SNJ

0

{5TMn®dmM>YX Y FHMAIO ovISH W IrapmfdRm > Y {57 pdy >Y3I Yy

analysis showed that the slowgrowing,less dense colonies were due to shorter cells.

Given that there is a mutation in the auxin signaling gene, the observed phenotype
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represents an auxiresistant phenotype, while the plant is insensitive to indazifRlemt
hormones' interplay in regulagrproper growth and development interacts with regulating
the cell cycle, division, cell expansion, and gene alteration, affecting this process by failing

to execute auximediated cell elongatiof203].

A Chloronemal cell length
250

200

150

Celllength (pm)

100

50

izrl0 WT

Figure 2.15izr10chloronemal cells are significantly shorter than gjok. (A) Distribution of chloronemal
cell lengths in wildype andizr1Q izr10has significantly (Error bars represent s.e.m. *p<0.085{}, n=30)
shorter cells than wiltiype. (B) Microscopic éargement ofwildtype WT) (top) andizrl0 (bottom)
chloronemal grown on BCDAT medium (scale bar 200 um).

2.3.6.3izrl0plants display phenotypic similarities to awedlated mutants

TheizrlOmutant line was compared to a documentead?2 mutant line[185]. The highly
auxinresistant IAA2 degran mutantiga2-P328STheiaa2-P328Sauxinresistant mutant
responds to exogenous auxin by developing short caulonemal filaments, and differentiation
has happened at the primary chloronemal std85] Like iaa2-P328Splants, izrl0
explants haveshorter chloronemal filamentshan wild-type explants (Figure 2.15).
However,izrl0 produces a small and undeveloped gametophore thanaa@P328S

mutant. When grown witliOuM 2,4D, izrlOhad longer filaments compared vald-type
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explants. Thazrl0 plants also display fewer and shorter rhizoids (Figure 2.16A). This
observation suggests thaenes that promote rhizoid development suchPgkRL1and
PpLRLPROOTHAIRLESS ) t€iR be affead since these genes are required to initiate and
develop rhizoids from buds and gametophoj284]. Based on previous studid3prs|1
Pprsl2double mutants have grown a few very short basal rhizoids anddchstem rhizoids.

In contrastPprsll Pprsl@ouble mutant gametophores were identicaMidd-type despite

the apparent defects in rhizoid developmeff04] which indiates that for the
development of both basal and mstem rhizoids,PpRSLIand PpRSLZROOT HAIR
DEFECTIV&EX LIKEYre required but not for the development of other cell types in the
gametophorg204]. The axinregulatory network was present in early land plants and the
last common ancestor of the mossé&lLand RSLgenes are part of this ancient gene
regulatory network that diverged sinde. patensandA. thalianashared a common
ancestor. The auxiregulatory network controls the development of -gpwing
filamentous cells, rhizoids, caulonema, and root hairs, which have rooting functions at the

interface between land plants and the soil (Figuiég, (p04].
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Figure 2.16Rhizoid development in association wRBlgenesizr mutant. (A)No rhizoids developeat the
base of thazrlOmutant gametophore than thwild-type WT), shown with arrows. (Scale bars: 500um). (B)
Models indicate the transcriptional regulation between auxii, and class RSlgenes in rhizoid and
caulonema development . patensompared to(B) root hair development i thaliana(Adaptedfrom
[204]).

2.3.7 Gene disruption alters auxagulatedgenes

To further characterize the effects BpCULANd PplAAl1Bnutations and auxin on the
development of gametophore and rhizoid imr10 mutants, achieve some insight into
possible changes in gene expression of the auxin signaling transcriptstudpdthe
influence of indaziflam on auxin signalinggrformed geneexpressioranalysis. The genes
involved in the auxin pathway were compared between-type, izr6, andizr10mutants
with and without IAA treatment by gHPICR. The selected genes BEAA1APpIAALB,
PplAA2PpAUX1PpARFaPpARFa®pRSLEpRSLEPRSLALPSOURRPGHSL, PpGH3
2,andPpCUL1s.
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2.3.7.1 Auxin transport pathways, regulation, and gene expression

Auxin is a highly mobile signaling molecule, unusual among other phytohormones since it is
specifically and actively transported. Polar auxin transport proved to be essential for
generating local auxin maxima and gradieRtdar auxin transpois mediatel by plasma
membranebased influx and efflux carriers with asymmetrical cellular localizatidn
functional significancg205]. Genes that act to regulate auxin homeostasis are mostly
hormoneresponsive. The most crucial gene groups regulated by endogenous auxin are
AUXIN/INDOLEACETIC ACID INDUCBDx/({AA, GRETCHEN HAGENGBJ gene
families and SMALL AUXIN UPREGUIENABAUIR These genes are considered early or
primary-response genes, considering their transcription is rapidly activated by206jn

Seed plants have large familiesfafx/IAAgenes (29 irArabidopsig§207]). Due to gene
redundancy and lack of a plant without tAex/IAAfamily, not many losef-function
mutants have been studied in seed plaiitse genome dP. patengncodes threux/IAA
genes:IAAL1AIAALB andIAA2[185]. Studies have recently been done in auxin response
mechanisms and plant development by generaartgple mutant lacking all threéAA
genes irP.pateng185]. As a result of thaux/iaatriple knockout, the mutanpresenteda
phenotype similar tavild-type plants grown on high levels of auxmthout leavesand
brown-pigmented rhizoid$185], similar to what observed in thézrl0 mutant and the
segregate population since théyad small gametophores with ectopic rhizoidath
insensitivty to synthetic auxin (Figure 2.9 and 2.11).

The plants were grown for four weeks on BCIHBCD medium supplemented with
ammonium tartrate) for protonemata differentiationVild-type plants under these
conditions responded to the high concentration of exogenous auxin by arrested at the
primary chloronemal stagdn contrast, theizrl0 mutant showed the auxiresistant
phenotype by developing longer caulonemal filaments (Figure 2.17). Sinzd @mutant
displayed the same phenotype as that of auseated wild-type plants, | tested its
response to adding exogenous auxin to the ginawedium (510 puM). Inwild-type plants,

chloronema to caulonemal filaments differentiation and gametophore development was
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slower in the presence of synthetic auxin {2} whereas thezrl0 mutant produced
relatively longer chloronema filaments in respe to 2,4D (Figure 2.17).

Sincel know that theAux/IAAgyenes have a profound role in the mechanism underlying
the auxinrelated genes' suppressi¢208], | evabiated the expression of tHAA1AIAALB
IAA2 and AUX genes.| analyzed thewild-type and mutants auxHnesponsive gene
expression b uM IAA treatment for five hours.

The genesSAURand two GH3homologs with a conserved function in {égajugate
synthesig209] were tested tooThe ARF gendbat have been shown to respond to auxin
in Arabidopsis[208, 2D] were also analyzedOur analysis identified genes that

were/lweren't affected by auxin treatments represented in the following sections
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Figure 2.17Closeup of theizr6, izrlOmutants and WT gametophores grown on BCD medium for eight weeks
(left panel) (Scale bar: 5 mm). Chloronema filaments were compared after the addition of five-pM 2,4
(middle and right panel). Auxin treatment induces cell elongation, anéitimeutants are insensitive to
synthetic auxin(Scale bars: 500 pm).

2.3.7.1.1PdAss andPpARIgene expressioare disrupted inzrlOmutant

The initial gene expression analysis revealedififsgenes were downregulated izr6and
izr10 (Figure 2.18). Our results show that z€10 and izr6 mutants are both entirely
insensitive to auxin. Striking/Agene expressions only increased upon auxin treatment in

izréunder our experimental conditions and statistical threshold (Figure 2.18) and displayed
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a fold change further validated this findifstatistical threshold of padj <0.05). These results
suggest that any mutation that caused the atumBensitivity inzrémutant changes in gene
expression must be related to tAeix/IAAsemphasizing the role of these proteins in auxin
signaling.

Astudy by Lavy et al. in 2016 showed tARFenes are upregulated in tla@ix/iaamutant
compared to wiletype, which indicates the presence of an ARRpendent feedback loop
[185]. The ARF proteins can act both as activators or repressors of transgfipéprive

know that repressing ARFs requires the Aux/IAAs for their function, but it is unknown if
targeting downregulated genes is caused by repressing ARFs. Auximatssintbe
degradation of Aux/IAA proteins, which repress atesponsive genes (ARGS) expression
through interaction with activator ARFs. The network contains two negative feedback, with
both Aux/IAAs and ARFs responding to a[&id] P. patensshowed, higher levels of
putative repressing ARFs resulted in decreased auxin resjadrie

| selectedPpARFaGand PPARFa80 assess the expression level in bahmutants. The
izrlOmutant shows downregulation #fRFa6it can be due to the negative feedback loops
associated withAAgenes and caused the constitutive auxin phenotype ozti@mutant
(Figure 2.18). This result demonstrates that repressing ARFs act as a repressor in plants, and
this activity requireshie IAAgenes.

ThelAAlAandIAA1Byenesnizrmutants had dramatically lower expression levels than the
wild-type, indicating that activating and repressing ARFs can affect, either directly or
indirectly, the same target genes. Our results specify that auxin cannot stimulate ARFa6 and
ARFa8 responses in thee6 mutant after the treatment. But, irzrlQ there were 2and 3

fold changes in the expression levelAd@Fa8nd ARFaGespectively, it is possible that
auxin can promote protonemal development through other mechanisms or extended
treatment, which needs further studies. Although these genes' expression in both
untreated and auxHtreatedizrlOplants was reduced, the fold change was either similar or
higher than thewild-type (Figure 2.18). In comparison, phenotypic analysis ofzii®
revealed developmental defects, including shorter filaments and smaller leafy

gametophores consistent with reduced auxin response (Figure 2.18). These findings further
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support our hypothesis that hyposensitivity to auxin can relate to a gene mutatibae in t
auxin signaling pathway. However, they show an unexpected trend in two diffarent

mutants.
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Figure 2.18qRFPCRshowing the expression levels of audsponsive genes wwild-type (W), izr6, and
izrlOmock or 10 mM |AAreated for five hours(A) PpIAALAPpIAA1BPplAA2 PpARFa6and PpARFa8
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izr6, andizrlOgrown for one month on BCDAT without auxin. (B)
pathway in plants.
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2.3.7.1.2AAmutation can alter th&SH3family expression

TwoGH3tf A | Seologé2 MID | o ansit>LJD | owere expressed in P.patens
gametophytic tissueR12]. We believe both genes have partialyerlapping functions of

the two GH3 proteinf213]. The previous study reveals the role of GH3 proteins in auxin
homeostasis and shows andittbnal mechanism for the detoxification of auxin in moss
[209]. There is also evidenoé PpGH3roteins' role in developing.patensfrom studying
FdzEAY &aSyarldnmileyik 6jB 1 nesj20®R G K n

| performed a gene expression study fot.JD | anatmMLID | dlre Ro®@H31 expression
level in theizr mutants was lower than thewvild-type. After the treatment, theawild-type

plant has a lower expression of tRpGH3L, which was opposite in ther6 line,andhas a
three-fold increase (Figure 2.1By contrast, auxin treatment slightly (lmdt significantly)
decreasedPpGH2 expression level irzr mutants compared tavild-type (Figure 2.19)l
0StASPS GKAA STTSOU ¢ awe hosigiififdrtSiiiSeyidRsSiy
PpGH2 expression betweewild-type andizr mutants before the treatment. Therefore,

P. patens$GH3 proteins possibly have an intermediate position, suggesting that the GH3

function goes with further developing orgaarsd auxin function.
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Figure 2.199RFPCRshowing the expression levels of awsésponsive geneSH3in wild-type W), izr6, and
izrlOmock or ten mM IAAtreated for five hoursPpGH3L andPpGH2 expression level in response to auxin
treatment. ErrdlJ 6 | NBE NI LINB & Sy (i -tebt)pre=2 a=ttest gambakirtg Fhe lines torWT, #& fi
test comparing the lines tar6. 4 [-téist comparing the line tzr1Q WT,izr6, andizr10grown for one month
on BCDAT without auxin.
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2.3.7.1.35AURlownregulation irzr mutants

TheSAURJenes have been important for the output of the auxin response from the
beginning of land plant evolutio®hyscomitriumpatens contains 188AUR)enes[52].
SAUPRverexpression affects auxin levels, auxin transport, and the expression of auxin
pathway gene$214]. TheSAUR)Jenes can be regulated positively or negatively by auxin
[215]. There isagroup ofSAURJenes, which is not responsive to ay@n5]. ASAURSN
Arabidopsiscan induce cell elongation when overexpressed and promote growth in
response to stimuli other than auxial4, 215] and it isnon-responsive to auxin but is
upregulated by cytokinif215].

| analyzed thewild-type andizr mutant linesP@lSAURyene and found a significant change
in gene expression betweér mutantsandwild-type (Figure 2.20). ThRgSAUR)ene was
downregulated inzr6 andizrlQ Alsq the PlSAURyene expression was slightly higher in
wild-type andizr mutants following IAA treatmergEigure 2.20)

A SAUR B SAUR overexpression

M No Auxin

1.4
W10 pM 1AA
1.2
N Auxin Auxin
synthesis transport
0.8
WT

Normalized Expression

0.

[}

*
04 i I i I Root growth

0
izr6 izrl0 Shootgrowth

Figure 2.20gRFPCRshowing the expression levels of awdsponsive gen8AUR wild-type W), izr6, and
izrlOmock or ten mM IAAreated for five hourgA)PpSAURXxpression level in response to auxin treatment.
Error bars represent S.E.M. *=P<0.0%§t), n=2. *=ftest comparing the lines to WWT,izr6, andizr10
grown for one month on BCDAT without auxin. (B) A model to explain the constitutive upregul&idiRof
gene function in negative regulation of auxin level in plants, resulting in reduced plant gewaduded
auxin synthesis and transp¢#16].
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2.3.7.1.4CULLINfnutation does not affect the transcriptional expression of the genes

CULLIN1 (CUL1) is integral to various key developmental processes through its ubiquitin 26S
proteasome pathwaj202]. An allele of£ULhas been identified from a geneticreen for
mutants resistant to a synthetic compound that induces the expression of auxin response
genes called sirtinol. This finding indicates tGatlLlis required for diverse signaling
pathways throughout developme[it96].

The qRIPCR analysis was carried out to confirm the ro@Uiflas an auxin regulator at

the molecular leveln P. patens| used threePpCUL1genes including the one which
contains the mutation in thezrl0 mutant line. As shown in Figure 2.21A, the gene
expressionof PpCULA5 of CULLINllocated on chromosome 5) iizr mutants was
comparable to wildype, while PpCUL1cCULLINIocated on chromosome 6) and
PpCUL1c1@CULLINIocated on chromosome 1l6Gyere abolished in thézrlO mutant
(Figure 2.21A).

| found that the auxininduced expression &fpCULL1c5andPpCULLc@enes vas
significantly upregulated in therl0 mutantcompared with that in thevild-type (Figure
2.21B). Interestingly, the mutation BpCUL1cl@lid not block the auxi#nduced
expression othis geneindicating that the regulation mechanismRgCUL1cl6énight be

the same for all theCUL1genes inPhyscomitriununder auxin treatment. In thézr6
transgenidine, the auxirAinduced expression recovered to a similar level tovilé-type
(Figure 2.21B).
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Figure 2.21gRFPCRshowing the expression levels@iLLINGenes(A)PpCULLINIexpression level imild-
type (WT) compared tazr6andizrlQ (B)PpCULLINIexpression level response in WG, andizrlOmock
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comparing the lines to WT, ##est comparing the lines tar6® 4ebt Gomparing the line tarlQ WTizr6,
andizrl0grown for one month on BCDAT without auxin.

2.3.7.1.5 RSL transcriptional expressionaffasted inizr mutant

To determine whether the expression of RSL genes was affected to inhibit rhizoid
development inizr mutants, | tested the expression level BpRSLAnd PpRSLH both
mutants andwild-type.

There are two classes of RSL genes preseRhyscomitriumRSlclass | RpRSLANnd
PpRSD2and RSL classPpRSL3, PpRSL4, PpRSL5, RER8BARSL[217]. Caulonema

and rhizoids are thgrowing filamentous cells, which their differentiatismeguated by
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class RSlgenes PpRSLandPpRSLD2and auxifj218]. ThegRFPCRanalysis demonstrated
that PpRSLand PpRSL2xpression levels iarl0were lower tharwild-type andizr6, and

the mutant line was distinguishable phenotypically frontd-type (Figure 2.22). By
contrast, steadystate PpRSL1 and PpRSL2 transcript levels were elevatedart tive
(Figure 2.22, and B We know from previous studies tipRSLaAndPpRSLare required

to develop both basal and mglem rhizoids [68] andre expressed in the cells that give
rise to rhizoids.

In our studyjzrlOexplants were distinguishable fromild-type since it has only @eryfew
short basal rhizoids and shswhe obvious defects in rhizoid development. Also, the
mutant's caulonema doesn't differentiate from chloronema (Figure @Q.Zphis could
indicate a possible disruption PpRSLANnd PpRSL&anscription, which affected these
genes' expression in theal0line.

Auxin positively regulates rhizoid developmi@], and because the expressiorRfRSL1
and PpRSLB sufficient to promote rhizoid differentiationbelieve that auxin controlled
rhizoid development by regulating the expressioRpRSLand PpRSLR19]. To test the
effectof auxintreatment onPpRSLand PpRSLExpression| checked the expression level
after 5 hourf IAA treatment. As expected, autiratment increase®pRSLandPpRSL2
steadystate mRNA levels iwild-type plants (Figure 2.22 and B. Auxin treatment
increased the expression levelRFRSLE bothizrmutant lines, but foPpRSL1he effect

of auxintreatment was the opposite (Figure 22and B. This shows that auximeatment
increasePpRSLAand PpRSL&anscription and extends these genes' expression into the
rhizoids. These data validate the regulatory effect of auxin in the expresglipR8t.and
PpRSLZThese data are consistent with previous studies in wPpdRSLis expressed in
cells sensitivéo auxin, and the cellular pattern of auxin sensitivity regulates the expression
of PpPRSLand PpRSL2vhich positively regulates rhizoid developm@it9]. SincazrlOis

not sensitive to auxin and shows obvious defects in rhizoid developire&pected to see
PpRStlass | genes' downregulatiddn the other hand, auxin controls rhizoid development

by positively regulating the activity BpRSLand PpRSLBenes[219], which is consistén
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with our results regarding the upregulation BPRSLRBpon auxin treatments in botizr

mutants andwild-type.

1.5
c
e
i1 2
3
w
el
g
=
£
8 05

0

WT

25
c
o 2
&
5
w
215
8
:
s 1
=

0.5

0

WT

RSL1
L,

l
izré

RSL2
L,

l

izré

*

W No Auxin
W10 M IAA

izr10

W No Auxin

B 10 M IAA

#

izrl0

Figure 2.22Repressin®pRSLand PpRSLfarget auxininduced geneqA)gRFPCR showing the expression
levels ofPpRSLInh wild-type WT), izr6, andizrl0in the presence of 10 mM |Afeated for five hours. (B)

gRTPCR showing the expression leveBagRSLR WT,izr6, andizr10in the presence of 10 mM |Afeated
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BCDAT. (Qomparing the WT aridr10plantsgrown on BCDAT for 7 days. (D) Comparing the Wikrdfd

plantsgrown on soil for 12 weeks on the soil.
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2.4 Discussion
2.4.1 Forward genetics as a tool in bryophyte genomics

The genome assembly BhyscomitriungV3.1)[220]with chromosomescale linkage maps
makes forward genetics possible in the model bryopR¥yigscomitrium patend his study
represents a known example of this approach, taking advantage of advances in the available
genetic resources in the gene discoverybf/scomitriumAlso, bulk segregant analysis of
separately bulked mutants and wilgbe segregants can be compared and combine
knowledge of SNP markers with de novo identification of likely causal mutations.

This ¢ possible to be a widely used proceswlagle-genome sequencingets cheaper and

more accessible to all. However, a similar approach baste MG Df bulked segregant

pools is also possible. The reliable identification of mutants is a crucial payt firward

genetic approach, and the screening of positive phenotypes such as the faster gzowing
mutants in the presence of indaziflam has its advantages. This suggests the analysis of other
izr mutants should be successfully pursue®ryscomitriumespecially given those novel
mechanisms are involved in bryophyte auxin signaling. This proof of concept should be

vastly used foPhyscomitriunfior novel gene discoveries.

2.4.2 Thezr mutants

Identifying thezr mutants results from detailed mapping data that identified a single region
associating with the phenotype. The sequencing of potential regulatory regiaarddn
mutant has revealed the causal mutations. One of the exciting differences bernGsamd

izr10 is thatizrlO displays altered growth and altered leaf morphology (‘"wasserpest”
phenotype, resembling the waterweé&tbdea (Figure 2.5). The mutation/s slows down the
growth and increases synthetic auxin responses. While morautants remain to be
analyzed, a fascinating and unexpected story has already been started by implementing
forward genetics irPhyscomitriumand identifying such a vital and unpredictable auxin

regulator.
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2.4.3 Getting lucky

The mutagenesis of a different model organismssnand with another mutagenesis agent,

UV forizr mutants, interestingly aided its eventual identification of lidv@1Band CULLIN1

gene related to hyposensitivity to indaziflam, but just how likely was this to have happened?
The previous study in Bonetdab resulted in identifying and characterizing a novel allele

of AtCULLINIh the indaziflam resistance screen.

This highlights the advantage of forward genetics and WGS technologies, which offer
traditional mapping to identify novel alleles. With WApBroaches, assuming the mutation

lies within DNA, coarse mapping or bulked segregant analysis may be adequate to narrow
the window for mutation identification based on the segregation of novel mutations with
the phenotype. And a good reference genome playital role in identifying these novel

mutations induced as part of the forward genetic approach.

2.4.4 Effects dkr mutants

Indaziflam is involved in auxin signaling, which has effects at the phenotypic and molecular
levels. Growth assays confirmatlizr mutants fail to respond to the presence of synthetic
auxin 2,4D in the medium, which in wilgpe plants significantly slows growth. Batt6

and izr10 show similar levels of 2[4 nonresponsiveness, but they appeared to have
different phenotypes with izr6 having a more similar phenotype to theild-type
characterized by more gametophyad rhizoidgrowth. An exciting possibility of the roles

of indaziflam in the auxin signaling pathway would enable a mechanism for this to be found.
For example, the recent finding thfe Arabidopsis thalianandaziflam resistant linezf1)
demonstrated reduced semisity to auxin mimicking herbicides, ZX¥ (Bonetta
unpublished. This lack of molecular responses to auxin mimicking herbicides showed exact
mechanisms behind the short protonema cells of mutants and the inability for mutants to
respond to a high conagration of synthetic auxir2,4D. In anatomically simple plants such

as bryophytes, molecular changes to protect the cells is crucial.

Since ndaziflamas acellulose biosynthesis inhibitor (CBI) inkilsiéllulose production

[136], it is predicted that a cell walklated protein would cause indaziflam resistanse
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many CBiesistant lineso have mutations in cellulose synthases (CE$&®s[71, 132,
158, 221]In this screen for indaziflam resistance, two possible alleles were ideintifrexl

IAA1Band CULLINf@enes frormext-generation squencinganalysis.

2.4.5 Interactions of indaziflam and auxin

The growth phenotype ofr mutants was also analyzed under normal conditions. Mutants
appeared to grow slower thamild-type coloniesas cell length is noticeably shorteliznlQ

The congtently smallerand lessdenseizrl0 plants were likely due to the decreasing
gametophores, which also had reduced leaves. Analysis of the plant architecture revealed
that izrmutants grew with less uniformity and with a phenotype superficially similar to that
observed in the auxin response characterized by reduced tip growth in the ¢bB&py
Theizrmutant chloronemal cells were significantly shorter than-tyitet, which is in strong
harmony with the process of auxin signaling, which also confirms that basal land plants have
conserved submergence mechanisms likely under the same hormone signaling regulation
as those in higher plants.

In this study) couldfind two alleles to confer the indaziflam resistance. The first one was
mapped in chromosome 8, and the ngeneration sequencing revealed a point mutation

in thelAA1Byene, which caused a Gly207Phe substitution in the IAAL1B protein. The Aux/IAA
proteins hae an essential role in auxin signaling and play roles as awednegiors and
transcriptional repressors. Deleting all thAaex/IAAdras shown the TIRux/IAA pathway's
effects on plant growth and development and auxin respft3&]. These genes also have

an extensive impact on other genes' expression levels, including those that do not respond
to auxin treatment. It also emphasizes the requirement for the Aux/IAAs iRragpionsive
transcription[185]. InP. patensdevelgmental transitions and differentiation depend on
auxindependent modulation of gene express[@85].

Our mutants analysis shows that the transition from chloronema to caulonema is regulated
by auxin. When auxin response is low, such as irzth@ mutants, protonema cells are
arrested in the chloronema stage. There is an argument that ARFs are competing with

AUX/IAA for binding to the same promotorg\nabidopsi$222-224]. The study by Lavy et
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al. in 2016n P. patenssupports this argument. Auxin responsive genes are targeted by ARFs

and can manage the gene expression levels. Their studies hypothesizeFh&tepRessing

and activating)compee for the same binding sitesorm heterodimers, and induce
transcription[185]. These findings can explain a wide range of gene expression levels by
auxin.They also showed th&tRFgenes are upregulated in tlaix/iaamutant compared

to wild-type, indicatingan ARFlependent feedback loofd85]. The ARF proteins can act

both as activators or repressors of transcrip{ib®5]. | know that repressing ARFs requires

the Aux/IAAs for their function, but it is unknown if targeting downregulated genes is caused

by repressing ARFs.

The ARB used in our study show expression level changesli mutants upon auxin
treatment, which supports the finding from previous studies, which mdamARFgenes
downregulatedn the izrl0 mutant contairs a mutation inlAA1Bcompared towild-type.
Thisagainconfirms the ARFdependent feedback loop.

| have seen thaizrlOmutants fail to respond texogenous auxihoth at the phenotypic

and molecular level#AndIAAIBA Sy S SELINBaaAz2y R2SayQi OKI y3
izrlOmutants. his translated into a direct loss BpIAA1Bunction and highlighted this

protein's role in auxin signaling.

Auxin stimulates the degradation of Aux/IAA proteins, which repress-raspionsive

genes ARG} expression throughieraction with activator ARF211]. P. patenshowed

higher levels oputative repressing ARFs resultinga decreased auxin respon$211].
Aux/IAAsare essential for@pressing ARFs, biltere is no evidence iEpressing ARFs fia

a specific role in targetindownregulated genes. &ldownregulatiorof ARRn izrlOmutant

could result in negative feedback loops of ARF associatedAithenes, whichmay

contribute to auxin insensitivity.

On the other hand, GH3 proteins play a role in auxin homeostasis and contribute to auxin's
detoxification inmosR09® { Ay OS> Ay 2dzNJ Ydzil yias o KSNBE ¢
GH3 expressiom the present and absence of exogenous auxsoggesthat the effect

g1 & DI omAYRSLISYRSY(dZ YR DI o LIRpatedsiya KI @S
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Another protein regulated by auxin is SAUR, which induces cell elongation and gtdwth
215]. SAUR proteins affect directly or indirectly the auxin transport since plants expressing
them have higher basipetal auxin transport. TherefafdJRyenes induced growtf225,

226]. Our finding suggests thatimmmutants, the SAUR gene functionality was affected due

to Aux/IAA gisfunction, leading to a lack of normal growth (Figure.22

2.4.6 Loss of CULLIN1 function and auxin sensitivity

Asl will discuss in more detail below, loss of CULLIN1 function decreasétisgno the
synthetic auxin,2,4-D [180]. InArabidopsisthe ubiquitin/26S proteasome pathway
regulates the degradation of critical proteins in response to envirataher biological
signals. There are three enzymes involve in the ubiquitination of proteins; ubiquitin
activating enzyme (E1), ubiquitonjugating enzyme (E2), and ubiquitgating enzyme
(E3)[202]. Skp, Cullin,-Box containing complgor SCF complex), is a major class of E3s,
which have been associated with hormone responseemvitonmental factorgn plants
[227, 228] The SCF is made of four protein subunits: CULLIN 1 (CULHoRIN@&BX1),
SPhase Kinase Associated Protei(SKP1), and anfox protein. Transport inhibitor
response 1 (TIR1) is ah@x protein incorporated into the SCF queax throughSkpllike
(ASK}[229]. Auxin can bind to TIRinction as an auxin receptor, and target AUX/IAA for
degradation by 26S proteasome transcriptional repressors (Figure J23B)231]
Identification of theCULLINAllelesaxr6-1 andaxr6-2 based on their auxin insensitivity
created a link between CULLIN1, AUX/IAA degradation, and auxin insefistyiti97,
232, 233] This indicates thaEUL1lis required for diverse signaling pathways throughout
developmeni196]. CUL1 has a similar function during the formation of the SCF complex
since it interacts with Skp anebBx proteind234], and also, CUL1 is part of one of the SCF
subgroups of ubiquitin ligase Z35]and act as an auxin recep{@36]. The CUL1 protein
StCUL1 in potatBolanum tuberosuims localized in the cell cytopla$234], consistent with

the subcellular localization of thebBx protein Skp. The Skp proteinRhyscomitrium
patensis also localized in the cytoplasm and cell nuc[@3§], consistent with the

subcellular localization predicted for StC{#A3K]. An alteration in the CULL1 protein, based
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on the CH domain's critical role, where ti®10 mutation is located, as the recognition
element in the ubiquitin 26S proteasome pathv291, 202]will explain the insensitivity

to auxin.

A recent study by Bonetta et al. (unpublished) confirmedatisallele was responsible for

the weak indaziflam resista@ similar tahe cull-6 mutantin A. thalianahad strong 2,D
resistance. The finding in this study also confirmed tthatmutation inPpCUL1cl@oes

not interfere with auxinnduced gene expression (Figure 2.21) and the regulation
mechanism oPpCULLlclén Physcomitriuns the same for alCULlgenesunder auxin
treatment. However, ti confirmed thatamino acidsubstitution in CUL1 could alter
indaziflam and auxin sensitivity (Figure 2.7, 2.8, 2.16). Similariyxr¥ieallele has been
reported © be resistant to the CBI isoxalj@éfi] and indaziflanfBonettg unpublished). This
indicates that the herbicidal mode of action of indaziflam is not limited to inhibiting cellulose
synthesis; it also affects various pathways in plants with multiple protein targets. Identifying
indaziflam resistant mutants can helphetter understand the mode of action associated
with this potent herbicide. Positional cloning is an approach to identify resistance alleles,
and it is challenging to select a mapping population homozygous for the associated allele in
diploid species. Hower, the advantage of moss as a haploid model organism makes it
easier to identify the allele associated with herbicide resistance.

However, this would require further analysis as the exact mechanism of CUL1 proteins in
Physcomitrium patens unknown, especially when dealing with low expression, is not

sufficient to make firm conclusions.

2.4.7 Complex regulation process of rhizoid development in the moss

Rhizoid and root hairs develop in gametophytes and sporophytes, respectivelytant con
with soil[238]and are contrdéd by the interaction between several genes, including class
| RSL genes, which belong to the basic-lmpxhelixtranscription factor familj239]. Class

| RSLRIRSLANdPPRSLRinduce the expression of downstredranscription factors of the
basic helixoop-helix family, eventually triggering differentiation and polarized tip growth

root hairs[240-242]. RSL1ossof-function mutants do not develop root haii239]. Root
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hair development is a dynamic process with complex regulation of the endogenous,
environment, and phytohormone combinatid243]. | believe there are particular
molecular mechanisms that auxin activates root hair tip growth. Mutants, asich
aux/iaal(axr9 [244] aux/iaa7(axr?) [245, 246] aux/iaal4(slr) [247]with reduced growth

in root hair cellsand cell expansion have shown an impact on auxin biosynthesis,
conjugation, transport, and signaling highlight the mpldtand complex levels of auxin
action on cell elongation (Figure 2.23A). On the other hgaitof-function mutants of
AUX/IAA9243, 248]showedroot hair defect which underlining that ARF activation is
required for root hair tip growth (Figure 2.23238]. The study by Velasques et al. in 2016
also suggests that to trigger cell expansion in the root hair cells, auxin has to be sensed in
situ. However, the nonellautonomous contribution of auxsignaling can affect root hair
development as welR38]. The class RSlgenes are also regulated by auxirabidopsis

[241, 249] InPhyscomitriumauxin promotes the expressionRgRSLandPpRSLand not
orthologs ofRSL4250].

In our studyjzrlOtranscriptional expression of PpR@&htl PpRSL2 significantly affected,
asexpected, due to the undifferentiated chloronema (Figure @.2&d no/short rhizoid
development (Figure 2.29. This data can be validated by analyzingzf@émutant line,

which shows similaPpRSLAand PpRSL&anscript levels compared wild-type (Fgure

2.22A and B.

This indicates a disruption in clasRSLgranscription in theizrl0 line, which also can
happen because of mutations in upstream genes. However, auxin treatment increases the
transcriptional expression levels of RSL1 and R$Ut#/somitrium[218, 250] | did not
detect the same changes in the transcriptional expression of &®@LRSLh theizrl0
mutant line, emphasizing the complex regulation process of rhizoid development, which

requires further study.
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Figure 2.23%hematic model of auxin biosynthesis, inactivation, transport, and signal transduction in plants
(A) Protein families involvéw biosynthesis, transport, and signal transduction of aédaptedfrom [251]).

(B) The ARRux/IAA auxin response pathway. In the presence of auxin, Aux/IAAs are ubiquitinated and
degraded in a proteasorrdependent manner. Aux/IAAs mutants can no longer beuitligted andaffect

stable repression of ARF functigkd@ptedfrom [252, 253]. (C) The main target of auxin in root haiiscel
Auxin activates a transcriptional response in the nucleus viaTHRRIFB Auxin can directly regulate the
expression of severainscriptionfactors, such as RSL3, RSL4, R&U5, RL. ARFs and AUX/IAAs can be
components of the auxin response in root hair céltaptedfrom [238]).
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2.5 Conclusion

Forward genetic screening in planis an effective method for identifying novel CBI
resistant mutant allelefl32] and indaziflam resistant lines in moBsevious studies have
shown that the addition of synthetic (2s3) and natural (IAAuxinsto cell cultures can

inhibit progranmedcell death by CBIs. Also, the addition of auxin efflux inhibitors (NPA) can
increase the accumulation of auxin and proteells from CBhduced cell death, which
means auxin can stop GBduced cell death by making changes in the cell wall composition
and compensate for reduced cellulose synthesis. However, theraexdiiated protection
against CBhduced cell death doesoh depend on cell wall reinforcement. There is a
possibility that auxin stimulates rapid changes in the plasma membrane to compensate for
cell wall defect§254].

Moreover, studies with IAA A thaliang255, 256]and 2,4D in potato [112] demonstrated

a negadive association between CBI toxicity and auxin content within plant tissues. Recent
transcriptional profiling studies in response to CBIs showed CBIs upregulated few auxin
NBalLl2yaArodS 3ISySas odzi G([R5S8Another graup aldo 6hdwed y | dzt
that the root growth response in ORltants inA. thaliana(ixrl-1, KOR1txrl-10 RA Ry Q1
change using synthetic auxif258]. This suggests that mechanisms that cause resistance

in CBI resistant mutants do not influence auxin uptake associated with root growth, so there
is no direct CBj auxin interactiorj258].

Our results presented here make usdPofpatengnutants, which provide an important
resource for describing and understanding CBI resistance pathways and possible
mechanisrs of action. In this casé&;. patensauxin pathway modificationzovide a link
between auxin signal transduction amellulose sgthesis inhibition Testing CH.
patensmutants, as presented here, can help identify common mechanisms across
herbicides and similarities in the mutants' resistance mechanisms across plant species. A
better understanding of these mechanisms will helpnderstand how plant cells respond

to toxins and key information about cellulose synthesis. Indeed, the similarity of responses
expressed in this study, particularly dwl, with a very recent work by Bonetta et al.

(unpublished) link between indaziflaesistance and auxin transport pathway. Our finding
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suggests that the indaziflam mode of action is linked to phytohormone signaling and
possibly an auximdaziflam interaction.

On the other hand, the lack of crassistance of indaziflabo CESA in thigudy suggests

that this altered target enzyme is not the only target of indaziflam. However, the mode of
action and the specific target of indaziflam has not yet been identified. Further work in
elucidating mechanisms is required, but identifying stroegistance to indaziflam
expressed by botlzr6andizrlOmakes these mutants a unique tool for further
understanding auxin transduction processescerning toxicity

A peviously reportedizrl mutant (Bonneta unpublished) demonstrated increased
tolerance to the synthetic auxins, 2, and Dicamba, reduced gravitropism, apical
dominance, and germinatipomhich bring us to a conclusion tltlais mutation disrupts the
interaction between CUL1 and AJK96] and affectsthe auxin response. A conceivable
explanation for why mutations @UL1affect indaziflam tolerance is that indaziflam can
bind to the auxin binding site of TIR1. This would lead to degradation of AUX/IAA repressor
proteins inwild-type plants, followed by herbicid@duced auxin response. However, the
izr10 plant would have a limited response, which would result in increased indaziflam
tolerance.

The phytohormone auxin contributes to many essential cellular processes, such as cellular
polarization and expansion, cell wall remodeling, polar tip growth, and vesicle
trafficking [238, 259262]. The link betwer cell wall modifications and auxin is proven, but
most of the auxirdependent cell wall effectors are still unknown. Our study urges a
stronger focus on the cell wall as an appropriate cellular system to generate such
fundamental insights into the auxéependent cellular expansion regulation in
Physcomitrium

The data presented in this study predicted that indaziflam targets multiple pathways
integral to early growth and development in plants. Though millions of mutagepized
patens protoplasts have been screened on indaziflam, only a small number have

demonstrated any indaziflam tolerance. Fully understanding the mode of action of
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indaziflam is necessary to ensure that this herbicide is being used safely and will have a
minimal effet on nontarget species.

Future work will focus on the characterization of the allele in othremutant lines.
Although this screen yielded 46 possildemutant lines, only two were selected for
characterization.Testing the other lines for crosssstance to phytohormones and
herbicides may allow for better characterization of these lindsderstanding the
indaziflam mode of action will help apply the knowledge to crops species and produce

herbicideresistant crops and reduce competition from weeds.
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Chapter three: Determination of cellulose synthase complex
composition using BiolD (Biotin identification)
3.1 Introduction

The cellulose synthase complex (CSC) interactome is a complicated network that remains
to be fully understood. One central ugsin determining the function of the protein
complexes like the CSC is to elucidate what proteins play a role in the complex's function.
CESAinding partner identification has previously been done using techniques such as
yeast twehybrid, affinity puritation, and ceammunoprecipitation (cdP)[263]. In doing

so, a key consideration is whether the complex's integrity has been preserved and if weak
interactions are captured.

A commonly used technique, t®, can be a powerful way to study protphotein
interactions. It can show direct interactioimsvitro that need to be verified using other
methods. InArabidopsisthis techniqgue was used to show the 1:1:1 molecular ratio of
CESA1, CESAS3, and CEX4$ a more recent study also using the same method proposed,
other proteins may support the CSC machinery in addition to cellulose synthase proteins
[265]. This technique's major limitation is tied to conditions such as the pH birtiieg
partners' incubation duratignieading to false positives. Furthermore, artifacts can arise
because two proteins might interact as a result of physical manipulation.

Another important method for detecting proteprotein interactions is the yeast two
hybrid approach. In contrast t®,| yeast twehybrid detects protein interactions vivo,

closer to the normal conditions where protein partners interact. Nevertheless, the
overexpression of two proteins of interest may cause an artificial interaction because of
each protein's nofphysidogical levels. Also, proteins might not undergo appropriate
folding and postranslational modification since thare often not native to the yeast cell
producing them266]. The technique is also dependent on those proteins thatfaam
complexes in the cell's nucleus.

Both techniques do not provide sufficient evidence for a physiologically relevant
interaction, and some interactions may also be too weak to detect. In the case of the CSC,

the inability to reliably assay cellulosetbase activityin vitroimplies that the complex is
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particularly labile, making the use of IP problematic. Furthermore, since the complex is
membranebound, yeast twenybrid assays are seriously limited. Alternative approaches for
detecting CSC interactipartners should be exploretdhe Biotin Identification (BiolD) pull
down assay is complimentary to affinity capture approaches established by Ky2&Rpux

The approach depended on proxirditgised biotinylation to characterize protgrnotein
interactions in living cell263](Figure 3.1) and was designed to identify neagimg
proteins with direct or indirect physical interaction with the protein of intej288]. The
system involves the fusion of a promiscuous biotin protein ligage{Ri118G) fronk. coli
[268]that can add a biotin tag or, in other words, biotinylate all proteins in close proximity
to the protein of interest that is fused to tH&irA* enzyme and create a list of near
neighbors. Since biotinylation is an uncommon {p@stscriptional modification and
restricted to a few carboxylas§68], it males the biotinylation of proximate proteins a
useful tool for identifying the potential interactors. The R118G substitution in BirA* causes
a reduction in activated biotin affinity (biotin€gg#AMP). As a result, it can activate biotin
efficiently, and thehighly reactive biotin will diffuse away and react with proximal amine
groups, including primary amines in lysine residues of adjacent pr{zé8is

The biotinylatiorradius on thisn vivomethod is <20nm for practical labeling purposes
[269]. The biotinylated protein may then be affinity purified using streptavidin following cell
lysis and identified using mass spectrometry and creating a list eheiggabors proteins
[263].

The principle is based on DamID that uses Dam methylase that methylates DNA sequences
that the protein comes into contact with when fused to a DNA binding protein and sletect

DNAprotein interactiong§270].
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+Biotin

1) Streptavidin-HRP Immunoprecipitation
2) Mass Spectrometry

Figure 3.1: Overview of Biotiethod A protein of interest is fused to the promiscuous biotin ligase BirA*.
After the addition of biotin, BirA* will biotinylated proteins in a proxirdépendent fashion. BirA* will
biotinylate both direct (A, B) and indirect (C) protein binding partnes! tiot contain biotinylated proteins
that are not within close proximity (D, E). After ah®dir incubation with biotin, cells are lysed, and
biotinylated proteins are immunoprecipitated using streptavidipharose beads. Proteins are digested on

beadand subjected to mass spectrometry analy&gaptedfrom [263]).
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A refinement of the method came with the development of a smaller BirA*, or2BiolD
BiolD2 is less digtive to the trafficking of fusion proteins to different subcellular
compartments, and it is efficient. A 1BGGGSepeat linker is added to either N or C
terminus of BiolD2 to increase the biotinylation radius without affecting the enzyme activity
[271].

There are many advantages to this method. For example, there is no need for the protein
of interest to be soluble and localize to any cell compartment. Since biotinylated
polypeptides are purified using a binding affinity of streptay&i&], protein interactions

are recorded before cell lgs and even weak interactions can be detected. The other
advantages are that labeling occurs in a native cellular contartysmprotein processing

IS accurate, and the interactiods not need tobe maintained throughout the processing

of cell extrats leading up to affinity captufg72].

Despite these points, the BiolD method does have some disadvantages. One important one
is the potential of missing low abundance proteins; these proteins may not be detected in
cases where it is impossible to collect sufficient starting maj26al. BirA* itself is quite
large, 35 kDa, and it could alter the fusion protein's structure or functimhcause its
mislocalization or reduce its binding affinity for ot partners[263]. Another critical
problem with using BiolD is that the BirA*can have different effects depending on whether
it is a @erminal or Nterminal fusion. $itdies have shown that fused proteins have very
different behaviors when tagged at the carboxyl or amino terminus, and the expression
level can be lower than unmodified prot¢v3].

Another limitation relates to solubility since the regular BiolD approach needs a biotin
incubation time of at least 6 hours. It is less suitable for sopubteins because they are
washed from the cells after permeabilizat{@74]. In casesvhere solubilized proteins are
required bait protein may not be compatible with stabilizing interactions with partner
proteins and vice versand this is a major issue when it comes tawteractions. In the

case of CESA, a highly insoluble protein, this has proved to be a severe setback in the reliable

identification of interacting proteins.
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BiolD2 seems to overcome some of these drawbacks and its influence on fusion protein
localizaton or function. BiolD2 appears to localize to the fusion protein's location more
efficiently and functions best at 50fZ7 1], although this can be a disadvantage for some
organisms.

Applying the technique to whole plant systems and proteomics application in plants have
unique challenges compared to animal systems. Some of these challenges are high protease
and phosphatase conterdind low cytoplasmic volume compared to cell wall mass,
inhibiting protein detection and identificatiga75]. Despite all the challenges, proteomics

IS a crucial compeent of plant biology.

Herel present the BiolD technique applied to the model pRimgscomitriunpatensand

use CESAs tagged BirA* and BirA* alone as proof of concept to develop BigbBtéms

and to compare the proximal proteome of eghllassocted baits.

3.2 Methods

3.2.1Physcomitriunpatensgrowth conditions

Physcomitrium pa&ins wild-type ecotypes Gransden was used for all experiments and
observations. AIP. patenssamples were grown on the media called BCD and BCDAT
described irthe previous chaptertéble 2.1). ThePetri dishes containinglants onmedia
overlayed with trile cellophane disk&ere incubated at approximately 26°C under
continuous illumination. The plants were subcultured by homogenizing tissue in sterile
water andplating them onto BCDAT medium overlaid with cellophane disks and grown
under the same conditions for 5 to 7 days for protoplast isolaGoifture manipulations
were typically carried out under the "BIO Guard" containment hood when transfer to a new

culture medium was required (Figure 3.2).
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Figure 3.2Physcomitriunmas grown on medium plates overlaid with celloph&A$P. patenssametophyte
(Gransden ecotype) on BCD mediumP(B)atenprotonema (Gransden ecotype) on BCDAT medium.

3.2.20verview of knocin methods

The primary methods for creating kneiok are outlined in Roebroek et[@76]. In essence,

a construct is prepared that includes 5'daB' intergenic sequences flanking the gene
targeted for insertion. The knotk target gene is then replaced by a targeting construct
and a selection marker such as an antibiotic. Most cloning steps involved in creating the
knockin vector are accomplisdeusing the New England BiolLalisi®son Assembly®
system. When the knoék vector is transformed into witype Physcomitriunprotoplasts,
some undergo homologous recombination with iél-type gene locus.

Knockin mutants are selected by treating selegenerated from the protoplasts with the
antibiotic.| genotyped the mutants using PCR to ensure that homologous recombination
has occurred in the appropriate location.

General information oiGibson Assembly®oning is described in the following sens

[276].
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3.2.3Sarching thePhyscomitrium patertSenome foICESAenesand doosing the genes
of the interest

| comparedP. patendranscriptome data with available data frofn thalianato extract
CESAomologs genes &. patensand thus, it probably played a significant role in cellulose
biosynthesis. Firstlyl, have choserlCESAdased on the full data set of the electronic
Fluoescent Pictographs (eFP) browser created by the University of Toronto

(http://bar.utoronto.ca/efp _physcomitrella/céiin/efpWeb.cg. The represented data

showed thatCESA®as tte highest expression level in gametophore and the lowest on
protometal tissue (Figure 3.3). So it may have a specific role in gametophore cell wall
development. The diagrams illustrating treriousP. patendissues were generated and
provided a intuitive and graphical representation of the selected gene's expression level,
enabling users with no bioinformagiexperience to explore the data [16] quickly

In 2012, Goss et al. showed tlZESAS moss plays a role in the morphogenesis of leafy
gametophore and is also upregulated by cytokinin, which also induced gametophore
developmeni77]. They showed that both cell expansion and cytokinesis are disrupted in
cesa5KOwhile cytokinesis is unaffected #rabidopsiSCESAnutants[77, 93] Whereas

leafy gametophores are severely affected by the abserfegaGESAJrotonemal filaments

stay unaffected icesa5Kadines[77].

To study cellulose synthase interactom@ESASvas also chosen since changes in

phenotype can indicate interruptions in gene expression or protein modification.
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E Physcomitrella eFP Browser

Data Source Mode || [ Erimary Gene ID Secondary Gene 1D Signal Thresheld
(?) [Physcomitrella ¥ |[ Apsolute ¥ |[Ppis8_137v6.1 |[Ppi1sa ave 1 |[2673 82

= [For group1 data. this probe set reaches its maximum expression level (expression potential) of 8673.62 in the Physcomifrella data source.

Phypa_202222 PpisB_137VE.]

Physcomitrella eFP Browser at bar.utoronto.ca Ortiz-Ramirez et al,,

¢ tisue typds were tokatad oo w & Physcomitredla patar

Figure 3.3PhyscomitriuneFP browser. Cartoon representationfofpatengissues integrated into the Bio
analytical Resource for Plant Biology (BA&Yether with all expression data generated, images are available
in BAR for public consultatiohtifp://bar.utoronto.ca/efp physcomitrella/cdiin/efpWeb.cgj

3.2.4 Molecular cloning
3.2.4.1 Isolation dPhyscomitriungenomic DNA
For genomic fragment cloning and PCR genotypihgpatens DNA used for AT

amplification of intergenic regions flanking t6&SA&nd CESA§enesand wasisolated

using the method cetyltrimethylammonium bromide (CTAB) with minor modific§2iors
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as described in chapter 2 (section 2.2BNA samples were quantified by using a BioDrop

Due (863006¢c MU0 dzaAy3 (62 >[ &l YLX Sao

3.2.4.2 Primers design, polymerase chain reaction (PCR) amplification of fragments
cloning techniques

For molecular cloning, several sequenependent DNA assembly techniques exist which
can assemble multiple fragments efficiently. @rempleof these techniques includes the
Gibson Assembly® assemble PCR (polymerase chain reactitagments and lear
plasmid[278]. Dr. Daniel Gibson and his colleagues created this techf#@@e280] This
technique is used to assemble and combine multiple DNA fragments simultaneously in one
reaction fast and efficiently and ctearanslational fusion.

The constructs' design was done in silico using ApE Plasmid Editor and SD¥yeae
following the instructions manual of Gibson Assembly® by New England B{bER)S®He

design of primers was carried out using the onlira, tBrimefBLAST from NCBI. Primers
were designed to amplify fragments with appropriate 15 to 40 bp homology regions
between the fragments. Th&ibson Asembly® technique does not need restriction
digestion and is mostly sequencelependent. The DNA fragmts for assembly were
obtained with PCR of the moss genome or PCR of specific plaamidgBlocks®
synthesizedragmentsby Integrated DNA Technologies (IDT®), followed by PCR purification
using QIAquick® PCR Purification Kit (QIAGEN). In cases whefeRitproducts have
undesired fragments, agarose geitraction was performed to purify further the PCR
product following separation in a standard agarose electrophoretic gel buffered Tris
AcetateEDTATAE)unning buffer following the protocols describedSambrook281]. In
addition to the DNA fragments, the reaction mix contains three enzymes, including 5
exonuclease, DNA polymerase, DNA ligase, and other required reagebtexbnuclease
chews back the 5' end of each strand so that the 3' end of neighboring strands that overlap
each other can anneal and act as primers for each other in the nextistep;the DNA
polymerase adds nucleotides to the 3' end; because the polymerase works faster than the
exonuclease, the gaps will be filled, and the DNA ligase, seals the nick. All the components

are put in a single tube and incubated at 50°C for one [231&280, 282]
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After performing the assembly according to the manuasgructions and if the product

was linear synthetic DNA, PCR was performed to verify and amplify the desired product for
downstream applications such as having enough DNA to efdgiscomitrium
transformation. If the DNA fragments were assembled int#fal &8 YA RZ FA OGS >f 2
mix was used to transform chemically competEntcoli5 | p hcetls, following theNEB

manual protocb Chemically competerti.coli5 | p "cetls used are also purchased from

NEB If colonies appear on lnBedia[l % (w/v) trptone, 0.5 % (w/v) yeast extract, 1 % (v/v)
NaCllplates with proper antibiotics, several of them were picked and inoculated into liquid

LB media, and plasmid purification was done using Pi@riotoform plasmid preparation
techniques as desbed Sambrook281]. Transformants were verified with PCR of the

purified plasmids with primers specific t®tbxpected fragment insert.

The Gateway expression system is another way to assemble DNA fragment, developed by
Thermo Fisher Scientifienables sitespecific recombination from entry vector such as
pDONR/pENTR into a destination vector. Thespieifc recombination is dependent on

the attL1l and attL2 viral recombination sites. These recombination sites maintain the
reading frame of the sequence and match it to the destination vector's reading frame.
Because the recombined insert is in frame with thstidation vector, the gene product

Oly 0S FdzaASR bmaSN¥YAYFfte 2N/ nmaSN¥YAylLFtte G
of the recombination site, such as fluorescent proteins.

In each case, the insert sequence was amplified by PCR osyrsimgsizd gblocks® with

attL sites at each ends, then cloned into the pDONR plasmid using the BP clonase Gateway®
cloning kit Thermo Fisher Scientifjbbased on the manufacturer's specification creating an

entry clone. Oncehadperformed the BP recombinatioeaction,| transformed competent

E. coliand select for entry clones using the appropriate antibiotic (Gentamicin for
LIShbe¢unt LI IFAYARO® 51 E.hcolwa®us& Yok this furpase. The Y LIS (
protocol to transform chemically competent is praddn the next section. A new pDONR

plasmid with the new DNA fragments at the cloning sites was introduced into the
destination vector pFB@BIgate(Figure 3.13Aby LR clonase Gateway® cloning kit (the

detailed steps of the Gateway® cloning are explamddtails in the following sections).
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3.2.5 Plasmid construction
3.2.5.1 BiolECESARUC19

The Nterminal BirA, BiolD, was amplified from the pcDNA3.1 mycBiolD vector (Addgene
#35700) by PCR to generate the BIGEESA3 fusion proteintime pUC19 backboneector

using primers listed in Tablel3.Fragments fronPpCESABiclude the 5'UTR, Exonl
Intronl, IntronXExon2intron2-Exon3intron3. A neomycin phosphotransferasgNPTI)

gene was used as a selection marker and was amplified from the expression vector
pCAMBIA2301. Vector pUC19 is also amplified with the overlap primers as the destination
vector and using the Gibson Assembly® Master Mix from NEB. Following incubation at 50°C,
the result is a doublstranded DNA molecule stored on ice org20°C for subsgient
transformations tae.coli5 | p " Since there are multiple fragments shown in Figure 3.4,
increasinghe DNA assembly's efficignéor this construct is performed in three steps. (i)
Assembly one is included 5'UTRC&SA3BIoID, Exonlntronl intopUC19 vector, and (ii)

the second assembly is included the cauliflower mosaic virus (G&Bpmoter, NPTI|

and CESAExon2Exon3, all of the DNA fragments were cloned into the pUC19 vector
CaMV35Spromoter is used to drive the expression of recombinant proteins in j288%

This study used the CaN®8S promoter to express the NPTIlI gene used as a selection
marker. For the third assembly (iii) 5’'UTR, BiolD, and Hxwofhl from assembly one and
CaMV 35S promoter, NPT Il, and Exex@n3 from assembly two weaenplified from

pUC19 by PCR with the overlap primers (Tali)e These new PCR fragments have 30 bp
overlapwith one another angUC19 vector and were assembled to linearized pla€ite

final construct

3.2.5.2 Venu€ESAPUC19

The same procedure was used foe MenusCESA3 fusion in which the Venus gene, an
enhanced Yellow Fluorescent Protein (YFP) variant, replaced BiolD. The Venus variant has
improved maturation and brightness, as well as reduced environmental deperjd8age

In this study) amtrying to determine the subcellular localization of proteins by analyzing

the fluorescently tagged fusion proteins. For this purpbsél examire the localization of
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fusion protein VenusCESA3, and will demonstrate its cdocalization with possible

interactors.

3.2.5.3 KnockOWLESAPUC19

As a control) have created another knoék construct, in which only the NPTII gene is
placed inside the intron two as it was in BIGIESA3 and Ver@ESA3 knodk constructs
(Figure 3.4). Since the constructmtain the NPTIl gene as a selection mark#érere are
any interferes by NPTII to the fusion protein function, KnockBB8A®ill distinguish the

disruption that may cause by either BiolD or Venus versus NPTII.

3.2.5.4 pTAJBlgateFLPFRT

To avoid ay possible lethal effects or gene disruptibmave generated a system that will

utilize the FIp recombinase from yeast to excise the NPTII gene [@8&}uTo this end|
havedeveloged a moss strain that expresses Flp recoas® fusion to the human estradiol
receptor (FIpeERTR86]. This system makes it possible to selectively induce recombinase
activity with the addition of estradiol or one of its analogs. The FLP recombinaseajene th

| have used was derived from pCRIBeERTR86].

Flpe was used to excise the NPTII selection marker, which is flanked by FLP recombination
targets (FRT), a 34bp sequence 5’GAAGTTCCTATTCtctagaaaGtATAGERACTRE 3!
expression vector pTZ. L3+ 4GS omn>30 61 & R2dz0f S RAISal.
(20units) restriction enzymes E§ at 37°C for 3 hours as per the manufacturer's
instruction. The FLP recombinase gene was amplified from-pIpPABRT2 by PCR with
primers with 2640 bp overlapvith pTZUBIgate plasmid at restriction enzyme sites. The
FLPFRT fusion was cloned into the mepscific vector pFBIgate (Figure 3.@sing the

same Gibson #sembly® strategy as described previously. The vector is designed so that
homologous recombation within the moss chromosome occurs at a redundant copy of
the Actin Related Protein 2/3 Complex SubunRBRCBgeneanddoes not affect growth

or developmen{287].
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I puUC19 5'UTR -lgla NPTII If_:*. In2 - In3

ii. puC19 5'UTR Venus lgla NPTII Ig . In2 - In3

! : rLﬁ 1 Y : 1
iii. pUC19 S'UTR Iglﬁ NPTII Ig- In2 - In3

Figure 3.4PCR fragments used f8ibson Assembly® BiolBCESARPUC19, (i) VenusSESAPUC19, (iii) KO
CESAPUCIO9.

3.2.5.5 BiolEpTZUBIgate

The BiolD was amplified from the pcDNA3.1 mycBiolD vector (Addgene #35700) by PCR to
generate the BioHpUTZ UBIgate construct as a contrdesigned primers with 280 bp

overlap with pTZJBIgate plasmid at restriction enzyme sites (Table 3.1). Thesskpr
vectorpTZ . L3+ 4GS 6mn>30 ¢l & R2dzofS RAISaGSR oe@
as per the manufacturer's instruction, and the BiolD gene was cloned into the double

digested vector pFdBIgate using the Gibson Assembly® strategy as desgréaously.

3.2.5.6 BioIDEESAPTZUBIgate

To generate the construct, the Gibson Assembly® technique has been used to assemble
ninesynthesizedBlocks®, including BiolD2 andlangthCESABDNA (Table 3), adding

attB1 and attB2 sequences at bdthterminus of BiolD2 and-t€rminus of CESASDNA

into the backbone pUC19 vector that generated by PCR with the overlap primers. The
DSySaONR LI O2YLIl ye &aeyikSaiai sa 3.t201at o
CESARUC19 constructs were done toreate the entry clones.According to the
manufacturer's instructions (NEB)etrespective BiolBEESAHUC1L9 clone was linearized

with the restriction enzyme Hindlll to increase recombination efficiency. To perform

homdogous recombination, 10y linearized BID2CESAHUC19 clone as amtry clone
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was mixed with 15¢/ 3 2 F LIS hbwuunt ad (KSt RSBEGAYVRAZ
reaction mix Thermo Fisher Scientific

The solution was brouglit 2 I G2dFf @2tdzyS 2F p >t GA0GK ¢
pH8.0, 1 mM EDA). Following incubation atZ5 (for the highest efficiency, the incubation

GAYS AYyONBIFIaAaSR (G2 G§KNBS K2dzNE O Ihertio/Fisher £ t NP
Scientifi¢, thesamples were transferred to 32 for 10 min to terminate BP ohse activity.

' TGSNB I NRE 2yS >t 2F (KS .t ENBdtadsiA@herY A E G dzN
each transformation, an aliquot of competeéBtcolig & (G KIF g6SR 2y AOS® H
suspension was mixed with a plasmid. After incubation oforc80 min, the cells were
heati K2 O1 SR F¥2NJ on aSO2yRa |4 nuc/ YR AYYSR
gFa I RRSR® ¢KS o0FOUGSNAI 6SNB AyOdz:ol G§SR F2N
bacteria suspension were spread on plates contaihiBgmedium supplemented with
appropriateantibiotics and 1 % (w/v) agar.

The kind of antibiotic depended on the resistance encoded on the plasmid used for the
transformation procedure. The selection of positive clones was performed on LB media
supplementeds A G K M 22 06KkQBOP ¢KS RSalGAylIiAz2zy Ofz2y
DSYidFYAOAY o1 >3kYf 0o t-armluatédibg ferfording soloydS Of
PCRs. Cells from one singlecoliO2 f 2y & gSNB GNI} yaFSNNBR G2 |
colonieswere picked from a plate containing selecting antibiotics, which was incubated
overnight at 37 °C.

Following an initial denaturation for 30 min for cell lysis, the reactions were performed
according to standard PCR protocol. For each colony PCR, a samipé¢ containing no

template was included to ensure the purity of the used reagdtasitive colonies for

successful cloningvere isolated from 5 ml LB medium cultures supplemented with
antibiotics. They had been incubated overnight at 37°C under consmshaking at 250

rpm. The extraction was performed by the plasmid Miniprep DNA purification technique.

The extractions base on the ability of silica membranes to bind plasmid DNA under high

salt conditions.Before loading the columncell debris and mcipitated proteins are

removed by centrifugation. RNase | digested RNA, and remaining contaminations were
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discarded in several washing steps. The elution of the plasmids from membranes was
performed with autoclaved deionized water. After extraction, tNé&[Bontent washecked

for quality and purity using the BioDrop® Due3B80661). All samples were either stored
at-Hnc/ 2NJ RANBOGte& dzaSR TFT2NJ NBAGNAROGAzZ2Y
procedures.

C2NJ [w [/ f2yl aSun NSESARTAEUBIGate] the2dgstinatibn vecio pTB H
UBIgate (100 ng), and the entry vector (150 pl) were mixeddwith [ w / f 2y | 4 S+t
mix (Thermo Fisher Scientfiand5>f 2F ¢9 o6dzZFFSNJ LI y dn o wmn

EDTA). Following incubation at 2563 K 2 dzZNR X 2y S  solution waR addd y | & S
FYR GKS [w Of2yEasd OGAGAGE 6l & GSNYAYEGSR

of the LR reaction mixture was used to transf@ncolistain5 | p "astdescribed before.

R

)

\

The destination cloreepTZ . L3 S O2y FSNNBR NBarxadlyosS G2

PCRs, plasmid isolation, and confirmation of final construct BRES2pTZUBIgate were
performed as described earlier, and all samples were purified and stoaf@or directly
used forfurther procedures.

All the construct mapare generated by SnapGene® Vieareishown in appendi.
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Table 31: Primer list of CESARnockin constructs used fdsibson Assembly®

Primername Sequence Use
BiolDCESAPUC1I9 construct
pUC19F CGACGTTGTAAAACGACGGCCAGTGAATTC Gibson Assembly®
SUTRF CGACGTTGTAAAACGACGGCCAGTGAATTCGTCTGTTTAGTTTCGTTTGGTTTCGCTGTA Gibson Assembly®
5UTRBioR ATCCTCTTCTGAGATGAGTTTTTGTTCCATTGCTGCAACGCCACTCCGCTCGCTCCACTG Gibson Assembly®
BioF CAGTGGAGCGAGCGGAGTGGCGTTGCAGCAATGGAACAAAAACTCATCTCAGAAGAGGAT Gibson Assembly®
BioR CATGGCCGCTGCCGCAGCGGCAGCGGCAGCCTCGAGCTTCTCTGCGCTTCTCAGGGAGAT Gibson Assembly®
pUC19R CCTGCAGGTCGACTCTAGAGGATCCCCGGG Gibson Assembly®
ExoF GCGGCCGCTGCCGCTGCGGCAGCGGCCATGGAGGCTAATGCGGGCCTGGTTGCTGGATCC Gibson Assembly®
Exo1R CCTGCAGGTCGACTCTAGAGGATCCCCGGGTTCCTATACTTTCTAGAGAATAGGAACTTCAAACACAGAGGAA) Gibson Assembly®
NPTFF CGACGTTGTAAAACGACGGCCAGTGAATTCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCATGGAGTCA Gibson Assembly®
NPTR TTCCTATACTTTCTAGAGAATAGGAACTTCTCAGAAGAACTCGTCAAGAAGGCGATAGAA Gibson Assembly®
Exo2F GAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCAGTTGAATTAGATCAACATTTTGGC Gibson Assembly®
Exo2R CCTCATGCCGGTGTGGTCATGTTGATACAGCCCGGGGATCCTCTAGAGTCGACCTGCAGG Gibson Assembly®
NPTFF2 CGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCATGGAGTCAAAGATTCAAATAGAG Gibson Assembly®
Exo1R2 TTCCTATACTTTCTAGAGAATAGGAACTTCAAACACAGAGGAAACAGATTCATCGAGTCT Gibson Assembly®
VenusCESAPUC19 construct
ExolkF CAGTGGAGCGAGCGGAGTGGCGTTGCAGCAATGGAGGCTAATGCGGGCCTGGTTGCTGGA Gibson Assembly®
ExolkR GAAGTTCCTATACTTTCTAGAGAATAGGAACTTCATTCATTGCAAGCCACAAACAATTCG Gibson Assembly®
5UTRIR TCCAGCAACCAGGCCCGCATTAGCCTCCATTGCTGCAACGCCACTCCGCTCGCTCCACTG Gibson Assembly®
SUTRF CGACGTTGTAAAACGACGGCCAGTGAATTCGTCTGTTTAGTTTCGTTTGGTTTCGCTGTA Gibson Assembly®
NPTK- GAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCATGGAGTCAAAGATTCAAATAGAGG Gibson Assembly®
NPTKR GAAGTTCCTATACTTTCTAGAGAATAGGAACTTCTCAGAAGAACTCGTCAAGAAGGCGAT Gibson Assembly®
Exo2kF GAAGTTCCTATTCtctagaaaGtATAGGAACTTCGTGCGTTTCCAGTATGCCGCACGTGC Gibson Assemb®y
Exo2R CCTCATGCCGGTGTGGTCATGTTGATACAGCCCGGGGATCCTCTAGAGTCGACCTGCAGG Gibson Assembly®
ExolaR GAAGTTCCTATACTTTCTAGAGAATAGGAACTTCAAACACAGAGGAAACAGATTCATCGA Gibson Assembly®
KOCESADUC1I9 construct
5UTRF GTAAAACGACGGCCAGTGAATTCGAGCTCGGTCTGTTTAGTTTCGTTTGGTTTCGC Gibson Assembly®
5UTRR TTCACCTTTAGACATTGCTGCAACGCCACTCCG Gibson Assembly®
VenusF AGTGGCGTTGCAGCAATGTCTAAAGGTGAAGAATTATTC Gibson Assembly®
VenusR CAGCGGCAGCGGCCGCTTTGTACAATTCATCCATACCATG Gibson Assembly®
ExontF GATGAATTGTACAAAGCGGCCGCTGCCGCTGCGGCAGCGGCCATGGAGGCTAATGCGGGC Gibson Assembly®
Exon1R CATGATTACGCCAAGCTTGCATGCCTGCAGAAACACAGAGGAAACAGATTCATCG Gibson Assembly®

BiolDCESARTZF
BiolDCESARTZR
BiolDpTZF
BiolDpTZR

FLPFRTF
FLPFRTR

BiolDCESAPTZUBIgate/BiolEpTZUBIgate constructs
GGAGTAGGGGTATCGGGCCCCCCCGTCTGTTTAGTTTCGTTTGGTTTCGCTGTA
TAATTCGAGCTCCACCGCGGTGGCGGCCGCCTGTATCAACATGACCACACCGGCATGAGG
GGAGTAGGGGTATCGGGCCCCCCCATGGAACAAAAACTCATCTCAGAAGAGGATCTCGACA
AATTCGAGCTCCACCGCGGTGGCGGCCCTCGAGCTTCTCTGCGCTTCTCAGGGAGATTTC
FLPFRIpTZUBIgate
GGAGTAGGGGTATCGGGCCCCCCCTCGAGGTCAAGCTGTGGCAGGGAAAC
TAATTCGAGCTCCACCGCGGTGGCGGCCGCATGAGCCAATTTGATATATT

Gibson Assembly®
Gibson Assembly®
Gibson Assembly®
Gibson Assembly®

Gibson Assembly®
Gibson Assembly®
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Table 32: List of gBlocks® for assembling BigdlIESAS into pTZBlgate backbone plasmid

gBlocks® name Gene Fragment Size (bp) Use

BC51 attB1, BiolD2, CESA5 cDNA 500 Gibson Assembly®
BC52 CESABDNA 500 Gibson Assembly®
BC53 CESABDNA 500 Gibson Assembly®
BC54 CESABDNA 500 Gibson Assembly®
BC55 CESABDNA 500 Gibson Assembly®
BC56 CESABDNA 500 Gibson Assembly®
BC57 CESABDNA 500 Gibson Assembly®
BC58 CESABDNA 500 Gibson Assembly®
BC59 CESABDNA, attB2 409 Gibson Assembly®

3.2.6 Protoplast isolation

Using the method dRoberts et al. [13], protoplasts were isolated usingvihé-type 5-7
RFead 2fR OKfi2NRBYSYlIf (GA&dadsSd® ¢KS OKf2NRYySY
(SigmaAldrich) solution dissolved in 50 mL 8.58wahnitol. The mixture was stirred gently

for 30 minutes to one hour at 225°C, then the protoplast suspensiorsvpassed through

a nylon filter and transferred to a new conical centrifuge tube and ibeytd at speed

200g for 3 minutes, the supernatant was discarded, and protoplasts were resuspended in
10 mL 8.5% mannitol. The centrifugation of protoplast suspengas repeated three

times after resuspension in 10 mL of 8.5% mannitol each time. Ten uL of suspension is
loaded into a hemocytometer, the intact protoplasts were counted, and the density was
estimated at approximatelycd x 10 protoplasts/mL. PRMT mediuis melted and
equilibrated to 45°C in the water bath; protoplast regeneration plates were prepared with
PRMB medium and overlaid with sterile cellophane disks. Protoplasts were resuspended
in 5 mL PRMT held at 45°C, and 1.5 mL of suspension was spesmcthdRMB plate.
Plates were incubated for five days at 25°C with continuous lightc805@mol/nt/s

[162]

3.2.7 PE@mediatedPhyscomitrium patertsansformation

The isolated Protoplasts were washed twice by centrifuging @&fa063 minutes in 8.5%
mannitol. Protoplasts were counted and resuspended at 1.8/mllid 8.5% mannitol, 15
mM MgC}, 1% MEEOH pH5.6 (MMM solution). Thirty pul of DNA solution of each
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construct (BiolBCESAPUC19, Venu€ESAPUCL9, KE@ESAPUCLY, BiolpTZ
UBIgate FLFFRTpTZUBIgate and BioIDXESAPTZUBIgate were added to separate
tubes containing protoplast suspensions and gently mixed, followeatidiypng 300 pl
PEG/Tsolution (40% (w/v) PEG 6000 (Prolabo) in 9% (w/v) mannitol containing 0.1 M
Ca(N@)2, pH 8.0). The PEG (polyethylene glycol) was eitheclauéal before dissolving

in the sterile mannitol solution or sterilizéxa the final solution by filtration. The PEG
solution was prepared-2 hours fresh before each experiment. The transformation mix
was incubated for @ minutes at room temperature. Tipeotoplast suspension was heat
shocked at 45°C for 5 minutes, cooled to 20°C water bath for 10 minutes. The
transformation mixture was diluted by adding five aliquots of 300 ul protoplast liquid
medium at 3 minutes intervals and then five aliquots of lofrthe protoplast liquid
medium at 3 minutes intervals. The diluted protoplast solution was transferred into a 6 cm
t SGNRA RAAK |yYR AyOdz!l SR foliowing playprotopldS NI/ A 3 K
suspension was transferred into a 15 ml cahtube ad centrifuged at 20§ for three
minutes at room temperature. The supernatant was discarded, and eight ml of a PRMT
medium stored at 45°C was added to the protoplast pellet. Protoplasts were resuspended,
and 2 ml of the protoplast suspension was pourgd PRMB medium plates overlayed
with cellophane disks, and the Petri dishes were sealed with surgical tape and incubated
Fd Hpse/ dzy RS NIthGdightflux gi@@8azamolin sTdK five days. After the
5-day incubation, the cellophane disksrevéransferred to medium without mannitol and
containing Zeocin (50 pg/ml) or Ampicillin B-825ug/ml),for pTZUBIgate vector and
pUC19 vector respectivelgased on their selection markers. Antibiggsistant pants

were observed from 10 to03days after selectiof288].

3.28 Selecting stablgansformants

Initial transformants obtained from protoplast transformation were removed after 21 days
from the BCDAT medium containing Zeocin or Alapico BCD medium without
antibiotics for 1214 days at 25°C under continuous light. Transformants were

transferred back to BCDAT medium containing antibiotics for another 14 days. Plants
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either died or grew at a slower rat8tably transformed plasthat transiently transformed

grew at the same rate in the presence or absence of antibiotics. Stable transformants of
FLPFR¥pTZUBIgatevere used for the second transformation procedure for BOE3A3
pUC19, Venu€ESAPUCL9, KECESAPUC19 purifiedonstructs.

3.29 Genotyping of knoeln moss

Putative transformants were genotyped by PC&hsure that homologous recombination

had inserted the knoek constructs into the corréposition in the genomeéplacing the
CESABr ARPC8end. Genomic DNA from individual colonies (each derived from a single
protoplast) was isolated using the CTAB protddé@¥]. The pellets obtained were
RAa&a2ft SR AY Hnde watdr to 8efve as feinSatedZbrIPRR gemalyping.
DNA from each transformant was amplified in PCR reactions to determine the 5' and 3'
insertion positions. Primer sets with a primer beyond the transformation platforms and a
primer within the transformatio cassette were used to determine the insertion positions.
Only samples in which both corresponding PCR reactions successfully amplified a product

were used for furtheexperiments

3.210 Semiquantitative reverse transcription PCR

Total RNA was extractefrom wild-type cultures (gametophore stages) and stable

GNF yaF2NXYIyias dzaiAy3a (wBe emeld 22 B 5SbEFGENG Ol A
total RNA was used to synthesis cDNA followingPiteoScript® 1l Reverse Transcriptase

protocol (NEB). PCR waerformed with DNA Taq polymerase (GeneDireX®) to examine

knockin constructs and related genes' expression levels.

3.2.11Biotin labeling and processing

To perform the BiolD screen, individual colonies of stable transformants were isolated and
transferred to plates containing liquid BCD medium supplemented with 50 uM to 5 mM
biotin (Bioshop® Life Science Products) for 24 houvgoadifferent temperaturestoom

temperature and 37°C with agitation. Plants were then collected and washed twice with
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ice-cold phosphatebuffered saline (PBS; 8 mM Na2HPO4, two mM NaH2PO4, 150 mM
NacCl) or Tribuffered saline (TBS; 150 mM Tris, 150 mM NacCl, pAH4).2o remove the

excess biotin and fladhozen in liquid nitrogen for further analysighe fozen powder

was resgpended in freshly prepared tceld lysis buffer (50 mM Tris, pH 7.4, 150 mM
NaCl,0.5% Triten MnnX mMn Ya a2RAdzy 2NIK2@IylIRF{Sx
ta{CX 2yS dz@k Y[ | LWFcérdplospliate); suppleniebtgtl withaa |
cocktail of progase inhibitors (Sigma®). Cells were lysed on ice for 20 min. Lysates were
then centrifuged at 14,000 rpm for 15 min at 488d the supernatant was transferred to

the fresh tubesProteins from wholeell lysates were separated on 10%-8BSE (29:1
acrnjjamide/bisacrylamide; Bio Shop). Before loading samples, samples were mixed with
protein loading dye (0.25 M Tiis/ f ¥ LJI -metcapioethapsl; 30% glycerol, 7%

SDS, 0.3% bromphenol blue)a 1:1 ratio, and denatured at 95°C for five minutes,
vortexed, and centrifuged at 12,000 rpm for one minute at room temperature. Proteins
were separated electrophoretically on a 10%-BBSE in electrophoresis buffer (25 mM
Trisbase, 250 mM glycine, 0.1% SDS, 0.34% EDTA) at 100 V for at least 10 min, followed
by separation at 200 V until sufficient separation. The SDS gel consisted of a running gel
(375 mM Tris, pH 8.8, 12% acrylamide/bisacrylamide 37.5:1 (BioRad), 2 mM EDTA, 0.1%
SDS) and a stacking gel (125 mM Tris, pH 6.8, 5% acrylamide/bisacrylamideZ3m\6:1),
EDTA, 0.1% SDS), details are summarized in Tale 3t KS t | ISwdzf SNk t
(#26616, Thermo Fisher Scientific) was userkeferencemolecular weight estimation.
Proteins were visualized using Coomassie blue stain (45% (v/v) methanol, 1 @%et\'v

acid, 0.25% (w/v) Coomassie Brilliant Bk25® and destained in 30% (v/v) methanol

with 10% (v/v) acetic acid.

SDSPAGE gels were transferred by electroblotting onto a nitrocellulose membrane
(HybondC extra, GE Healthcare) using the seémyimethod.| used Tran®Blot®SD Semi

Dry Electrophoteric transfer Cell by #ad for the semiry technique and followed the
O2YLJ yeQa Y!I y tovisualize/tdtal dudtzd leveld, ynémbranes were stained
with Ponceau Red (0.2% PonceauSyri@tioroacetic acid) for at least 5 min, washeaid

photographed. Staining was removed by washing in TBS. The membrane was blocked for
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an hour at room temperature in a blocking solution (TBS, 0.5% T@eemd 2% BSA,

bovine serum albumin). The blocke@mbrane was then incubated in 1:2000 dilution of
streptavidinHRP (horseradish peroxidase) (#3999, Cell Signaling Technology®) in 2% BSA
and TBST (TBS; 150 mM Tris, 150 mM NaCl, pH47 2 1% Tween) overnight at 4°C.
Following removing the streptaviditRP solution, the membrane was washed three times

for 5 minutes each in TBST.

¢ KS | yiATmYemepdrdd paiallebandashedithie? times with TBST before the
FRRAGAZ2Y 2F NI O6OAG YyGAnMmY@O OMYMAND4TC, HHTY {
then washed three times, five minutes per wash, in TBST before the additiorrabairtti

HRP (1:5000; 7074S Cell Sigrg) in 2% BSA and TBST fboudr at room temperature.

For detecting all blotted proteins, chemiluminescent signals were tdetdry adding

t ASNOSu 9/ [ 2Sai08NYHmMhZ2EGREKINJE& 8 ONSYEATFTAO
bands were detected with th&-DiGt®membrane scannassing the Image Studio Digits,

the imaging software.

The wholecell extract also vas mixed wasincubated with 10 pL Streptavidin
(Sepharose®ead Conjugate) (#3419, Cell Signaling Technology®) with
rotation overnightat 4°C. The following day the beads were collected with the centrifuge,

and the supernatant was kept as the unbound sample. The bheaadshen resuspended

in 500 pl of 1X cell lysis buffer and rotated to wash the beads at room temperature, and
then the supernatant was discarded. The wash was repeated five times, and once the
supernatant was completely clear. Beads were suspended iRABES sample buffer and

heated for 5 minutes at 95°C to elute bound proteins. Eluate was analyzed by

immunoblotting same as it was described above
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Table 33: The mixture used for SBFRAGHels

Solution 10 Resolving gel 4% Stacking gel
HO 4 mL 10 mL
30% bisacrylamide (37.5:1) 5.85 mL 2.5 mL
1.5 M Tris (pH) 7.35 mL

1 M Tris (pH) - 1mL
10% SDS 175 pL 140 pL
10% APS 50 pL 75 UL
TEMED 4 L 4 L

3.3 Results
3.3.1 Establishment of the kneitksystems

Proximity is the key to the biotinylation process. Therefore, it was vital for the promiscuous
BirA enzyme to be active on thetéminal of CESAs. For this reason, the BirA tag was
cloned downstream of the-drminus of partialength CESA3 used the plC19 plasmid

to express bait proteins fused to BirA* with -Mgc tag. The -dlyc tag allowed for a
western blottingbased assessment of protein expression lef299]. BirA and Venus
genes were fused to the-tdrminus of theCESAgene to produce BioHOESA3 and Venus
CESAB3 fusion proteins, targetitige plasma membrane's protein. In these constructs,
NPTII, the selection marker, was placed in @ESA3oncoding region. We've also
created a construct called Knock@ESA3, which only contains NPTII irClBEABon
coding region (Figure 3.4).

During splicing, introns will be removed from the mR2#A], although, in some cases,
MRNAs with very long introns, only part of an inismemoved, and then the remaining
intron maystayin the mRNA292, 293] So, to avoid this, since NPTII is a large fragment,
we've created a system for auéxcision of the selectable marker gene, NPTII, via a-stress

inducible FLIFRT sitespecific recombination systef294]

3.3.2 Excision of the selectable marker

FLPFRT recombination, a sitkrected recombination technology, is used to manipulate

DNA under controlled conditioms vivg which involves the recombination of sequences
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between short flippase recognition target (FRT) sites by the recombinase flippase (FLP).
The 34bp FRT site sequence BAIGAAGTTCCTATTCtctagaaaGtATAGGAACTTC3' sequence
for which flippase (FLP) binds to bothkGRAGTTCCTATIGarms flanking the eight
basepair spacer, for example, the sfgecific recombination (for a crossover) in reverse
orientation. FR'Mmediated cleavge happens just forward from the asymmetric 8bp
5'tctagaaa3’ core region on the top and bottom strands. Despite several variant FRT sites,
recombination usually occurs between two identical FRTs but typically not among non
identical (heterospecific) FR[P95].

The generated system, which utilized the FIp recombinase from yeast to excise the NPTII
gene in sity285], uses the sitspecfic DNA recombinase F[286]to selectively induce
recombinase activity with the addition of estradiol or one of its analogs to excise the NPTII
selection marker, which is flanked HyTFsite$285] (Figure 3.5). The estrogen receptor
ETR2 is a mutated form of the human estrogen receptor (ER)-bgatidg domain (LBD),
which is inducible by the synthetic aatitrogen 4hydroxytamoxifen but does not respond

to the natural ligand estrogg286].

In the chemicainducible FLP DNA recombination system, removiad\fPTtselectable
marker genevas confirmed by detecting PCR fraginFLF-RT in transgenic mo3de
sameprimers as itvasused to amplify the FLP recombinase gene from pRpEERT?2

were used. Zeociresistant transgenic moss that had been transformed witFHRIpT Z
UBIgatewvas used to induce FHERT.

Initially, the transformed moss with FERTpTZUBIgate was selected m media
supplemented with Zeocin, and stable transformants were subjected for the second round
of transformation BiolECESAPUC19, Venu€ESAPUC19, KECESAPUC1L9.
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FLp FLP inducible by
the synthetic anti-estrogen

|

FLP

ii.

I?g NFTII

Figure 3.5Gene excision diPTIllusing FLP recombinase

3.3.3 Establishment of #CESARnockin systems

A total of 515 transgenic mosses resistant to both Zeocin and NPTIl were generated. Most
transgenic plants showed a normal morphological phenotypepared to thewild-type

(Figure 3.8)

| carried out PCR analysis with prirmpairs (Table 3) to detect the recombination events

in both constructs on every single colony. Based on the results of the PCR analysis, ten
plants in total (BiolLESA3: 5 plants, VeAROESA3: 2 plants, and-KESA3: 3 plants) were
characterized, which also contain tReEPFRT site and therefore they putatively contain

two transgenic loci which one locus would have undergone excision of the NPTII fragment.
¢t2 SEtAOAO CftLI NBO2YoAylasS |OGA@AGex 3l Y
hydroxytamoxifen solutiof286] for 16-18 hours and the cultured in BCDAT. A piece of
gametophore tissue was cultured in BCDAT with antibiotics as a control to monitor for lack

of growth on antibiotic supplemented media. Plants were observed to be resistant to
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Zeocin and sensitive to NPTII and showed angpidicof BiolBCESA3 but 1463 bp shorter

than the original locus, as is shown in Figure 3.7.

Morphological analysis of the ten putative markee transgenic mosses showed a

normal phenotype compared to theild-type (Figure 3.8) and was then subjected to

biotinylation assay followingestern blot analysis

iv.

y K
g k-
puUC19 | &

- E-.
s e I

Figure 3.6CESA8usioncunstructs(i) BiolBCESAPUC19, (ii) VensSESAPUCII, (iii) KGCESAPUC1O.
FLPFRTpTZUBIgate construct.
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Figure 3.7 Confirmation and visualization of succes®MNA assembly ofCESA3 anstructs (A) CESA3
constructs cloned intpUC19%nd linearized by a restriction enzyii@ Confirmation of NPTII gene excision
in CESAB8onstrucs.

-~

Wild-type RREBA3 VenusCESA3 KOCESA3

Figure 3.8Compaiisonof BiolIBCESA3, Vem3ESA3, and KCESA3 transformants phenotywéh wild-
type plant

3.34 Biotin identification (BiolD)

| generated the BiolD method for labeling proteins in a proxidgfyendent manner in
the Physcomitriuntell wall.l planned to create a system based on the fusioREEESA3

and PpCESAaroteins to an enzyme that could selectively modify vicinal proteivis/o

There are two requirements for this system. The first and the most important is that the
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fusion protein musbe correctly targeted when expressed in cells. Next, the modification
itself must help the isolation of the specifically labeled proteins.

BirA* is a 35D mutated DNAinding biotin protein ligase (R118G)En coli which is
defective in selassociatbn and DNA binding296]. A biotin acceptor tag (BAT) is
coexpressed with BirA* that is fused to a protein of inteneghis system. The BAT is
biotinylated and can detect with orstep highaffinity avidin/streptavidin mediated
purification of the tagged protein. Since biotinylation is a rare modification in euyoukariotic
cells, it is restricted to a few carboxylag@é8]. In the twostep process of BirA*
biotinylation, firstly, biotin and ATP form a highly reactive bioti&efMP[263] (bioAMP
[297]). The free bioAMP reacts with primary amif283]. BirA* biotinylates proteins
promiscuously in a proximityependent mannef298, 299]

| generated multiple fusion proteins for expressiofPiryscomitrium paten®lant tissue
contains some natively biotinylated proteins, which lsardetected by western blotting
using streptavidiHRP. Expression of BirA* alone in a plant cell must result in labeling
some proteins within the cytoplasm. The expression of BirA in moss tissue produced
minimal labeling without exogenous biotin substr@gggure 3.9ABIrA* has been shown

to selfbiotinylate and tagged with the myag; therefore, the biotinylated 35 kDa species

T -

Ay GKS . A2L5mn/ 9{! o0 ¢SNB SrhyclBeSiérsbiot taiirtlicaleS 2 0 &

the biotinylated fusion protein®98]. Western blot analysis using antibodies against myc
tags for BioIBDCESA3vas performed to confirm the expression of the BiolD in moss
transformants (Figure 3.9B). A band was oleskmat approximately 35 kDa at the blot,
highlighted in Figure 3.9B with an arrow.
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Figure 3.9Western blotanalysis of BiolD transforman{s) Plants with BioHBESAS3 fused protein show
minimal biotin labeling without exogenous biotin substrate. Larie répresents five independent
transformants (TA'5) compared to thevild-type WT). (B) antimycwestern blot shows irahes 1-5 five
indeperdent transformants (TI5) compared to the WT.

3.35 Incorporation and metabolism of biotin

The next important step for establishing the BiGIESA system was testing the
incorporation and metabolism of biotirLive BiolBCESA3 plants were treated and
incubated with biotin according to the protocol published by Roux and collef2f@s
Figure 3.10 demonstrates the results of this téstthe presence of exogenous bioti
substrate in the growth media, the BirA fusion constructs produced significantly less
labeling than expected to observe comparedwitd-type (Figure 3.10). There was no
differential banding pattern for the BiclDESA3 samples as seen with-tyiek (Figure
3.10); however, the bands are more predominant after incubation of BIBERA3 samples
biotin, and only a few bands were observed in theaite of biotin (lane with sign), a
smear was seen when biotin was added (lanes with + sign). The same experiments were
performed with a control cell line expressing vi§ide. In these cases, the same bands
were observed (Figure 3.10)xould not detet bands corresponding to each of the {ull
length fusion proteins' predicted molecular weights in lysates from transiently expressing
knockin mutants. The fusion protein expression was supposed to be around 100 kDa,
higher than the endogenoBESA8xpresgn, approximately 58 kDa. But the expression

of the fusion proteins wasn't detected.
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To overcome this issuetested various biotin concentratishincubation temperature,
and duration of incubation. A range of biotin concentrations (50 uM to 2 mMgBfdi4,
and 48 hours were used at room temperatyepproximately 25°C 37°C, and 50°,
following by cell lysis and western blotting analysis using StreptédiRIn(Figure 3.11).
Despite testing different conditions, no biotinylated protein labeling othan the
minimal labeling with exogenous biotin substrate was detected in knaoloss stains

Also,lRA Ry Qi 2diffaréhbeb&wekenytiievarious conditions mentioned abave

A B

, 3 . kX

«“&¢/@'d@@xkv«¢§§ PP I
— 250kD
' — 150kD
— 100kD

-
. — 75D

ar
D aew N\ — 50kD
— 370
— 20kD
———
PonceauS Staining StreptavidirHRP

Figure 3.10Western blot analysis for the biotin ligase actiify Ponceau S Staining verified equal loading
of protein (B) Western blot result for biotinylation fBr patendines derived from the transformation of
BioIDCESAS in five stable transformants 5L andvild-type (WT) as control. All stable transformants were
grown in liquid BCD media with (+) or withodib{otin final concentration of .M, added 24 hours before
cell lysis.
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Biotin Concentration
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— 37kD
— 20kD

Figure 3.11Western blot analysis of a range of 50 uM to 2 mM biotin concentrations’&tf8v 18 hrgor
the transformants 1 (T1) sample

3.36 Fusion proteins' expression levels measurement

| performed semquantitative PCR on leafy gametophores isolated from BI&B®A3
plants to measure fusion proteins' expression levels in these tisBuesesults show that
BioIDCESAS is less expressed compaRpESAFigure 3.12). And it appears tB®ID
CESA3ukionmay significantly downregulat€ESA8ene expression compared with the
wild-type. Next,| set upthe Biol®2 system, using the overexpression vector-p/BIgate

with full-lengthCESA® improve the biotinylation process.
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Figure 3.12Semiquantitative PCR resutir BiolDCESAS fusion proteifihe expression level BpCESA3
after the BirA gene is fused tot®&rminal

3.37 Generation of new fusion protein BioHBESAS

Given the data presenteih the previous sectign hypothesized that BirA* triggers a
conformational change that may downregulate the expressiddE8A3which disrupts

the interactions. To evaluate the study hypothesis and identify the CESAs interacting
proteins,l used the BiolD2 approach to identify PpCESt#bacting proteins.

For this purposd,generate the fusion protein using CESAbdescribed previously, any
interruption in the gene expression and/or protein modificatioPpCESA&an alter the

plant phenotype due to the role ®fpCESAB morphogenesis and development of leafy
gametophorg77]. On the other handBiolD2 is an improved version of the BiolD platform,
where a smaller promiscuous biotin ligase is fusddaime to the protein of interest to
facilitate the biotinylation of proximal proteins in live cgI8l]. BiolD2 uses thaquifex
aeolicushiotin ligase, which a mutation Arg40Gly in the catalytic domain, increases the

promiscuty of biotinylation[271].
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For this study, wikdype CESAWvas cloned in the frame of theterminus of the BID2

biotin ligase, and the construdjolID2CESASwvas cloned to overexpression vector pTZ
UBIgate (Figure 3.13A) and transformed wild-type Physcomitrium paterts target the

protein in the plasma membrand.didn't observe any phenotype changesputative
transformant compared towild-type to ensure that these fusion constructs retained
nativelike phenotype (Figure 3.13B).

These results from analyzing the putative transformants showed that BI®IBA5 fusion

protein failed to incorporate into thehyscomitriunpatensgenome, sd could not detect

ye LINREAYAGE fF6StAY3a AYnTNIYS FdaAA2Y [ 9{
Despite not detecting any exmson of fusion proteingtested the activity of the biotin

ligase. Firstly, proteins from transformants avild-typeg SNE NB a2t SR o6& { 5/
myc tag levels were tested with the antyc antibody. But no BiolD2 expression was
detected. Next, treing cells with growth medium supplemented with additional biotin (2

mM), the biotinylation assay for CESA5 proximal protein resulted in a weak pattern of
biotinylated proteins of a low range of molecular weights as detected by probing western
blots with g¢reptavidin HRP (Figure 3.14), which correspondent to the naturally

biotinylated proteins. Also, no expression of BielIESAS fusion protein was detected.
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Wild-type

BiolD2-CESAS

Figure 3.13BiolD2CESARTZUBIgate construcfA) Confirmation afhe construct assemblyB) compare
BiolD2CESAS transformant phenotypewtdd-type (Scale bar: 0.5 cm).

— 250kD

— 50kD
— 37kD

— 20kD

StreptavidinHRP

Figure 3.14The biotin ligase activity of BioHBESAS transgenic plams initial test fothe biotinylation of
two stable transformants (¥12) andwild-type WT) ascontrol. Both transformants were grown in liquid
BCD media with (+) or withow) biotin to a final concentration of 5nM, added 24 hours before cell lysis
and incubated at 37°C for 18 hours.
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3.4 Conclusion and future directions

Methods such as affinyit purification coupled with mass spectrometry -{AB) have
identified very few plant CESA interacting partners. This is becadd8 fsfls to identify
proteins that interact weakly or transiently with a target protein. In the past decade,
enzymecatalyzedproximity labeling approaches have been developed to overcome some
of these drawbacki263, 300, 301]Proximity labelinghethods are based on engineered
ascorbate peroxidase (APE302] and a mutan€. colbiotin ligase BirA83(BiolD)263].

The technique called proximity biotinylation helps many researchers to identify the
proteins that partner together. It relies on attaching an enzyme (B2&Hj or TurbolD

[303]) toa protein of interest; when an interacting protein comes in close contact with this
construct, it can attach biotin, and tagged proteins can then be identified, revealing the
interacting molecules with the protein of interesh contrast to ARMS, in praimity
labeling, the labeling of proteins is performed in living cells in the native cellular
environment. Although, in proximity biotinylation methods, longer incubation time with
biotin(16Hn KO YR KAIKSNI Ay Odz I (A 2ffciert Boélnts NI G dzN.
[263], which can be toxic and lethal to some cell tygeenthough a smaller biotin ligase,
BiolD2, fromAquifex aeolicusas been described, conditions required for biotinylation of
interacting proteins are similar to those of Bif2lD1]. The necesary conditions for BiolD

and BiolD2 are not optimal fam vivoproximity labeling inhe wholeplant, which has
resulted in the limited deployment of Bielased proximity labeling in plaf200].

Other limitationssuch as the largaze ofBirA* tag (35 kDa) tag in the BiolD system, could
change the structure and function of the fused protein and cause potentially wrong
location or reduced bindin@63], whichl believe could be the case for BiglIESA3 fusion
protein since there was no expression in the fused CESA3. Another possibility could be the
problem with the protein tags that can have diverse effects depending oo then-
terminalends that they are attached to. Based on the previous studies, fused proteins can
have different behaviors when tagged at the carboxyl or amino terminus, and the
expression level can be decreased to zero compared twittieype with no effect orthe

growth and development gblants[273].
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Recent studies show that tle colbiotin ligase BirA generated new promiscuous labeling
variants TurbolD and miniTurbolD, which allow rapid nontoxic proximity labeling. TurbolD
is more active than BiolD and can label proteins within ten minutes. However, it can be
more likely to be toxifor the cell under certain conditions. It also makes mistakes and tags
proteins that do not interact with the protein of interd803].

To address these issues, recently, Kido et al. established a new technique called AirlD, a
new enzyme for proximity biotinylatioExperiments were confirmed that AirID could label
interacting proteins in human cells. It is also less probable to mistakenly taguntioers

or to kill the cells, even over long periods, or affect the expression level compared with
BiolD and Turbol[304].
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Chapter fourGeneral éscussion

This study aimedto investigate the cellulose biosynthesiglated processesin
Physcomitrium paten® extend our current understanding of the proteins involved in
these processesThe choice ofPhyscomitrium patensvas governed byts unique
experimentalattributes. Over the past two decades, genetic studiesPopatenshave
expanded the available tools and resources and laid the foundation for robust forward and
reverse genetic approacheSince 1962P. patensGransden was established as a model
species by H.L.K. WhitehouBetween thel960s to the 1980s, this moss was used to
isolate and study mutants in plant morphology, hormone biolagg,rutrition [96, 305
307] Early studiesevealed that theeffects of phytohormone$92, 308, 309]were
conserved throughout the evolutionary history of land pl§8i®, 311] The efficiengene
targeting via homologous recombinatjorhich triggers themmediate generation of
mutantsin P. patenswas reportedn 1997[312, 313] following the initial transcriptomic
characterizatior[314], establishedthis mossas afunctional genomics mod¢90, 315,
316]. P.patenswas targetedor genome sequencirand designed to becomecall biology
modelandevolutionary developmentatudies[317].

P. patengrotoplasts transirmation using PE&Ilows for the stable incorporation of DNA
and transient expression assaj49, 318] P. patenswhole plantsprotoplasts can be
derived from a single protoplasarrying the inserted DNA molecules into specific sites in
the genome. fie generation of gene deletiorand insertionsn P. patenshas allowed
functional genanalysis to be performed throughout developmeXisq by transforming
haploid protoplastglue to the predominant haploid state &. patensit is possible to
isolate knocloutsand knockinsof essential genefesearchers have also employed gene
silencing mediated by RNA interfere{@NAI)318, 319] Transient expression of RNAI
constructs is a powerful approach to studying essential g¢8&28] involved in
development. Despite the effectiveness of gene silencing approachgsaimsuffer from
variable levels of silencinecent advances in genome editing technologigsh as
CRISRRas®vercomethe limitations of traditional homologous recombination and gene

silencing approachd817]. Moreover, the stable integration of multiple genes occurs at
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high frequeng, and thus, it obtaia stable transformants containing functional genes
[321].

In forward genetic approachds isolate morphological mutants i patensultraviolet

light (UV)r chemical mutagens such as ethyl methanesulfomesgmentare used306].

The availability of a welinnotated genomend marker lines in ecotypdscilitatesthe
identification of crossed sporophytf#22, 323Jand causal mutation§73]. Simila to the
research presented in this thesis, mutagenized protoplasts with UV showed conditional
loss of growth mutant$324]. Also,Moody et al.in 2018 identifiedU\-mutagenzed
mutantsthat were notable to form gametophorg825]. Howeverwithout gametophores

to obtain a segregating pofation, it would not be possible to cross the mutant strain to

a different ecotypeSomatic diploidization is the solutiongerforma crossindgetween

two somatic diploid4325]. The causal mutationgn both groupscan besuccessfully
identified using wholggenome sequencing approaches Brpatensderived from their
mapping population

Physcomiium patenswith extensive annotation and shegeneration time have great
potential to shed light ofascinating topis, such as genomic and transcriptomic studies
These different aspects walignificatly benefit from theincreasing growth in data and
further experiments in the field. Special attention will be paid to population genomic
approaches to study individuals from single moss populations, as such studies could
provide valuable insight into the effects of selfind #re mechanisms related to genome

evolution in the Funariaceae.
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Appendix one: Creation of an alternative biosynthetic vehicle for the
production of rare cannabinoids Rhyscomitrium patens

Al.1 Introduction

Plants can produce a variety of complex seeoyn metabolites in large quantities.
Naturally, plants use these small organic molecules to handle many types of stress, and
many time humans benefit from the biological activities of these metabolites, which make
them of high commercial interest to théobechnology industr{326]. Previous attempts

have been made tgroduce highvalue compounds more economically available by
introducing their biosynthesis pathways from natural source plants into other plants, such
as the mossPhyscomitrium patenss a host production organisii327]. Another
motivation for pursuing this endeavor is that some medicinally important splare
endangered specig828]. Moreover, some plants have been difficult to cultivate in high
amounts, which happened to be the case with thapsigaodireat multiple cancer$328-

330]. At the time, thapsigargin was obtained from the intact fruits and root$hapsia
garganical. plants, and the increasing demand for thapsigargin could lead to plant
extinction. These plants are difficult to germinate from seed and maintain in a greenhouse
[328, 331] and there is no report of the successfubitro regeneration ofT. garganica

[332]. Chemical synthesis is another possible method to obtain thapsigargin. Though, in

2000, it wasn't commercially feasip833].

Besidesthe natural source of desirable compounds might not be reliable or consistent.
For example, terpenoids are some of the modivaccompounds from plants with
antitumor activity, like Taxol (paclitaxel), extracted from y@84]. The high demand for
the drug has led to pressure on wild plants as a drug source. As al esutiot only rely

on the wild population for the supply of drugs.

Therefae, there are efforts to identify the active compounds before their natural sources
disappear or become compromisétscherichia caind Saccharomyces cerevis{geast)
are well established as the conventional workhorses of biotechnology for plantda&tpen

production and have advantages in sustainability and similarity to plant sy{&@Bths
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Yeast is a good host in most simple pathways because of its eukaryotic membrane
structure [335], however, active molecule identification is more difficult in a complex
pathway. For complex pathways, it is essential to understand the biosynthesis pathway of
the target molecule fully. Although biosynthetic pathways from another kingdsmcan

create problems such as in isoprenoid produc{i®8d6, 337] These problems can be
avoided by using host organisms like the migsgscomitriunpatens Recent studies have
shown thatP. paensis an excellent host for drug production. For example, artemisinin,
the potent malaria drug from the plartemisia anuacan be produced at higher levels

in Physcomitriuneven before any production enhancents[327]. P. patenshas also been

used as a host for the biosynthesis of high f dzS LINE R dzGsanaenda3diOK | a
patchoulol[149], sclareo[141], and recombinant therapeutic peptidg&39].

Physcomitriumas a multicellular land plant, may not be able to compete with yeast in
terms of growth rate. However, efficient gene disruptiofiryscomitriunis one of the
most significant benefits in reverse genetics research in plaa@3. Also, what set$.
patensapart from other plahheterologous expression systems is ganane editing's
unique capacity through homologous recombination matchesirtheivo assembly of
multiple heterologous DNA fragment$impateng341]. P. patenss a norvascular ancient
lineage of land plants, is the right choice for the stable heterologous production of
terpenes.It is mostly because of its ability to wngo homologous recombination and
allowdirect genome editing without the requirement of CRIS{&Rems or known genome
sequence [341]. Besides,Physcomitriumcan grow photeautotrophically in sterile
inorganic culture media without any need for vitamins, phytohormones, or a carbon source
[305]. In most plat production systems, liquid cultures are typically composed of
undifferentiated callus cells. Howevdthyscomitriumcultures can be propagated as
haploid, photosynthetic protonemaf{d45]. The advantage is that a protonemal culture
has a stable genetic background to ensure that the genetic composittirysdmitrium
cultures does not change over tirf@12]. Moreover,Physcomitriunis tolerant of abiotic
stresses[343], which can help the nenative compound biosynthesis in moss, as

mentioned earlier.
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As previously stated, an important advantagébyscomitriums that it is amenable to
combinatorial biosynthesis, which can be defined as the application of genetic engineering
for the modification of biosynthetic pathways for theguction of novel compound51,

344, 345]

Anin vivocombinatorial biosynthesis approactinyscomitriunto make natural products
with useful biological activity has already been d@4é]. In this context, the important
outcome of using?hyscomitriunmsthat egablishing a moss strain producing cannabinoids

will help createother drugcandidateproducing moss strains.

Cannabishas beenused for medical purposes around the world for millej8&7]. As
Canada has implemented medical and recreational cannabis policies, people using
cannabis as a therapy for pain management inceeasing[348]. Recent reports are
conclusive evidence that cannabis is effective for chronic pain treatment in @dgis
Cannabinoids, like some other drugs, are challenging to obtain by chemical syatitesis
Cannabis sativahe original plant, cannot produce sufficient amoutsmarket demand

[145].

In the study by Ikram et al. in 2017, the genes involved in artemisinin biosynthesis were
engineered into thd®. patenssia directin vivoassembly of multiple DNiF|agments. The

initial production was relatively high, and the study shoRegatengsould be an efficient

and sustainable industrigtale production platform of artemisinin and supply of
artemisinin with lower price and more affordalj#46]. Based on the successful and
efficient in vivoassembly of multiple linear DNA P. patensfor amorphadiene and
artemisinin productio [149, 346] | develop a concatenation assembly system for

cannabinoids imitating some basic cannabinoids' natural production.

Al1.2 Methods
Al1.2.1 Plant material and growth conditions

The 'Villersexel' strain &hyscomitrium paten(¥x) was used for this research, groamd

propagated as described in previous chapters.
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A1.2.2DNA constructs and plant transformation

Targeted loci included multipgene insertions of five key enzymes in the cannabinoid
biosynthetic pathway; cannaladic acid synthas@CBDASplivetol synthas€OLS)acy!
activating enzyme IAAEL) TPAexp-prenyltransferase 4PT4) olivetolic acid cyclase
(OAC)tetrahydrocannabinolic acid synthg3e1CA)341]precursor using CDS clones. The
cannabinoid biosynthesis pathway is shown in figure Al.1. Each synthesizeldreDS
(sequences are shownAd.5.) was introduced tan overexpression vector pAZBIgate,

under the strong constitutively expressed promotor's control, maize ubiquitin promoter
with Zeocin as a resistant cassette in plante CDSsvere prepared for transformation

by using Gateway® cloning Kihérmo Fiser Scientifiy based on the manufacturer's
specification, as described in chapteree. The successfulness of gateway cloning was
assessed by running the linearized constructs on 1% agarose gel and compared to the
original empty vecto(Figure A1.2). These constructs carried 114%00 bp of terminal
homology corresponding to the moss ARPC3 gene's redundantAdbthye construct's
maps are generated by SnapGene® vieweshadn inA1.5.2

Transformation ofPhyscomitriunfollowed established protocolsy performing direct
uptake of DNA in PEG presence (polyethylene glycol 6000), which is described in chapter
three. Linear DNA was used for each transforma#iod obtained by Mlul restriction
enzyme digestioriThe DNA was purified by the CTAB extractiethad. Lastly, the DNA

was resuspended in 30 pl dgM Following DNA transformation, protoplasts were
embedded in an agar overlaying protoplast regeneration medium and incubated for seven
days, by which time protoplasts had regenerated. These were thesféreed to a
selection medium containing Zeocin (50 mg/l) fogl¥ days. The selection protocol
involved serial replica picking of regenerating colonies on to medium without Zeocin for
14 days, followed by the second period of selection for 14 days antibiotic's presence,

to confirm the recovery of stably transformed plants.
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Fatty acicbiosynthesis
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Figure Al.10verview of the cannabinoid biosynthetic pathweads tathe main cannabinoid§HCA and
CBDA, and the neenzymatic decarboxylation to THC and GRiagtedfrom [350]). Enzymes are shown
in green. Chemical strucesare from www.chemspider.com
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Al.23 Molecular analysis of transformed plants

PCRbased assays were used to analyze large numbers of transformed plants for the
presence or absence of gene targeting events. DNA was isolated from the small
protonemal in@ula of transgenic mosses using the sis@dle DNA isolation procedure
andthe CTABDNA extraction methodescribed in previous chaptefs74]. Primers were
designed, allowing amplification with genapecific primers that annealed with the
inserted genes' sequence and maize ubiquitin promoter inside the homology region

incorporated in the targeting vector (Primer listed in Table Al1.1).

TableAl.1 Primerist forgenotyping theannabinoid genesonstructsn the pTZUBIgate backbone plasmid

Primer name Sequence

OACF ATGGCCGTGAAGCACTTGAT
OACR GTGTAGTCGAAGATCAACAA
THCAS ATCCAGGCCACCATCTTGTG
THCAR TTCCGTCCACGTTCACCAAG
PT4F ATCTCCTCCCAGTCCAGGTC
PT4R TGTTGATCCTGTCGATGTCC
AAE1F GTTGAACGGAAACCACCACG
AAEIR GGTGGTGTCGTTGGAGTCC
OLSF ATCGGAGGACACATCAGGGA
OLSR GTACTTGATGGGCACGGACC
CBDA% GGACAGAACGGAGCCTTCAA
CBDAR TTCTTGGACACGTAGGGGGT

MaizdJBIPomotor-F
MaizdJBIPomotor-R

CAAATAAATAGCGTATGAAGGC
CTGGTGGATTTATTAATTTTGGATC

Al.24 Preparation oplantextracts

To test the whole plant for theroduction of cannabinoids, the plarwasdried in a
ventilated oven overnight at 40°C and then powdered by grinding. 50 mg of each sample
was weighed into a centrifuge tube, and one metthanol MieOH solution was added,
vortexed, and incubated at room temperature for 20min. The mixture wasfogetl for

5min at 1200g. The procedure was repeated four times by combining all the supernatants,
FYR 0KS @2tdzyYS 61+ a oNRdzZAKG G2 p Y[ dzaAy3
taken into a separate gas chromatography (GC) vial aasl injected br gas
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chromatographyflame ionization detector (GEID)analysis[351]. All the experiments

were done in triplicate.

Al.25 Standards and reagents

Threecannabinoids were used as reference standards in this study: CBGaGBDACA
at a concentration of 1.0mg/mL. The purities of all skendards were above 99%. The

solvent wasMeOHof HPLC analytical grade andsvpairchased from Sigr#ddrich.

A1.26 GGFID analysis of samples

GGCFID analysis was performed on a Varian 3900 gas chromatograph (Varian, USA) using a
Restek Rt6 column(10 m x 0.10 mm ID, 0.10 um) for separation. Helium was used as a
carrier gas at a flow rate of In@/min and the FID makap gas. The injector temperature

was 240 °C; detector temperature, 270 °C; oven program, 170 °C (hold 1 min) to 250 °C at
10 °C/min(hold 3 min); and run time was 12 min with 1 pl injection volume. Data analysis

was performed using the Galaxie Chromatography Data System software (Version 1.9.3.2).

Al1.3 Results
Al1.3.1 Multiple gen&nockins by a single transformation

Homologous remmbination gene targeting results in exact gene replacement and targeted
insertion. Gene targeting happens following batch transformation using multiple DNA
constructs. It is also possible to do simultaneous targeting of multiple genes by
cotransformatiorwith batches of independent targeting construid48]. Thenl analyzed

a detailed molecular analysis of transgene integration dtbveringmultiple constructs

[50, 352] Effective simultaneous delivery of multiple DNA transforming has been used
before to create a large population of mutant plants by transformation with a single CDS
clone.

Batch transformations are used to generate mutanllections ofPhyscomitriumby
targeted geneknockins via homologous recombinatiandperformed with batches of six

CDSs. In these experiments, the DNA used for transformation was linearized by restriction
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enzyme digestioMlul, and CDSis the vector backbone were delivered to protoplasts.
The batches were compiled by mixing equal amounts of the different CDS constructs
before the transformation. Total DNA concentration wasl@0 ug per transformation,

and experiments were repeated seven times. Asrrol, singlegene transformations

were performed for OAGTZUBIgate in parallel to compare the gaaegeting frequency

in single gene transformations and batch transformations. In all, 24 plants were evaluated
by PCR for targeted knotkevents in sigle gene transformations @ACpTZUBIgate.

The singlggene transformation was showed approximately 12 transformants per
transformation.

Of the 135 plants derived from batch transformation with mixes of six different CDS
constructsand analyzed for knogk events by PCR, 93 independent transformants were
recovered, and genotyping showed they carried targeted kimsckntegrated into the
genome. PCR genotyping (Figure A1.2B) showed the integration of each construct as; OAC
pTZUBIgite (95.7%), THCASZUBIgate (44.3%), PPAZUBIgate (21.4%), AARIZ
UBIgate (37.1%), Ob$ZUBIgate (92.8%), and CBEpAZUBIgate (82.8%). These ratios

are similar to those determined for the singiene transformation, indicating that the
different CDS fragments do not interfere with each other's homologous integration.
Assuming that CDSs in a batch transformation can create individually targetednisnock
and multiple knockns should occur. Indeed, 12 plamtsre generated by transformation

with the mix of six different CDSs, showing that independent -tgrgeting of the
different CDSs happens, and multiple krimskare possible using CDS batches.
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Positive

Control

Strain#32

Strain #3

Strain#11

WT

Figure Al.2Confirmation and visualization of the successful cloning of cannabinoid congif)c&DS
constructs. The six CDS were cloned into the pTZUBIgate vector, and the successful insertion was compared
to the vector with no insertion. Since some of the CDSs were smaller than the region of cloning sites in the
vector, the construct's lengttppeared smaller than the empty vector. The DNA ladder useédislABstEIl

digest. (B) Genotyping of new moss strains shows they have multiple gene insertions. They are compared to
the positive control (fragments in positive control amplified from the constructsvdddype (WT) as a

negative control. PCR fragmeat® amplified with genspecific primers and show partial length CDS. The

DNA ladder used is a 100bp DNA Ladder.

When Physcomitriumis transformed with targeting constructs, the coincidental
integration of vector sequence was confirmed by PCR genotypisguatures that
included CDS and vector sequences. The gene targeting is detected by PCR using primers
specific to the promoter combined with gespecific primers corresponding to the
inserted geneqPrimers listed in table Al.1Amplification with bdt pairs confirmed
accurate homologous recombination at each end of the construct. In some plants, amplify

a fragment with both pairs was failed, which indicates transgene insertion was at an
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illegitimate site. The accuracy of the homologous recombinatients can be established

by sequence analysis of the amplified fragmehisitially performed PGBcreens in 93
transgenic lines transformed with single to multiple insertions.

In Physcomitriumthe transformation was done with 220 pg DNA/transformain. The
efficiency of transformation increased with the quantity of DNA, reaching an optimum at
100 ug, but the amount of DNA per transformation did not affect the number of integrated
transgenes per planin contrast,n mammalian cells, the amount of BNelivered per

transformation can impact the copy number of integrated transgE3 &3,

A1.3.2 Analysis of cannabinoid®hyscomitrium patens

Terpenoids are the largest class of chemicals among plants' many compounds. Plants
employ terpenoid metabolites for various basic functions in growth and develodooeént,

most terpenoids are used to protect the abiotic and biotic environment. For decades,
plantbased terpenoids have been used in the pharmaceutical and chemical industries and
biofuel product4354]. Many terpenoids are detected in both bryophytes and seed plants,
although some are unique to bryophy{@&5]. The chemical analysis identified common
monoterpenes, sesquiterpenes, and diterpenes in mogis. Terpenoids i€annabis
sativaL. are divided into several groups. Cannabirexidsderived from the diterpene
structure[356].

GCFID is the most common techniqu the analysis of cannabinoids. It is simple, fast,
and sensitive for the determination of the total cannabinoidsF®Cquantitative analysis

of cannabinoids in illicit cannabis products (Marijuana, Sinsemilla, Thai sticks, Ditchweed,
Hashish, and Habil) has been reported previously, and samples of cannabis preparations
were examined, emphasizing the levels of seven cannabinoiddH{ODd HC, CBD, CBC,
CBG, CBN, and CBL) using a validaté¢d 5@ethod357].

For this study, extracts of the transger®. patens lines containing -6 genes of
cannabinoid biosynthesis pathway were analyzed usirGIB.C A$ was expecting, few

peaks appeared in @D analysis for witype moss, present in all the transgenic mosses.

Although 12 plants were carrying @ide six genes, cannabinoid traces in topatens
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transgenic lines were detected in extracts but not in the extracts oftyp&lP. patens
(Figure Al1.3). Peaks compared to cannabidiolic acid (CBDA), tetrahydrocannabinol acid
(THCA), and cannabigerol GBlerivativesSTHCA, CBDAnd CBtraces in the transgenic

P. patenextracts are identical to the standard controls. The analysis was performed twice
within triplicates each time. The presence of cannabinoiBlspatensgransgenic lines was

confirmedby comparing a standard (Figure AAXG).
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Figure A1.3GCGFID analysis of cannabinoid produced from transgg&myscomitriunpatensandwild-type (VT) as control with retention timgA) Chromatogram
showing the standard peaks for terpenoids in mossGE) chromatogram of the transgenic line #3. There are two large peaks between the retention times of
7.3-8 minutes not present in wiltype. (C)Gas chromatogram of the transgeni@li#32. There armultiple peaks between the retention times 6f8-9 minutes

which arenot present in wiletype.
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Figure AU: GGFID analysis of cannabinoid produced from transge&myscomitriunpatensand THCAeference sample with retention tim@A) Chromatogram
showing the standard peaks for THCA derivatives in a reference sample. (B) Gas chromatogram of the transgenic lireret8wa lperaks at the retention
times of 7.37 and 8.12 minutes aligned with the reference sample. (C) Gas chramabb¢he transgenic line #32. There are three peaks at the retention times
of 7.37, 8.12, and 8.83 minutes and multiple small peaks alignetheitbference samplgArrow with the same color corresponds to the same peak in different
samples)
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FigureAl1.5 GGFID analysis of cannabinoid produced from transgeimjscomitriunpatensand CBDA reference sample with retention ti(d¢.Chromatogram

showing the standard peaks for CBDA derivatives in a reference s@8nfllas(chromatogram of the transgelie #3.No peakmatches the reference sample.
(O Gas chromatogram of the transgenic lin@.#3nepeakat the retention times of 8 minutealigned withthe reference sampleArrow with the same color
corresponds to the same peak in different samples)
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Figure A1.6GCFID analysis of cannabinoid produced from transdemyscomitriunpatensand CBG reference sample with retention til#¢.Chromatogram
showing the standard peaks for CBGA derivatives in a reference s@n@les chromatogram of the tregenic line #3. There argo small peakatthe retention

times 0f8.4 and 10.2ninutes, which align with the reference sam|i{&) Gas chromatogram of the transgenic line #32. There are multiple peaks at the retention
times of 8.1, 8.4, 9.9, and 10rlinutes, which align with the reference sample. (Arrow with the same color corresponds to the same peak in different samples)
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A1.3.3 Phenotypic analysisRifyscomitrium patertsansgenic lines

| investigated the impact of the cannabinalérivatives by creating Bhyscomitrium
patens transgenics where the cannabinoid biosynthesis genes are knocked in by
homologous recombination. Studying the transgenic plant phenotype is one technique
used to achieve this goal. Bd&tnyscomitrium patensild-type and the transgenic lines
were cultivated on BCD media, and a stereomicroscope was used to characterize the
difference in the phenotype between theild-type and the selected transgenic plants
(Figure A1y

There is a reduction in the growth ratesome of thetransgenic lines (Figure A1.7). This
indicates that there might be a disruption of other metabolic pathways responsilite for
patensgrowth anddevelopment The effect of cannabinoid biosynthesis Pnpatens
growth is not much, and it miglie due to the toxicity of the product and nutrients’
reduction in the media, which requires further studies. This production of cannabinoids is
precious for future industrial production.

From Figure Al.7, it can be observed thatd-type and transgenic plants have
gametophores. However, there are some differenibesveen strain #3 anavild-type
plants. The transgenic line #3stdelayedin producing gametophyte and shows a dwarf
phenotype. The first apparent difference is the size opthdlid. Thewild-type plant and

strain #32 contain gametophores with large phyllids, while the strain #3 plant has
gametophores with smaller phyllids. Theald-type phyllids are more extensive and
broader, while the transgenic plant #3 phyllids are smidén thewild-type (Figure A1.7).
Some were turning brown quickly and presumably dying. Some transgenic lines displayed
a defective phenotype, such as line #3 with smaller gametophores or no gametophore
which suggested that over accumulating some ofdém@vatives or one of the bioproduct
could cause this, or they might have more than one copy numlbe afenes. Different
expression profiles of the enzymes can be one other possibility of the severely stunted
phenotype. On the contrary, some transgdimes have a normal phenotype compared to
wild-type with the same number of the gene inserted (Figure AbfApared tadefective

stains, whicmeeds tobelooked at inmore detail in future studies.
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P.pstrain #3 P.pstrain #82

Figure Al.7Comparison olvild-type and transgenitine #3 and #32 phenotypeall plants were cultivated
on BCD media for eight weeks. Lin@#2he left paneshows a dwarf phenotype with smaller phyllids, while
line #32 shown in the middlehas more extensive and broader phyllids, similawitd-type on the right
Phyllids are indicated (Scale bars: 0.5 cm (top) and 0.2 um (bottom).
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Pp strain #85 Pp strain #67 Pp strain #22 Pp strain #37 Pp strain #24 Pp strain #52 WT

OAC OAC OAC OAC OAC OAC
THCAS AAE1l THCAS THCAS THCAS AAE1l
PT4 OLS PT4 PT4 AAE1l OLS
AAE1l CBDAS AAE1l AAE1l OLS CBDAS
OLS OLS OLS CBDAS

CBDAS CBDAS CBDAS

Figure Al.8Defective phenotype of transgenic lines compareditd-type WT). All plants were cultivated on BCD media for eight weeks. Some transgenic lines
have turned brown (#85, #67, #22, and #24) quickly, #37 has shown undifferentiated gametophore tissue, and some lingsZw@k ast producing
gametophore tissue (same plants with two different magnifications are shown). The list of insertedwgttes isnder each picture of the transgenic line. (Scale
bars: 0.5 cm (top) and 0.2 um (bottom).
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Pp strain #1 Pp strain #2 Pp strain #4 Pp strain #14 Pp strain #16 Pp strain #28 WT

THCAS THCAS THCAS
PT4 AAE1 PT4 AAE1l PT4
AAE1 OLS AAE1 OLS AAE1
OLS CBDAS OLS CBDAS OLS
CBDAS CBDAS CBDAS

Figure A1.9Normal phenotype ofransgenic lines compared toild-type (WT). All plants were cultivated on BCD media for eight weeks. Transgenic énes ar
shown with similar phenotype and developed gametophore tissue (same plants with two different magnifications are présenlistpf inserted genes is
written under each picture of the transgenic line. (Scale bars: 0.5 cm (top) and 0.2 um (bottom).
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Al.4 Conclusion

Sx cannabinoid biosynthetic pathway genes were engineered into the moss
Physcomitrium patensThis work establishes the production of cannabinoids in a
photosynthetic organism that can lead to laggale industrial prodiion. This production
method will not affect environmental and ecological variables and generally have a lower
environmental impact than field production, such as fertilizers, water, and petrol.
Compared to yeast, it needed extensive and complex precpegbway engineering
before introducing the cannabinoid pathway genes and further optimizing the metabolic
network in P. patens[142] Optimization of cannabinoid yield iA. patenscan
hypothetically result in a stable, environmentally friendly, and commercially sustainable
production platform. An advantage Bf patensas a cannabinoid production platform is
that the extract only regues simple purification steps. The usd’opatensould lead to
upscaling the production of cannabinoids in plaased bioreactors and the production of
other complers, highvalue plantbased compounds[346]. This Ioengineering
accomplishment expands the frontiers of synthetic biotechnology, and it is potentially
more costeffective than other carbon supplemented biotechnological platforms.

In Physcomitriuml could target multiple loci independently with a singnsformation
experiment using a mixture of constructs. So, each locus was targeted with the same
frequency as when a single construct was used. Multiple transformations were established
as means by which large numbers of mutants were generated effygiant our analysis

of multiply transformed plants confirms that the majority of targeting constructs (62.4%)
delivered in a batch and combined in the generated transgenic lines. However, phenotypic
analysis of all mutants requires to be observed.

Concat@ation is most frequent in targeted insertion I1§821]. Significantly, it appears

that it does not happen by a combination of homologous recombination aned non
homologous engoining, as it was assumed befof@s8], and it occurs entirely by
homologous recombination integration of concatenated DNA. It is known that
concatenated copies of plasmid DM8ert at one or a small number of loci when circular

molecules are delivered to eukaryotic c§821] and linear DNA delivered to plant cells
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can cause the incorporation of nonspecific ‘carrier' DNA in transgenic loci, following its co
delivery with a transforming plasni@b9]. Consequently, transforming DNA can undergo
fragmentation and religation events after entering the cell before insertion into the
genome.

In Physcomitrium a typical transformation experiment produces many unstable
transformants that maintain transgenes only as long as selection is maintained. These
significantly decrease stable transformants when circular DNA is delivered to protoplasts.
Unstable transformants contain extrachromosomal concatemers of the transpbBiA

[360]. Transformation with linear DNA reduces the frequency of unstable transformants
[361]. On the other hand, the numbers of maize ubiquitionpoter copies per plant have

to be determined to confirm the concatenation event, and the Southern hybridization

technique can estimate it.
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Al.5 Supplementary data
A1.5.1 The synthesized CDS sequences of the cannabinoid biosynthesis qativnag

>0AC
Atggccgtgaagcacttgatcgtgttgaagttcaaggacgagatcaccgaggcccagaaggaggagticttcaagacctacgtgaacttggtgaacatca
tccccgecatgaaggacgtgtactggggaaaggacgtgacccagaagaacaaggaggagggatacacccacatcgtggaggtgaccttcgagtecgtg
gagaccatccaggactacatcatccaccccgeccacgtgggatiacgtgtacaggtecttctgggagaagttgttgatcttcgactacacccccag

gaag

>THCA
atgaactgctccgccttctecttctggttcgtgtgcaagatcatcttcttettettgtecttccacatccagatctccatcgccaaccccagggagaacttcttg
aagtgcttctccaagcacatccccaacaacgtggccaaccccaagttggtgtacacccagcacgaccagtigtattgagictataccatcca
gaacttgaggttcatctccgacaccacccccaagcccttggtgatcgtgacceectccaacaactcccacatccaggccaccatcttgtgctccaagaagg
tgggattgcagatcaggaccaggtccggaggacacgacgccgagggaatgtcctacatctcccaggtgeccttcgtggtggtggacttgaggaacatgea
ctccatcaagatcgacgtgcactcccagaccg@iggaggcecggagecacctigggagaggtgtactactggatcaacgagaagaacgagaactt
gtccttccccggaggatactgecccaccgtgggagtgggaggacacttctccggaggaggatacggagccttgatgaggaactacggattggecgecga
caacatcatcgacgcccacttggtgaacgtggacggaaaggtgttggacaggaagtccatgggagaggacttgttctgggecatcgggggaggag
gagagaacttcggaatcatcgccgcctggaagatcaagttggtggecgtgecctccaagtccaccatcttctccgtgaagaagaacatggagatccacgg
attggtgaagttgttcaacaagtggcagaacatcgcctacaagtacgacaaggacttggtgttgatgacccacttcatcaccaagaacatcaccgacaac
cacggaaagaacaagaccaccgtgcacggatacttctcctccatcttegmegggactccttggtggacttgatgaacaagtccttcccecgagtt
gggaatcaagaagaccgactgcaaggagttctcctggatcgacaccaccatcttctactccggagtggtgaacttcaacaccgecaacttcaagaaggag
atcttgttggacaggtccgccggaaagaagaccgccttctccatcaagttggactacgtgaagaagceccatccccgagaccgccatggtgaagatcttgg
agaagttgacgaggaggacgtgggagccggaatgtacgtgttgtacccctacggaggaatcatggaggagatctccgagtccgecatceccttccccca
cagggccggaatcatgtacgagttgtggtacaccgectcctgggagaagcaggaggacaacgagaagceacatcaactgggtgaggtecgtgtacaactt
caccaccccctacgtgtcccagaaccccaggttggectacttgaactacagggacttggeassigaccaaccacgcctcccccaacaactacace
caggccaggatctggggagagaagtacttcggaaagaacttcaacaggttggtgaaggtgaagaccaaggtggaccccaacaacttcttcaggaacga
gcagtccatcceccccttgecccececcaccaccac

>PT4

Tgggattgtccttggtgtgcaccttctccttccagaccaactaccacaccttgttgaacccccacaacaagaacciocdagagcctaccagce
accccaagacccccatcatcaagtcctcctacgacaacttcccctccaagtactgcttgaccaagaacttccacttgttgggattgaactcccacaacagg
atctcctcccagtccaggtccatcagggcecggatccgaccagatcgagggatccccccaccacgagtccgacaactccatcgeccaccaagatcttgaact
tcggacacacctgctggaagttgcagaggcapiggtgaagggaatgatctccatcgectgeggattgttcggaagggagttgttcaacaacaggca
cttgttctcctggggattgatgtggaaggccttctticgecttggtgeccatcttgtccticaacttcttcgccgccatcatgaaccagatctacgacgtggaca
tcgacaggatcaacaagcccgacttgcccttiggtgtccggagagatgtccatcgagaccgcectggatctigtccatcagegicmgatigatcg
tgaccatcaagttgaagtccgcccccttgttcgtgttcatctacatcticggaatcttcgccggattcgcctactccgtgccccccatcaggtggaagcagta
ccccttcaccaacttcttgatcaccatctcctcccacgtgggattggcecttcacctectactccgecaccacctecgecttgggattgeccttcgtgtggagge
ccgccttctecttcatcatcgecttcatgacggitgggaatgaccatcgcecttcgccaaggacatctccgacatcgagggagacgccaagtacggagtg
tccaccgtggcecaccaagttgggagccaggaacatgaccttcgtggtgtccggagtgttgttgttgaactacttggtgtccatctccatcggaatcatctgg
ccccaggtgttcaagtccaacatcatgatcttgtcccacgcecatcttggcecttctgcettgatcttccagaccagggagtggaetitacgcectccg
ccccctccaggceagttcttcgagttcatetggttgttgtactacgccgagtacttcgtgtacgtgttcatc

>AAE1
atgggaaagaactacaagtccttggactccgtggtggectecgacttcatcgecttigggaatcacctccgaggtggecgagacctigcacggaaggttgg
ccgagatcgtgtgcaactacggagccgccaccecccagacctggatcaacatcgatatgtzceecgacttgeccttctecttgcaccagatg
ttgttctacggatgctacaaggacttcggacccgecccccccgectggatccccgacceccgagaaggtgaagtccaccaacttgggagecttgttggaga
agaggggaaaggagttcttgggagtgaagtacaaggaccccatctcctecttctcccacttccaggagttctccgtgaggaaccccgaggtgtactggag
gaccgtgttgatggamgatgaagatctccttctccaaggaccccgagtgcatcttgaggagggacgacatcaacaaccccggaggatccgagtggttg
cccggaggatacttgaactccgccaagaactgcttgaacgtgaactccaacaagaagttgaacgacaccatgatcgtgtggagggacgagggaaacga
cgacttgcccttgaacaagttgaccttggaccagttgaggaagagggtgtggttggtgggatacgceitgdaggattggagaagggatgegec
atcgccatcgacatgcccatgcacgtggacgecgtggtgatctacttggccatcgtgttggccggatacgtggtggtgtccatcgecgactecttctcegec
cccgagatctccaccaggttgaggttgtccaaggccaaggcecatctticacccaggaccacatcatcaggggaaagaagaggatccccttgtactccaggg
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tggtggaggccaagtcccecatggamyatccectgctccggatccaacatcggagecgagttgagggacggagacatctcctgggactacttettg
gagagggccaaggagttcaagaactgcgagttcaccgccagggagcageccgtggacgcectacaccaacatcttgttctcctccggaaccaccggagag
cccaaggccatcccctggacccaggecacccccttgaaggecgecgecgacggatggtcecacttggacatcaggapgouatagece
accaacttgggatggatgatgggaccctggttggtgtacgcectccttgttgaacggagcectccatcgcecttgtacaacggatccccecttggtgtccggatte
gccaagttcgtgcaggacgccaaggtgaccatgttgggagtggtgcecctecatcgtgaggtcctggaagtccaccaactgegtgtccggatacgactggt
ccaccatcaggtgcttctcctcctccggagagge@cgiggacgagtacttgtggttgatgggaagggcecaactacaageccgtgatcgagatgtge
ggaggaaccgagatcggaggagccttctccgecggatecttcttgcaggeccagtecttgtectecttctectcccagtgcatgggatgeaccttgtacatct
tggacaagaacggataccccatgcccaagaacaagcccggaatcggagagttggecttgggaccegtgatgttcggagcefitgaaggcctt
gaaaccaccacgacgtgtacttcaagggaatgcccaccttgaacggagaggtgttgaggaggcacggagacatcttcgagttgacctccaacggatact
accacgcccacggaagggccgacgacaccatgaacatcggaggaatcaagatctcctccatcgagatcgagagggtgtgcaacgaggtggacgacag
ggtgttcgagaccaccgccatcggagtgecccecttgggaggaggacagagtgatcttcttcgtgttgaaggactccaacgacaccaccatc
gacttgaaccagttgaggttgtccttcaacttgggattgcagaagaagttgaaccccttgttcaaggtgaccagggtggtgeccttgtectecttgcccagg
accgccaccaacaagatcatgaggagggtgttgaggcagcagttctcccacttcgag

>0LS
Atgaaccacttgagggccgagggacccgcecteecgtgtagemgaaccgccaaccccgagaacatcttgttgcaggacgagttccccgactactact
tcagggtgaccaagtccgagcacatgacccagtigaaggagaagttcaggaagatctgcgacaagtccatgatcaggaagaggaactgcttcttgaacg
aggagcacttgaagcagaaccccaggttggtggagcacgagatgcagaccttggacgccaggcaggacatgttggtggtggaggtgeccaagttggga
aaggacgcctgcgccaaggcecatcaaggagtggggacageccaagtccaagatcacccacttgatcttcacctccgectccaccaccgacatgeccgga
gccgactaccactgcgccaagttgttgggattgtccccctecgtgaagagggtgatgatgtaccagttgggatgctacggaggaggaaccgtgttgagga
tcgccaaggacatcgccgagaacaacaagggagccagggtgttggccgtgtatitatggectgcttgttcaggggaccctecgagtceegactt
ggagttgttggtgggacaggccatcttcggagacggagccgccgccgtgatcgtgggagecgagceccgacgagtcegtgggagagaggeccatcttcga
gttggtgtccaccggacagaccatcttgcccaactccgagggaaccatcggaggacacatcagggaggcecggattgatcttcgacttgcacaaggacgtg
cccatgttgatctcaacaacatcgagaagtgcttgatcgaggecttcacccccatcggaatctccgactggaactcceatcttctggatcacccaccccgga
ggaaaggccatcttggacaaggtggaggagaagttgcacttgaagtccgacaagttcgtggactccaggcacgtgttgtccgagcacggaaacatgtect
cctccaccgtgttgttcgtgatggacgagttgaggaagaggtecttggaggagggaaagtcog@egacggattcgagtggggagtgttgttcgg
attcggacccggattgaccgtggagagggtggtggtgaggtcegtgeccatcaagtac

>CBDA
atgaagtgctccaccttctccttctggttcgtgtgcaagatcatcttettcttctictccttcaacatccagacctccatcgccaaccccagggagaacttcttg
aagtgcttctcccagtacatccccaacaacgccaccaacttgaagttggtgisagaacaaccecttgtacatgtecgtgttgaactccaccatceac
aacttgaggttcacctccgacaccacccccaagcccttggtgatcgtgaccecctceccacgtgtcccacatccagggaaccatcttgtgctccaagaaggt
gggattgcagatcaggaccaggtccggaggacacgactccgagggaatgtcctacatctcccaggtgeccttegtgatcgtggacttgaggaacatgagg
tccatcaagatcgacgtgcactcccagaccgectgggtggaggecggagecaccttgggagaggtgtactactgggtgaacgagaagaacgagaacttg
tccttggccgecggatactgecccaccgtgtgcgecggaggacacttcggaggaggaggatacggacccttgatgaggaactacggattggecgecgac
aacatcatcgacgcccacttggtgaacgtgcacggaaaggtgttggacaggaagtccajgggagtictgggcecttgaggggaggaggagcc
gagtccttcggaatcatcgtggcctggaagatcaggttggtggecgtgcccaagtccaccatgttctccgtgaagaagatcatggagatccacgagttggt
gaagttggtgaacaagtggcagaacatcgcctacaagtacgacaaggacttgttgttgatgacccacttcatcaccaggaacatcaccgacaaccaggg
aaagaacaagaccgccatcaactacttctcctecgtgttcttgggaggagtggactccttggtggacttgatgaacaagtccttccecgagttgggaat
caagaagaccgactgcaggcagttgtcctggatcgacaccatcatcttctactccggagtggtgaactacgacaccgacaacttcaacaaggagatcttg
ttggacaggtccgecggacagaacggagcecttcaagatcaagttggactacgtgaagaageccatcagtyagimagatcttggagaagt
tgtacgaggaggacatcggagccggaatgtacgccttgtacccctacggaggaatcatggacgagatctccgagtcecgecatccecttcccccacaggge
cggaatcttgtacgagttgtggtacatctgctcctgggagaagcaggaggacaacgagaagceacttgaactggatcaggaacatctacaacttcatgacc
ccctacgtgtccaagaaccccaggttggctigaactacagggacttggacatcggaatcaacgaccccaagaaccccaacaactacacccaggec
aggatctggggagagaagtacttcggaaagaacttcgacaggttggtgaaggtgaagaccttggtggaccccaacaacttcttcaggaacgagcagtcc
atcccccccttgecccaggcacaggeac
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A1.52 The construct's maps of the cannabinoid biosynthesis pathway enzymes genes.

Figure Al1.10Plasmid map of the OAT ZUBIgate Schematic of the clone used in GAIZUBIgate Two
~1.3kbp regions of homology flank a central Maze ubiquitin promoter betiotic acid cyclase (OAC)
cassette with the Zeocin selection cassette enabling madsisted transformant selection.
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