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Abstract 

Cellulose biosynthesis is a common feature of land plants and involves multimeric 

complexes composed of cellulose synthase A (CESA) proteins and other structural proteins. 

The exact stoichiometry of CESA proteins and interactions among proteins within cellulose 

synthase complex (CSC) is not well understood. Therefore, cellulose biosynthesis inhibitors 

(CBIs) are useful tools in decoding fundamental aspects of cellulose biosynthesis. Here, I 

characterize the CBI indaziflam, with a unique mode of action for resistance management, 

which prevents plant growth by inhibiting cellulose biosynthesis.  

Arabidopsis thaliana indaziflam resistant mutants were identified through forward genetic 

screening. Since indaziflam is also active in moss Physcomitrium patens, a forward genetic 

approach to screen indaziflam resistance was applied on P. patens, and positional cloning 

combined with next-generation sequencing revealed two point mutations in CULLIN1 

(CUL1) and AUXIN/INDOLE-3-ACETIC ACID INDUCED (Aux/IAA) which both are involved in 

auxin signaling pathways. The mutants were also cross-resistant to synthetic auxin 2,4-D. 

It is predicted that indaziflam affects plant growth and development and impacted the 

production and remodeling of plant cell wall directly or indirectly.  

Moreover, to gain insight into the nature of the protein composition of CSCs, I employed a 

strategy called Biotin identification (BioID), aimed at identifying proximate and vicinal 

proteins in vivo associated with CESAs in P. patens. I generated multiple BioID-CESA 

translational fusions by homologous recombination to identify biotinylated proximate 

proteins. Due to limitations, including but not limited to different behaviors of fused 

proteins tagged at the C- or N-terminus, decreased expression level, longer incubation time 

with biotin, higher incubation temperature, and large size BirA* tag, I was not able to 

identify any interacting proteins. 

Another finding of this thesis is that P. patens can be used to produce known natural 

products that are difficult to obtain by chemical synthesis. An in vivo combinatorial 

biosynthesis approach was pursued in P. patens to obtain rare cannabinoids with beneficial 

biological activity. The outcome was to produce rare cannabinoids and some pathway 
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intermediates. This idea's other significant result is designing different drug-candidate-

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

 

Keywords: Physcomitrium patens; Cellulose biosynthesis inhibitor (CBI); BioID; Auxin; 

combinatorial biosynthesis 
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Chapter one: Introduction and literature review  

1.1 Plant cell wall biology  

Finding renewable forms of energy that can compete with fossil fuels has been a significant 

scientific challenge. One push has been towards using non-food, biomass crops that can 

be used to produce energy from cellulose and other cell wall polysaccharides rather than 

seed starch  [1, 2]. Plant biotechnology can enhance the energy density of biomass species 

and improve biomass conversion to biofuels. Biomass conversion to biofuels involves 

harvesting the biomass,  drying it, and transporting it to a cellulosic ethanol refinery where 

it turns the cellulose, hemicelluloses (HCs), and pectin into fermentable sugars. The term 

saccharification denotes the process of enzymatic bioconversion of cellulose into 

fermentable sugars. Cellulose represents a significant source of fermentable sugars in 

lignocellulosic biomass. Biotechnological applications focused on reducing the 

recalcitrance of cellulose to enzymatic digestion have received major attention. The 

extensive hydrogen bonding between glucan chains in native cellulose is a major 

recalcitrance source [3]. Unfortunately, the combined costs of hydrolytic enzymes and 

biomass pretreatments have caused cellulosic feedstocks to be far more costly than starch 

for biofuel production [4]. With these challenges in mind, a long-term goal has been to 

manipulate the biosynthetic processes via genetic engineering strategies to understand 

the cell wall biosynthetic process and alter cellulose structure to reduce its recalcitrance 

to chemical and enzymatic hydrolysis.  

 

1.2 The plant cell wall  

The natural structure and chemistry of plant cell walls fulfill a vast range of functions, 

including the ability of cells to expand, become rigid, provide structural support and 

mechanical stability, transport water over great distances, protect plants from biotic and 

abiotic stresses, provide cell-cell communication and support growth and cell shape 

changes [5, 6]. Without cell walls, plants would be pliant piles of cells, more like molds than 

the trees and other greenery that grace our planet [7]. The plant cell wall's physical 

features are evident when a cell adopts its characteristic shape and size. For example, 
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during cell elongation, cell walls must be strong in the lateral areas but flexible in apical 

areas to enable cell expansion [8]. In general, the cell wall can be compared to the building 

block of the plant organism. Indeed, it is impossible to conceive of a viable plant cell 

without its cell wall. Furthermore, cell walls are the central storage of the energy from 

photosynthesis and most fixed carbon sources on earth [8].  

In general, plant cell walls belong to one of two classes: primary and secondary cell walls. 

Primary cell walls (PCW) differ from secondary walls (SCW) in both composition and 

function [9]. Every plant cell makes a PCW early in its life during cell division and 

throughout cell growth [10]. All PCWs contain cellulose and a matrix of hemicelluloses and 

pectins, with some structural proteins [11]. In addition to PCWs, all plants deposit a thick 

and rigid SCW after cell growth has been completed. The SCW contains cellulose, 

hemicellulose, and lignin. The SCW is also the main component of wood cells found in 

trees. The hemicellulose in the PCW of dicots is mostly xyloglucans, while xylans are the 

major hemicellulose in SCW [12], and PCW contains considerably more pectins and 

proteins compared to SCW [7].  

Cellulose is a homopolymer of glucose that is synthesized by plants and some bacteria.  

ɰeta-1,4 -glycosidic bonds join these monomers to form very long glucan chains (made up 

of thousands of glucose monomers). Extensive hydrogen bonding between glucan chains 

results in a water-insoluble, rigid, semi-crystalline polysaccharide [13]. Glucan chains are 

arranged in fibrillar units, which are further assembled as microfibril bundles [14, 15]. The 

key enzyme involved in the process of cellulose biosynthesis is called cellulose synthase A 

(CESA), which is a uridine diphosphate- -hD-sugar (UDP-sugar) dependent ̡ -

glycosyltransferase [16], and it belongs to the processive glycosyltransferase (GT) II family, 

which also includes chitin and hyaluronan synthases. GT II family enzyme can 'invert' the 

stereochemistry of the donor UDP-sugar's anomeric (C-1). Thus cellulose synthase 

ƎŜƴŜǊŀǘŜǎ ʲ-linked UDP-ƎƭǳŎƻǎŜ ŦǊƻƳ ǘƘŜ ʰ-linked UDP-glucose (Figure 1.1). A catalytic 

aspartate (D) acting as a base, a DxD motif required to complex metal ions to bind UDP-

glucose, a QxxRW motif (Q369, R370, V371, R372, and W373) in the glucan binding 

domain, and an additional D are the characteristic features of all CESAs [17]. Finally, it is 
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well accepted that elongation of the glucan chains occurs at the non-reducing end of the 

chain, supported by silver labeling experiments [18] and x-ray crystallography data [19]. 

 

 

Figure 1.1: The putative mechanism for glycan synthesis. This mechanism needs two catalytic carboxylates. 

One to activate the acceptor species (D) and one to a divalent metal ion associated with the sugar (DXD) 

(Adapted from [16]). 

 

CESA proteins function together as cellulose synthase complexes (CSCs) in the plasma 

membrane (Figure 1.2A) with a total of 25-30 nm diameter. The CSC asymmetrical rosette 

structure contains six globular protein complexes (Figure 1.2B) [20, 21]. Each lobe of the 

CSC rosette has a similar structure to CESA subunits [22, 23]. Recent studies have shown 

that 18, 24, or 36 CESA proteins per CSC may mediate microfibrils' synthesis with a 

corresponding maximum number of cellulose chains [24]. Seed plants contain six 

functional and phylogenetic classes of CESA proteins, three for PCW synthesis and three 

for the lignified SCW synthesis of tracheary elements and fibers [25]. Any mutations of 

secondary CESA genes cause a distinctive irregular xylem phenotype and collapsed xylem 

tracheary elements, and weak stems [26].  

In the model plant, Arabidopsis thaliana, there are ten genes (AtCESA1-10) encoding CESA 

proteins [27]. Combined biochemical and genetic studies suggest three CESA genes, CESA4, 

CESA7, and CESA8, are necessary for cellulose deposition during SCW formation and 

interact directly [25]. Related evidence also suggests that CESA1, CESA3, and CESA6 are 
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essential CSC members of PCW [28]. CESA2, CESA5, and CESA9 have partial redundancy to 

CESA6 [28, 29]. By comparison, there are 12 CESA genes in maize [30], 18 genes in poplar 

[31], and eight genes in barley [32]. 

Three CESA isoforms in both primary and secondary wall rosette CSCs are equally 

consistent with 18 CESAs (three per lobe) in a 1:1:1 ratio (Figure 1.2B) [33]. As cellulose is 

synthesized, CSCs slide within the plasma membrane (PM) underlying cortical microtubules 

(CMTs), which can be detected by live-cell imaging of fluorescent protein-tagged CSCs [34]. 

Understanding CSC dynamics during cellulose synthesis, trafficking of CSCs to and from the 

plasma membrane (PM), and uncovering CSC proteins' roles and some other proteins that 

impact cellulose synthesis are some of the most critical aspects of cell wall biology. 

Plants are expressing different CESA isoforms, which often are not functionally equivalent 

[35]. The isoforms interact, possibly by forming heterotrimeric complexes [35]. Conserved 

residues mapping of the three isoforms reveals that the plant conserved region (PCR) and 

transmembrane (TM) region's complex interfaces are nearly identical [35]. Reconstitutions 

of single CESA isoforms from Physcomitrium patens and Populus tremula x tremuloides 

revealed that single isoforms with no additional plant-derived factors could be sufficient 

to form cellulose fibers resembling authentic wall micro-and microfibrils (CMFs) [36, 37]. 

Plant CESA contains three distinct regions that mediate oligomerization: the N-terminal 

domains (NTDs), PCR, and class-specific regions (CSR). NTDs form extended cytosolic 

structures with a RING-like domain with the hypervariable regions. PCR is inserted into the 

catalytic glycosyltransferase domain, and CSR follows a conserved substrate-binding motif 

near the active site [8, 33]. A cryo-electron microscopy (cryo-EM) structure revealed a CESA 

trimeric complex in the formation of CMF in SCW during cellulose biosynthesis [35, 38]. 

The data shows CESA trimer complexes produce cellulose chains containing three glucan 

chains to align with CMFs synthesized by a six CesA trimers rosette and assemble into 

microfibrils containing 18 cellulose chains [35]. 

The length of individual glucan chains differ in cell types and plant species, but in general, 

it can be from 1000-8000 (PCW) to as much as 16000 (SCW) glucose molecules in length 

[39]. Researchers speculated an analogous pore structure present in plant CESA, which 
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might be responsible for positioning the glucan chain's correct hydrogen bonds to emerge 

the CESA into the cell wall [40]. Based on this assumption, mutations within the 

transmembrane helices of plant CESAs could affect glucan chain threading and microfibril 

crystallization. Both glucan chain length (degree of polymerization) and hydrogen bonding 

(degree of crystallization) are two fundamental properties of cellulose that affect its 

enzymatic hydrolysis [41]. 

 

 
 
Figure 1.2: Schematic Structure of a CESA Protein and a CSC in Arabidopsis. (A) Domain structure of a CESA. 

The intracellular N-terminal domain contains a Zn binding domain and a variable region (VR) followed by two 

transmembrane domains. Two conserved regions (CR1 and CR2) flank on both sides by large cytoplasmic 

central catalytic. The cytoplasmic C-terminal 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 isoforms (Adapted from [42]). 

 

1.3 Moss as a model for understanding 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]. 
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Physcomitrium patens live in open habitats and colonize damp soil or dry areas; these 

environments can be exposed to varying light conditions (Figure 1.3A-E)[44]. Opposite of 

flowering plants, in moss, the gametophyte 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 1.3D). They germinate, grow, differentiate, and produce callus-like buds that 

develop into gametophores, an upright haploid leafy shoot. The moss life cycle's vegetative 

stage avoids any genetic instabilities and allows stable production [45]. 

 

 

Figure 1.3: Habitus and laboratory culture of Physcomitrium patens. (A) Natural Physcomitrium patens 

population covering rocks near Toronto, Canada. (B) Close-up of the 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) Filamentous protonemata are growing on a solid medium in a Petri dish. (E) 

Gametophytes are growing on peat pellets in a glass jar. 
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Leafy shoots differentiate in the haploid generation, and the gametophytes, i.e., pollen 

tubes and embryo sacs, are part of the haploid plant 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 helical pattern around it. Along with aging gametophore, 

rhizoids grow from the stem base. The monoecious moss carries both sex organs on one 

single gametophore and self-fertilize. Archegonia and antheridia differentiate at the tips of 

the leafy shoots to form eggs and 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 (Figure 1.3B), which eventually 

breaks open irregularly to release the spores [44, 46, 47].  

Physcomitrium is a small plant that can grow in controlled laboratory conditions on simple 

media (Figure 1.3C)[48]. The dominant haploid gametophytic generation makes 

Physcomitrium an excellent model organism for genetic studies since mutations' 

phenotypic effects can be observed directly in the progeny. On the other hand, 

Physcomitrium has the highest reported ratio of homologous recombination to non-

homologous recombination of all land plants. The favorable result of Physcomitrium to 

mutagenesis makes the moss an attractive organism for reverse genetics [49, 50].  

Many moss genes have been isolated and disrupted, and sequenced genes (ESTs) projects 

are ongoing, and P. patens is the most suitable moss for genetic comparisons with the 

flowering plants [46]. Many gene families present in A. thaliana are also present in P. 

patens, hence most likely in their common ancestor. This allows for direct comparisons of 

gene sequences and comparative gene function [51, 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 water-conducting cells, and 
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leptoids are sugar-conducting cells. Unlike the cells in the vascular tissue of higher plants, 

these cells lack lignin [53].  

Mosses have diverged from the lineage leading to vascular plants nearly 500 MYA [54] and, 

thus, hold a phylogenetically informative position. Although mosses are simpler than 

vascular plants, many moss features are similar to those of tracheophytes, and 

development processes are analogous to vascular plants, and the majority of genes are 

homologous to vascular plant genes, too [55]. 

Physcomitrium patens can be genetically engineered to knock out the genes responsible 

for undesirable post-translational modifications [45]. Additionally, it is feasible to target 

any gene of interest to a well-known naturally highly expressed locus. For all these reasons, 

P. patens provides an ideal system of choice for basic molecular, cytological,  

developmental questions and the heterologous expression of proteins and metabolites 

[45].  

 

1.4 The evolution of land plants and preadaptation 

Using a bryophyte model, Physcomitrium patens allows comparative genomics to 

understand evolutionary processes that allowed land plants to thrive and become 

successful. Bryophytes are the earliest branching land plant lineages, representing the 

closest existing plants to all land plants' ancestors [56]. It is crucial to understand the 

evolutionary processes that allowed the first land 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 (Figure 1.4)[57]. Some suggested liverworts are 

the earliest branching lineage and sister to all other land plants [58]. 

In contrast, others suggested that all three bryophyte lineages, mosses, liverworts, and 

hornworts, were monophyletic [59]. 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 adaptations. As a 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 
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higher and more rapid temperature fluctuations. So, to make a move 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 biosynthetic pathway components were established in charophytes before 

conquesting the land [56]. The evidence for auxin biosynthetic origins in the charophytes 

is based on relatively low protein homology scores and questionable phylogenetics [60]. 

This finding proved that while charophytes contain auxin, the ability to regulate growth 

and development through auxin conjugation was a land plant-specific adaptation [61].  

Other than hormone-mediated 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 charophytes [62]. For example, lignin-like polymers present in 

bryophytes as a critical evolutionary change allowing lignin synthesis a necessary 

adaptation in vascular plants [63]. Charophytes have also been known for having resistant 

cell walls, tolerating the high temperature, and the extra structural support required on 

land [64]. A study by Mikkelsen et al. proposed that cell wall polysaccharide complexity 

significantly increased in charophytes before conquering land [65].  

Our knowledge of cellulose production in land plants is from the model angiosperm 

Arabidopsis [38], and most of the cellulose-related components in Arabidopsis have 

orthologs in other plant species [66]. Although these data were derived from seed plants, 

the 'core' components of cellulose synthesis are also present in earlier diverging lineages, 

including mosses (i.e., Physcomitrium), indicating coordinated expression of the genes is 

essential to arrange the synthesis activities.  

Seed plants have larger CESA gene families in comparison to seedless plants. The 

hypothesis can explain this difference: rosettes in seed plants are composed of CESA 

subunits encoded by two or more different genes [67]. Another reason for these 

differences may be the cell-type-specific expression, which reflects functional or regulatory 

specialization. For example, in Arabidopsis thaliana, the genes AtCESA4, AtCESA7, and 

AtCESA8 are expressed during secondary cell wall deposition in vascular tissue. AtCESA1, 
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AtCESA3, and AtCESA6 are expressed in expanding cells during primary cell wall formation 

[25, 68-72]. Based on studies of evolution and functional specialization of CESAs and 

cellulose synthase-like genes (Csls), a variation of CESAs can be required for vascular 

tissues' evolution [67].  

 

 

Figure 1.4: Phylogenetic relationship between land plants and green algae. Not all 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, possibly 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 associated with 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 with land plants. (3) 

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. (Adapted from [73])  

 

The moss Physcomitrium patens (Hedw.) lacks lignified secondary cell walls, which are 

characteristic of vascular plants but have support cells with thick walls called stereids [74]. 

However, their unlignified cell walls contain cellulose, and they also have cells called 

hydroids that conduct water with a thin cell wall and undergo programmed cell death like 

tracheary elements. Unlike in Arabidopsis, the CESA isoforms' specific functions in P. 
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patens are unknown [75]. Additionally, seed plant CSCs contain three CESA isoforms [76], 

whereas CSCs in P. patens might be homo- or hetero-oligomeric [77]. However, these 

features have yet to be determined experimentally. 

Moss has seven CESAs genes that do not cluster with the six CESA clades in seed plants 

based on the phylogenetic analysis [75]. Three pairs show high similarity (PpCESA6 and 

PpCESA7, PpCESA3 and PpCESA4, PpCESA8, and PpCESA10) and three pseudogenes 

(PpCESA1, PpCESA2, and PpCESA11)  [75, 77]. ESTs' relative abundances show expression 

of PpCESA6, PpCESA7, and PpCESA8 are induced by auxin [75] and PpCESA6 for tip-growing 

protonemata, rhizoids, and axillary hairs induction [53].  

Moss CESA genes have isoforms and diversified from seed plants CESAs, but their functions 

are still unknown [75, 77]. Knowing about the functional differences between PpCESAs and 

seed plants can provide us an insight into CSC evolution and the role of each CESA isoform 

in the complex assembly [78]. Analysis of mutations has shown only one of the seven P. 

patens CESA is functional. PpCESA5 is necessary for gametophore formation, and the 

gametophore buds of mutants do not accumulate crystalline cellulose in their cell walls 

and fail to develop and form deformed cell clumps [77]. Also, double PpCESA6/7 knockout 

shows a shorter gametophore [53]. Another double PpCESA3/8 knockout produced fewer 

gametophores, leading to the assumption that they contribute to structural support but 

are not required for morphogenesis [21]. The genes identified as CESA superfamily in moss 

Physcomitrium patens were assigned to CESA and CSL families. Phylogenetic analysis 

confirmed this hypothesis that the CESA and CSL families' divergence predated the 

separation of mosses and vascular plants. There is a similarity in SCW microfibril texture as 

well as convergent evolution between mosses and vascular plants. P. patens midribs 

include hydroid cells to transport water, and stereid cells provide support for aerial organs 

and have thick and cellulose-rich cell walls [75]. Based on previous studies, the genes that 

encode secondary  PpCESA3 and PpCESA8, and primary PpCESA5 are subfunctionalized and 

specialized, so they encode interchangeable proteins. The diversification and duplication 

of CESA, followed by changes in the regulatory elements of primary and secondary CESAs 

in mosses and vascular plants, occurred independently based on phylogenetic studies [75].  



12 
 

1.5 The role of phytohormone signaling in plant cell wall formation  

The size and 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 components. 

These expansions happen either isotropically, in all directions, or anisotropically which 

means a specific directional growth [79]. How cell expansion occurs depends on growth 

effectors such as phytohormones and light. Some of the particular hormones control 

developmental responses. In terms of plant growth and development, these hormones 

and cell wall organizations' importance suggests that synthesis and modification of cell wall 

components and hormone production should be connected directly or indirectly [80]. Over 

the last century, many molecular and physiological studies have shown the link between 

auxin-promoted cell division and elongation to cell wall remodeling [80, 81]. 

Phytohormones play a crucial role in plant growth, development, and stress responses 

[82]. One class of phytohormones, cytokinins (CKs), has a critical role in cell division and 

proliferation during plant development [83], chloroplast division, senescence delay [84], 

and abiotic stress responses [85]. Some evidence suggests Cks are involved in stress 

responses [86]. P. patens is a new diverging land plant encoding proteins involved in 

cytokinin biosynthesis, metabolism, and signaling [87]. It is the only plant that encodes 

both classical and newly identified cytokinin receptors in its genome [87]. There are 20 

different endogenous cytokinins detected in P. patens, and cytokinin-deficient plants 

showed the importance of extracellular cytokinins for bud formation [88]. P. patens' 

development is controlled mainly by evolutionary phytohormones such as auxin, Ck, and 

abscisic acid (ABA) [89, 90]. Cks, in particular, are essential for the evolution of moss' life 

cycle as they induce the production of buds (three-faced apical cells) and the transition 

from protonemic growth to the formation of leafy structure, the gametophore [91]. An 

exogenous Ck application results in an overproduction of buds [92].  

In 2012, Goss et al. showed that CESA5 in moss is upregulated by cytokinin, which also 

induced gametophore development [77]. While cytokinesis is unaffected in Arabidopsis 

cesa mutants, in moss cesa5KO, cell expansion and cytokinesis are disrupted [77, 93]. Yet, 
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cytokinesis defects have been noted in Arabidopsis KOR1 mutants [94], but the role of 

KOR1 in cellulose biosynthesis is still unclear. While CESAs in seed plants are specific for 

primary and secondary cell wall biosynthesis [25, 28, 29], P. patens CESAs seem to be 

specified for primary cell wall biosynthesis in different cell types [75]. The gametophore-

specific phenotype is consistent with the improvement of PpCESA5 expression by 

cytokinin, promoting gametophore initiation. In contrast to PpCESA5, PpCESA6 is 

expressed in tip-growing protonemal filaments, axillary hairs, and rhizoids [53], and its ESTs 

are overrepresented in libraries derived from cultures treated with auxin, which promotes 

caulonema and rhizoid development [75]. These differences in the patterns of functional 

specialization of P. patens and A. thaliana CESAs are consistent with phylogenetic analysis 

showing independent diversification of CESAs in mosses and seed plants [77]. 

 

1.6 From auxin biosynthesis to signaling and transport 

The phytohormone auxin is synthesized in a wide range of streptophyte plants (the most 

basal land plants), seed plants, and some algae species, thus suggesting that some 

components of the auxin signaling pathway might be conserved. There is evidence of 

presenting auxin signaling machinery in Physcomitrium patens identical 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 auxin. [91, 96]. Auxin stimulates the gradual 

transition from chloronemal to caulonemal cells at the tip of protonemal filaments [97]. 

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 caulonema is affected 

by light quality through cryptochrome-mediated changes in auxin sensitivity. Furthermore, 

auxin can influence the development of gametophore shoots and their different organs 

[99].   

Moss EST databases reveal the presence of three genes encoding Auxin/INDOLE-3-ACETIC 

ACID (Aux/IAA) proteins [100], which bind to AUXIN RESPONSE FACTOR (ARF) transcription 
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factors and block them from the upregulation of auxin-responsive genes. The molecular 

function of these components is conserved in land plants [101]. When auxin is present, 

TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX (TIR1/AFB) acts as a co-

receptor with Aux/IAA for auxin. The study of auxin antagonists in angiosperms and P. 

patens suggests that auxin response mediated by TIR1, Aux/IAA, and ARF proteins is an 

ancient mechanism [102]. A recent study has shown that the moss Aux/IAA proteins 

interact with PpAFB (Arabidopsis TIR1 moss homologs) and reduce PpAFB levels, and 

mutations in Aux/IAA genes lead to an auxin-resistant phenotype [100]. On the other hand, 

the genomic analysis uncovered the presence of genes encoding (AUXIN BINDING PROTEIN 

1 (ABP1) and IBA RESPONSES 5 (IBR5) proteins in bryophytes [52], suggesting that the three 

known auxin signaling pathways were present in the last common ancestor of extant land 

plants. 

When auxin binds, Aux/IAA is degraded by a 26S protease through ubiquitination, and ARF 

is then free to act upon auxin-responsive genes. In ABP1 signaling, ABP1 is anchored on 

the external surface of the plasma membrane [103]. The P. patens genome contains 

TIR1/AFB, Aux/IAA, and ABP1 homologs [52], and auxin-resistant mutants in moss have 

shown the same behavior of the TIR1/AFB signaling pathway in Arabidopsis [100].  

The sensitivity of plants to auxin depends on the function of a protein ubiquitin ligase 

complex of the Skp, Cullin, F-box containing (SCF) type. SCF complexes consist of an F-box 

protein, a SKP1 homolog, a Cullin/CDC53 homolog, and a RBX1/ROC1 (RING-box1/ 

regulator of cullins-1) homolog. F-box proteins consist of various protein-protein 

interaction domains, the domain responsible for recruiting specific substrates to the SCF 

complex to target and ubiquitinate protein degradation by the 26S proteasome [104]. 

Two distinct pathways play a role in auxin transport: an active cell-to-cell polar transport 

and a passive distribution through vascular tissue [101]. The polar 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 efflux carrier proteins that enable 

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

characterized: the PIN-FORMED (PIN) proteins [105] and several ABCB and ABCG 

https://www.sciencedirect.com/topics/neuroscience/arf-protein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/arabidopsis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/signal-transduction
https://www.sciencedirect.com/topics/neuroscience/carrier-protein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/apoplast
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transporter protein families [106-108], which are involved in auxin efflux from the cell and 

the AUX1/LIKE AUXIN PERMEASE (AUX1/LAX) proteins are involved in auxin influx [109, 

110]. Four homologs of the auxin influx carriers AUX1/LAX have been detected in 

the Physcomitrium genomes [52]. The influx and efflux carriers are sensitive to several 

inhibitors, such as 1-N-naphthylphthalamic acid (NPA). Treatments with the inhibitors also 

cause changes in the distribution of auxin in the sporophyte and result in abnormal embryo 

development but not in the shoot [111].  

 

1.7 Auxin and crosstalk with other phytohormones 

Auxin interacts with all the other phytohormone pathways and impacts morphogenesis 

[112]. Different hormone pathways affect auxin homeostasis by modifying auxin 

transport, biosynthesis, or signaling components [113]. For example, cytokinins induce the 

expression of IAA3, which has a negative effect on the auxin-signaling pathway at the root's 

transition zone, thus causing auxin-induced cell proliferation instead of differentiation 

[114, 115]. Ethylene also controls auxin levels by changing auxin transporters' expression, 

such as AUX and PIN families and biosynthetic enzymes [116-119].  

Recently, cytokinins were shown to control PIN protein endocytosis and induce their 

degradation in lytic vacuoles [120]. High concentrations of jasmonate also induce PIN2 

endocytosis and degradation [121]. On the contrary, gibberellin signaling and the 

secretory peptides from the GOLVEN family limit PIN trafficking to lytic vacuoles [122, 123].  

Consequently, other than auxin,  many other hormones control auxin efflux and 

the intracellular trafficking of PIN. Since auxin is involved in many aspects of plant growth 

and development, it is not unexpected that auxin regulation turns out to be so complex 

relative to other plant hormones.  

 

1.8 Synthetic auxin herbicides 

Many synthetic small molecules can induce an auxin response. Synthetic auxin herbicides 

are similar to natural auxin IAA. There are five classes of auxinic herbicides: phenoxy-

carboxylic acids (e.g., 2,4-dichlorophenoxyacetic acid); benzoic acids (e.g., dicamba); 

pyridineacids (e.g., picloram, clopyralid); quinolinecarboxylic acids (e.g., quinclorac); and 

https://www.sciencedirect.com/topics/neuroscience/auxin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/permease
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/embryogenesis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/embryogenesis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/homeostasis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anabolism
https://www.sciencedirect.com/topics/neuroscience/cytokinin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-proliferation
https://www.sciencedirect.com/topics/neuroscience/jasmonate
https://www.sciencedirect.com/topics/neuroscience/gibberellin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/intracellular-trafficking
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pyrimidine carboxylic acid (e.g., aminocyclopyrachlor). Binding to receptor proteins 

depends on structural variation in each herbicide molecule [124]. These herbicides are 

more stable and can persist for a longer time, 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 also lethal at higher concentrations as an herbicide 

for weed control [125].  

Due to several reasons, resistance to auxinic herbicides is challenging to evolve because 

genetic alteration in the complex signaling network governed by auxin decreases survival 

range in severe environmental conditions [126, 127]. Also, auxins affect the metabolism 

dynamics in the cells at various levels of the organization, such as endocytosis, cell polarity, 

and cell cycle control. Finally, auxins act in regulatory processes and direct embryogenesis, 

patterning tissues, and new organ formation [128]. 

The auxin mimicking herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) and 1-naphthalene 

acetic acid (NAA) were used in this study. 

 

1.9 Cellulose biosynthesis inhibitors (CBI) as a molecular toolbox to study cellulose 

biosynthesis 

In previous studies, cellulose synthesis was shown to be important in stabilizing tip growth 

in plants [76]. Both pollen tubes and root hairs extend through tip growth, similar to P. 

patens protonemal tissue [129]. Inhibiting cellulose biosynthesis in the cell wall causes loss 

of directional cellular expansion and radially swollen tissues [130]. These combined 

characteristics, leading to swollen tissues and stunted growth, provide a tractable 

phenotype for genetic screens [130].  

Cellulose biosynthesis inhibitors (CBIs) are a chemically diverse group of herbicides that 

reduce cellulose production specifically. Although these molecules interrupt the cellulose 

biosynthetic pathway, the exact mode of action remains vague [131]. 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 cellulose biosynthesis pathway, mutations 

leading to CBI resistance are found primarily in genes involved in cellulose biosynthesis 

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

precise associations between CBIs and CESA are correlative. The responses to chemical 

inhibition have been studied via live-cell imaging thus far. One group of CBIs promotes the 

clearing of CESA from the plasma membrane such as isoxaben, another group stops the 

movement of CSC in the plasma membrane which of 2,6-dichlorobenzonitrile (DCB) is 

categorized in this group, and the third group disrupts the mechanism of the CSC which is 

co-disturbance of both CESA and microtubules [130] (Figure 1.5). This classification is 

based on short-term [14C] radioisotope tracer studies and the incorporation of glucose into 

cellulose [134] and time-lapse confocal microscopy [135]. Interestingly, however, in the 

moss Funaria hygrometrica, the number of rosette structures decreased under treatment 

with the CBI, DCB, as visualized with freeze-fracture electron microscopy [130].   

 

 

Figure 1.5: A Venn diagram showing the three classes of CBIs. The overlapping regions represent how a CBI 

can show a range of modes of action that can pose a challenge to their classification.  

 

The CBI used in this study is indaziflam. The herbicide was introduced by Bayer Crop 

Science and had a photosystem II inhibition value of 9.4 [136]. Indaziflam is an alkylazine 

herbicide used to control annual grasses by eliminating the invasive grasses, increase the 

competitiveness of continuing co-occurring species, and ultimately increase biomass [137]. 
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The mechanism indaziflam controls weeds are different from other CBIs, such as isoxaben. 

Indaziflam has a different molecular target than isoxaben that eventually causes 

differential effects on CESA particle velocity, clearing the plasma membrane in indaziflam 

treated plants [136]. In a dose-dependent manner in Arabidopsis, cellulose production is 

inhibited and a primary mode of action for indaziflam, consisting of inhibition of cellulose 

biosynthesis [136]. Their results do not support that indaziflam has the same action 

mechanism as isoxaben and other CBI like quinoxyphen [136]. Based on these findings, 

indaziflam causes radial swelling and ectopic lignification in Arabidopsis and Poa annua 

treated seedlings. These findings suggest that indaziflam affects a different component of 

the complex cellulose biosynthetic process than other CBIs [136]. Since no published alleles 

confer resistance to indaziflam, its mode of action is still not completely understood. 

 

1.10 The use of Physcomitrium patens as a vehicle for expressing novel compounds  

P. patens has been used to study plant metabolic engineering for a very long time [138]. 

The high efficiency of P. patens homologous recombination among plants has established 

P. patens as a model organism to study gene functions [49, 52, 139]. P. patens are also 

used as a heterologous expression host for recombinant proteins and natural products of 

therapeutic and commercial value [138, 140-143]. P. patens, as a photosynthetic organism, 

can play a role as a biotechnological 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 to microbial host expression for 

biotechnological production, a valuable tool for functional characterization, and an 

alternative industrial-scale production of biopharmaceuticals. The moss P. patens has 

already been recognized as viable for reconstructing heterologous pathways as a 

biotechnological host [146].  

Polyethylene glycol (PEG) mediated transformation of P. patens protoplasts with a 

linearized plasmid is being used as a standard method to introduce heterologous DNA into 

P. patens cells [147]. Multiple insertion sites targeting one single transformation event are 

also another important feature of P. patens [148]. The homologous recombination 
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machinery of P. patens can be applied to assemble multi-fragment constructs with 5  and 

3  flanking sequences and integrate them into the genome. This is a similar methodology 

using S. cerevisiae, although the development of a similar method for P. patens can further 

increase its utility as a plant biotechnological framework [149]. Improvement in targeted 

techniques of large-scale 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 application and optimization of in vivo DNA assembly methodologies can 

significantly improve the potential of P. patens as a biotechnological host species and as a 

photosynthetic chassis for synthetic biology. 

 
1.11 Thesis objectives and hypothesis  

The work outlined in this thesis has focused on using P. patens as a tool to explore basic 

biological questions and exploit the organism for biotechnology applications. I have used 

Physcomitrium patens for a line of inquiry into cellulose biosynthesis using reverse and 

forward genetics techniques. I have also tried to determine how amenable P.patens is for 

reconstituting a metabolic pathway, the cannabinoid biosynthetic pathway from Cannabis 

sativa. 

 

Objective 1 ς Forward genetics to identify possible CBI targets. 

Cellulose synthesis has been investigated through the use of cellulose synthesis inhibitors 

(CBIs) [130]. CESAs and the accessory proteins involved in the CSC are targets for the CBIs, 

which can influence cellulose biosynthesis and may induce a CBI-like mode of action [150].  

In this thesis, I will characterize the effects of CBIs on the deposition of cellulose, explore 

the mechanism by which CESA responds to the CBIs, and identify CBI resistant mutants in 

Physcomitrium patens by using the forward genetic approach. In Arabidopsis thaliana and 

Triticum aestivum, CBI resistance was caused by point mutations in different CESA genes 

(Bonetta, unpublished). I hypothesized that forward genetic screening would identify new 

CBI resistant mutants in moss, similar to A. thaliana and T. aestivum point mutations in 

primary cell wall CESAs, which would alter CBI binding, resulting in CBI resistance. If this 

hypothesis is correct, it will be evident that mutations affecting cellulose production in P. 
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patens are transferable among land plants, and abiotic stress signaling is subject to 

cellulose synthesis, which likely played a vital role in the conquest of land by plants. Also, 

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

better understanding of CBI's mode of action. Functional conservation of the cellulose 

biosynthesis composition has been established across 500 million years of land plant 

evolution. This has been a successful approach that has helped build our understanding of 

the cellulose synthesis pathways likely to be crucial in anatomically simple early land plants. 

The results of this objective will be described in Chapter 2.  

 

Objective 2 ς Identification of CSC components 

Since there is no reliable in vitro assay for cellulose synthase activity from plant material, 

the second objective of this research is to characterize CSC's composition in moss that 

ǿƻǳƭŘ ƘŜƭǇ ǳƴŎƻǾŜǊ ƴŜǿ ŎƻƳǇƻƴŜƴǘǎ ǘƘŀǘ ƘŀǾŜƴΩǘ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘ ȅŜǘ ōȅ ǳǎƛƴƎ ŀ ƳŜǘƘƻŘ 

called biotin identification (BioID). Forward genetic screens have implicated several 

proteins other than CESAs that are part of the CSC. However, this reverse genetics 

approach, BioID, is necessarily limited to testing our hypotheses based on a previous study, 

which has been done on bacteria, yeast, plants, and mammalian cells. Knowing the CSC 

composition should lead to defining a better mechanistic role of non-CESA proteins in 

cellulose synthesis. For example, there is currently no known activator of the CSC. This 

work is discussed in chapter three. 

 

Objective 3 ς The use of moss as a vehicle for cannabinoid biosynthesis. 

Researchers worldwide have chosen moss Physcomitrium patens as the candidate 

organism to produce drug candidates derived from plants, and it has been used as a vehicle 

for the production of pharmaceuticals [113]. Some drugs like cannabinoids are difficult to 

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

original plant. To overcome the public demand, we require a different, efficient production 

system. Combinatorial biosynthesis has already been successfully done for the production 

of compounds such as antibiotics in microorganisms [151]. An in vivo combinatorial 
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biosynthesis approach will be pursued in Physcomitrium, primarily to obtain known natural 

products with useful biological activity such as cannabinoids. A critical aspect of this work 

is to produce not just the most common cannabinoids, also rare cannabinoids and pathway 

intermediates. 

An important additional outcome of this idea is that knowledge gained during the 

establishment of a Physcomitrium strain producing cannabinoids will enable the design of 

several other drug-candidate-producing moss strains, especially within the chemical class 

of cannabinoids. The possibilities of using Physcomitrium as a new production platform for 

plant-derived natural products are novel and exciting. The results of this objective will be 

described in Appendix 1.  
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Chapter two: Forward genetics in Physcomitrium patens identifies 

indaziflam resistant mutants  

 
2.1 Introduction 

Physcomitrium is 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 targeting capabilities mediated by homologous recombinations [49]. As a bryophyte, 

the position of Physcomitrium at the base of the land plant lineage can help understand 

the evolutionary processes for comparative 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 plants [55]. Likewise, the bryophyte's lineage-specific 

features indicate the numerous evolutionary routes can take, and that can prove 

compelling and unexpected facts [55]. For example, the finding of neochrome in 

fern Adiantum capillus-veneris helped with new gene formation in evolutionary processes. 

The neochrome is a chimeric protein in which the N-terminal chromophore binding 

domains from the far-red/red sensing phytochromes are fused with the blue-light sensing 

phototropin [152]. This neochrome arose in the hornworts and is thought to have been 

passed to ferns by horizontal gene transfer [153]. Similar neochrome has also been 

discovered in the green alga Mougeotia scalaris, in 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 in low-light habitats [153]. 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 in the Physcomitrium gene 

discovery. This approach is based on whole-genome sequencing of bulked segregant pools 

to identify mutants and the screen's related phenotypes, which encourages the pursuit of 

the mutants' analysis, particularly in Physcomitrium, for novel gene discoveries given the 



23 
 

novel mechanisms involved in bryophyte signaling pathways and understand some early 

events in land plant evolution.  

This thesis's forward genetic approach is based on single nucleotide polymorphisms (SNPs) 

created by a mutagen. An SNP site where the nucleotide substitution leads to an amino 

acid substitution or otherwise affects a protein is a coding SNP (cSNP). SNPs can occur 

anywhere in genomes, including in coding regions 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 are used, such as in Physcomitrium 

patens the Gransden (Gr) and Villersexel K3 (Vx) ecotypes, the SNP genotyping allows 

identifying the parental origin of regions in the genome. In P. patens, the forward genetic 

screening has taken advantage of identifying thousands of SNPs between the Gr and Vx 

ecotypes.  

The details of the approach used in this thesis and the basic principles and theory behind 

SNP-based mapping will be described in the following sections. This approach deals with 

bi-ŀƭƭŜƭƛŎ {btǎ ό!ҭ.ύ ƛƴ ǿƘƛŎƘ ŀƭƭŜƭŜ ! ƻŎŎǳǊǎ ƛƴ ƎŜƴƻǘȅǇŜ ! όDǊŀƴǎŘŜƴ ŜŎƻǘȅǇŜύΣ ŀƴŘ ŀƭlele 

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, the gametophytes 

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 tips, which then have 

spores through meiosis. The spore-derived 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 separated by recombination 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% assortment in progeny) [89].  
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Figure 2.1: Physcomitrium patens life cycle. 1: Spore dispersed and germination, 2: Protonema development, 

3: New female gametophyte, 4: New male gametophyte, 5: Egg growth, 6: sporophyte development. 7: 

Mature sporangium (Adapted from GraphicsRF.com). 

 

By implementing this positional mapping process on indaziflam (izr) mutants in 

Physcomitrium patens, we aimed to identify novel genes involved in the cellulose 

biosynthesis pathway. The typical wild-type response to indaziflam is characterized by slow 

growth since it blocks cell elongation, which eventually causes cell death. Any mutant in 

which this response no longer 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 biosynthetic process, causes radial swelling and ectopic lignification in 

Arabidopsis thaliana and Poa annua treated seedlings [136].  

Indaziflam is known as a CBI. Investigation of CESA behavior while the plant is treated with 

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 CBI-treated plants that confer resistance to 

https://www.shutterstock.com/g/colematt
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these chemicals, it is possible to learn about the different mechanisms involved in cellulose 

biosynthesis. Chemicals like DCB [155], flupoxam (FPX) [156], indaziflam [136], isoxaben 

(ISX) [157] and, quinoxyfen [158] are widely used as herbicides and contain diverse 

chemical structures (Figure 2.2). The herbicides group includes DCB, and indaziflam cause 

changed motility of CSCs across the plasma membrane. DCB and indaziflam act to 

completely inhibit the CSC movement across the plasma membrane [136, 159].  

Indaziflam, N-[(1R,2S)-2,3-dihydro-2,6-dimethyl-1H-inden-1-yl]-6-[(1RS)-1fluoroethyl]-

1,3,5-triazine-2,4-diamine, is a strong herbicide produced by Bayer Crop Science (U.S. 

Environmental Protection Agency [EPA], 2010), and is used to control broadleaf weeds and 

annual grasses and is effective at low concentrations, and became a desirable candidate 

for widespread use in agriculture. However, to be most effective, indaziflam 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. Brabham in 2014 has shown 

that indaziflam can cause a decrease in CSC velocity and prevent plant growth [136]. The 

evidence for indaziflam's mode of action currently rests with the ixr 1-1 allele, which has 

been shown to confer a low level of resistance against indaziflam [136]. Indaziflam was also 

shown to inhibit the production of cellulose in a dose-dependent manner [136]. Previous 

studies have demonstrated that CBI-resistant A. thaliana strains can be identified through 

forward genetic screening [131, 132, 158, 160][Bonetta unpublished]. However, they were 

not successful in finding a strong resistance to indaziflam, which suggested indaziflam may 

have multiple targets in plants [131] [Bonetta unpublished].  

To characterize the effects of CBIs and the mechanism with the forward genetic approach, 

I will identify CBI-resistant mutants in P. patens. These mutations may alter CBI interaction 

and result in CBI resistance, and I will determine whether the mutations are causing the 

relative changes in P. patens genes and pathways are connected to CBI sensitivity to 

provide a better understanding of CBI's mode of action.  
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Figure 2.2: Cellulose biosynthesis inhibitor structures. Chemical structures are from  www.chemspider.com. 

 

2.2 Materials and Methods 

2.2.1 Physcomitrium strains and growth conditions 

Physcomitrium parens wild-type ecotypes Gransden and Villersexel (V3) were used for all 

experiments and observations. All samples of P. patens were grown on the media called 

BCD and BCDAT (BCD medium supplemented with 5mM ammonium tartrate), 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 

plates and incubated approximately at 21-25°C under continuous illumination at 50ς80 

mmol/m2/s supplied by white fluorescent tubes. The plants were subcultured by 

homogenizing tissue in 4-6 ml sterile water with a PowerGen 125 grinder equipped with 

Omni International hard tissue Omni disposable tip probes (USA Scientific, Ocala, 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 16°C [161] in 8 hours light and 

16 hours dark at 50ς80 mmol/m2/s (Adapted from [162]) on sterile peat pellets (Jiffy-7, 42 

mm). 

 

Table 2.1: Media for culture and transformation of P. patens [163].  

*  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 the wild-type 5-т Řŀȅǎ ƻƭŘ ŎƘƭƻǊƻƴŜƳŀƭ ǘƛǎǎǳŜ ǿŀǎ ŘƛƎŜǎǘŜŘ ǳǎƛƴƎ н҈ 5ǊƛǎŜƭŀǎŜϰ 

(Sigma-Aldrich) solution, which was dissolved in 50 mL 8.5% D-mannitol. Protoplasts were 

isolated by treating 5 to 7 days old protonemata with 0.5% (w/v) Driselase (Sigma Chemical 

Co., Dorset, UK) in 8.5% (w/v) mannitol solution for 30-60 minutes. 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 bath; protoplast 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 days at 25°C with continuous light at 50ς80 

mmol/m2/s [162].  

Solution BCD  

(per L) 

BCDTA  

(per L) 

PRMB 

(per L) 

PRMT  

(per L) 

PRML  

(per L) 

MgSO4 7H2O 0.25 g 0.25 g 0.25 g 0.25 g 0.25 g 

KH2PO4 (pH6.5) 0.25 g 0.25 g 0.25 g 0.25 g 0.25 g 

KNO3 1.0 g 1.0 g 1.0 g 1.0 g 1.0 g 

FeSO4 7H2O 12.5 mg 12.5 mg 12.5 mg 12.5 mg 12.5 mg 

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 7.0 g  7.0  g 8.0 g 5.0 g - 

CaCl2 solution 
55.5 g/L (sterile) 
Add after autoclaving 

1.0 mL 1.0 mL 10 mL 10 mL 10 mL 
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Cellophane dƛǎƪǎ ǿŜǊŜ ǘƘŜƴ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ./5!¢ ƳŜŘƛŀ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ нл ˃a ƻŦ 

different CBIs listed in table 2.2. This represents an in-house CBI collection compiled by 

screening Arabidopsis plants on a 20000 compound collection from Cambridge Corp. for 

cellulose deficient phenotypes and validation by cell wall cellulose content (Bonetta, 

unpublished). The CBI screening concentration was determined based on the 

concentration that has growth effects on Arabidopsis thaliana (Bonetta et al. unpublished) 

and wild-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-response curve 

Growth curves must be completed on wild-type plants using CBIs to establish the screening 

conditions and test whether CBIs affect protonemal tip growth and cell wall regeneration, 

affecting phenotype and influenced growth in Physcomitrium patens. Therefore the 

ƎǊƻǿǘƘ ŎǳǊǾŜǎ ǿŜǊŜ ŎƻƳǇƭŜǘŜŘ ƻƴ ŘƛŦŦŜǊŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΤ л ˃a όŎƻƴǘǊƻƭύΣ ƻƴŜ ˃aΣ 5 ˃ aΣ 

10 ˃ aΣ нл ˃aΣ ŀƴŘ ол ˃a ŦƻǊ ǿƛƭŘ-type plant. Samples with a zero herbicide concentration 

contained a solvent equal to the highest herbicide concentration.  

It was ŦƻǳƴŘ ǘƘŀǘ ǘƘŜǊŜ ǿŀǎ ƛƴŎƻƳǇƭŜǘŜ ƻǊ ƴƻ ƎǊƻǿǘƘ ŀǘ нл ˃aΣ ǿƘƛŎƘ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ 

нΦрΦ ¢ƘŜǊŜŦƻǊŜ нл ˃a ǿŀǎ ŎƘƻǎŜƴ ǘƻ ǎŎǊŜŜƴ ǘƘŜ ƳǳǘŀƎŜƴƛȊŜŘ ǇǊƻǘƻǇƭŀǎǘǎΦ CBI treatment of 

P. patens was carried out by transferring 5-day-old previously described regenerated 

protoplasts to solid BCDAT media supplemented with 20 µM of 32 CBIs listed in table 2.2 

and incubating for two weeks, and digital photographs were taken [164]. 

 

2.2.4 Creation and screening of izr mutants by UV mutagenesis and indaziflam screen 

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 cellophane disks. The protoplasts were 

ŜȄǇƻǎŜŘ ǘƻ нрΣллл˃WΦŎƳ-2 ultraviolet radiation (280 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 mechanism. Then the plates were 
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incubated at 25°C, under continuous illumination, and allowed to regenerate. This 

treatment resulted in 10-20% of the irradiated protoplasts surviving and regenerating as 

protonemata. After five days to enable cell wall regeneration, the cellophane bearing the 

embedded regenerants was transferred to plates containing standard BCDAT-agar 

medium (1mM CaCl2, no mannitol) supplemented with 20 µM indaziflam for four weeks. 

By that time, izr mutants were distinguishable and could be routinely subcultured.  
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Table 2.2: List of CBIs tested in Physcomitrium patens 

 

2.2.5 DNA preparation and whole-genome sequencing (WGS) 

A DNA purification kit for Solexa was used to prepare genomic DNA for whole-genome 

sequencing. Genomic DNA was collected from stable izr mutants on 20 µM indaziflam. 

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

powder. Ground plant ǘƛǎǎǳŜ ǿŀǎ ƳƻǾŜŘ ǘƻ ŀ мΦр Ƴƭ ǘǳōŜΣ ŀƴŘ слл ˃ƭ ƻŦ /Ŝƭƭ [ȅǎƛǎ Solution 
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(Qiagen®, Cat#158906) was added. The solution was mixed and incubated at 65°C for an 

ƘƻǳǊΦ !ŦǘŜǊ ƻƴŜ ƘƻǳǊΣ мΦн ˃ƭ ƻŦ мл ƳƎκƳƭ wbŀǎŜ ! ǎƻƭǳǘƛƻƴ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǘǳōŜΣ ƳƛȄŜŘ 

by inversion, and allowed to incubate at 37°C for an hour. After the sample was settled 

ŀƴŘ ŎƻƻƭŜŘ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΣ нлл ˃ƭ ƻŦ tǊƻǘŜƛƴ tǊŜŎƛǇƛǘŀǘƛƻƴ {ƻƭǳǘƛƻƴ όvƛŀƎŜƴϯΣ 

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 sample was centrifuged 

at 13,000 rpm for 10 minutes at 4°C. 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 repeated three more times to ensure DNA 

ǇǳǊƛǘȅΦ ¢ƘŜ ǇǳǊƛŦƛŜŘ ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ Ŧƛƴŀƭ мΦр Ƴƭ ǘǳōŜ ŎƻƴǘŀƛƴƛƴƎ слл ˃ƭ ƻŦ 

cold 100% isopropanol and mixed by inversion 50 times. The tube was centrifuged at 

13,000 rpm at 4°C to collect the genomic DNA pellet. The supernatant was discarded, and 

ǘƘŜ ǇŜƭƭŜǘ ǿŀǎ ǿŀǎƘŜŘ ǿƛǘƘ олл ˃ƭ ƻŦ тл҈ ŜǘƘŀƴƻƭΦ !ŦǘŜǊ Ŧƛƴŀƭ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŀǘ моΣллл ǊǇƳ 

at 4°C for 5 minutes, the 70% ethanol supernatant was discarded, and the DNA pellet was 

air-dried for approximately 30 minutes. ThŜ ƎŜƴƻƳƛŎ 5b! ǇŜƭƭŜǘ ǿŀǎ ǊŜƘȅŘǊŀǘŜŘ ƛƴǘƻ нр ˃ƭ 

of 10 mM Tris buffer (pH 8.0). 

The solution was gently tapped to bring DNA into the solution and rehydrated at 65°C for 

1 hour. DNA concentration and quality were measures using a BioDrop Duo (80-3006-61). 

Whole Genome Sequencing (WGS) was completed by BGI Genomics, using the Illumina 

HiSeq 2500 platform. Sequencing data was compared to the Physcomitrium patens 

Gransden ecotype reference genome to identify SNPs' location across the sequenced 

genome. The identified SNPs were filtered to find SNPs caused by UV mutagenesis (G to A, 

or C to T transitions) located in the DNA coding regions. Data were analyzed using genomics 

tools. Dr. Hossein Lanjanian from Research Institute for Endocrine Sciences, Shahid 

Beheshti University of Medical Sciences, analyzed the WGS data. We have chosen five 

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

most cited based on literature and accept standard alignment input formats. These 

programs have varied 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 patens is a monoicous moss, meaning the plant bears both sperm and egg 

on the same gametophyte and can self-pollinate predominantly in the wild. Crossing 

techniques usually have been used between the Gransden (Gr) ecotype and the genetically 

divergent Villersexel (Vx) ecotype for genetic mapping. Vx is the most divergent amongst 

P. patens and can produce sporophytes upon crossing [167]. Vx displays a Single Nucleotide 

Polymorphism (SNP) rate five to ten times higher than Gr [168]. Also, Vx is the ecotype 

other than Gransden, commonly used in forward genetics studies. Somatic hybridization 

between indaziflam mutants and the Vx wild-ǘȅǇŜ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ t9DπƛƴŘǳŎŜŘ 

protoplast fusion method, with some modifications [169]. Protoplasts were isolated from 

izr mutants, and Vx used the same protoplast isolation procedure as described previously 

and combined the two strains for hybridization. Cells were resuspended in 6 ml 8% 

mannitol at a final cell density of 1 × 106 cells mlҍ1. One milliliter of each cell suspension 

(1 × 106 cells 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 resuspended in 250 ˃ ƭ ƻŦ ǘƘŜ ǿŀǎƘ ǎƻƭǳǘƛƻƴ ŎƻƴǘŀƛƴƛƴƎ уΦр҈ Ƴŀƴƴƛǘƻl and 

10 mM CaCl2. Somatic hybridization was started by adding 750 ˃ ƭ Ŧǳǎƛƻƴ ǎƻƭǳǘƛƻƴ 

(Polyethylene glycol (PEG) MW 6000 50% (w/v), CaCl2 5mM) and mixing gently. After 

40 minutes, 1.5 ml of wash solution was added. After 50 minutes, another 10 ml of wash 

solution was added. A further 10 ml of wash solution was added after 60 minutes. 

Following adding the wash solution, protoplasts were mixed gently and incubated at room 

temperature. Finally, After 70 minutes, protoplasts were centrifuged at 200g for 

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 at 50ς80 mmol/m2/s [162, 170]. After 

5-7 days, cellophane discs were removed and transferred to BCDAT medium 

supplemented with 20 µM 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 experiment were performed between izr 

mutants (with Gr background) and 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 50ς80 mmol/m2/s. Next, the pots 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 

ŦƭǳŜƴŎŜ ǊŀǘŜ ƻŦ нл ˃ƳƻƭκƳ2/s white light for the rest of the experiment [161]. 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 assure complete fertilization. The first visible green 

sporophytes could be observed three weeks after the first watering. The izr mutant plants, 

which had a Gransden strain background, exhibit low levels of male fertility, and 

accordingly, the appearance of developing sporophytes on this strain was generally 

indicative of cross-fertilization by the Vx parent. Spore capsules on the Gransden parent 

were collected when capsules were becoming uniformly dark brown and mature, usually 

2 to 4 weeks later [171]Φ {ǇƻǊƻǇƘȅǘŜǎ ǿŜǊŜ ŀƛǊπŘǊƛŜŘ ƛƴ ǎǘŜǊƛƭŜ ǘǳōŜǎ ŦƻǊ one week before 

storage at room temperature and performing germination assays. Mature sporophytes 

were surface-sterilized with 30% bleach for five minutes, then washed with sterilized water 

4-5 times. Sporangia were broken open in sterile water to make a spore solution. Next, the 

spore solution was spread on BCDAT plates supplemented with 10mM 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 inoculation. After 7-10 

days, the germinated spores were transferred to the BCDAT medium supplemented with 

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

insensitive plants (Figure 2.3).  
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Figure 2.3: (A) Diagram outlining forward genetic screening by UV mutagenesis. (B) Two bulk segregant 
mapping techniques (i) protoplast fusion and (ii) sporophyte cross in Physcomitrium patens. 

 

2.2.7 AFLP analysis of Physcomitrium patens ecotypes 

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 phenotype, and only ones demonstrating the phenotype of interest were 

retained to remove mutations that were not responsible for the phenotype. UV-induced 

mutations and the mutations found in multiple mutants were subtracted to leave only a 

handful of variations to examine in a relatively small portion of the genome. From there, 

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

An amplified fragment length polymorphism (AFLP) marker has been used to detect 

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

to be inverted and then causes a misidentification by SCALPHUNTER [173]. This 

intercalation in the Gransdon genome causes a mutation A113G/G113V, eliminating the 

MseI restriction enzyme site in the Villersexel genotype and the 2-bp difference in 

fragment length between the Villersexel and Gransden alleles [173].  

Primers were used to amplify the allelic fragments from both ecotypes genomic DNA 

(MseI-Forward: AATTCACAATTCGTGGATGCA and MseI-Reverse: 

AGAGGAGGAAATGGTATAGCCATC). About 500 bp DNA amplicon was generated from each 

parental genotype and digested with MseI restriction enzyme (NEB), which showed an 

additional MseI site in the fragment amplified from the Gransden genotype, the existence 

of this restriction enzyme site generates the Gransden-specific AFLP.  

 

2.2.8 Identification of the causal mutation  

Identification of missense mutations in the izr mutantsΩ gene was confirmed 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 modifications [174]. 

Gametophore tissues were frozen with liquid nitrogen to yield fine powder and transferred 

ǘƻ ŀ ǘǳōŜΦ ! рлл ˃ƭ ǾƻƭǳƳŜ ƻŦ /¢!. ōǳŦŦŜǊ ŎƻƴǘŀƛƴƛƴƎ н҈ ǿκǾ /¢!.Σ мΦп a bŀ/ƭΣ мллƴa ¢Ǌƛǎ 

HCl pH 8.0 buffer, and 20 mM EDTA was added to the ground plant tissue. The solution 

ǿŀǎ ƛƴŎǳōŀǘŜŘ ŀǘ ррϲ/ ŦƻǊ ŀƴ ƘƻǳǊΦ !ŦǘŜǊ ƛƴŎǳōŀǘƛƻƴΣ рлл˃ƭ ƻŦ ŎƘƭƻǊƻŦƻǊƳ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ 

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 alcohol were added. 

The solution was mixed by inversion, followed by incubation on ice for 30 minutes. 

Following incubation, genomic DNA was collected by centrifugation for 5 minutes at 

мслллƎΦ ¢ƘŜ ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ŘƛǎŎŀǊŘŜŘΣ ŀƴŘ ǘƘŜ 5b! ǇŜƭƭŜǘ ǿŀǎ ǿŀǎƘŜŘ ǿƛǘƘ тлл ˃ƭ тл҈ 

ŜǘƘŀƴƻƭΣ ŦƻƭƭƻǿŜŘ ōȅ ŀƴ ŀŘŘƛǘƛƻƴŀƭ ǿŀǎƘ ǿƛǘƘ тлл ˃ƭ фр҈ ŜǘƘŀƴƻƭΦ ¢ƘŜ 5b! ǇŜƭƭŜǘ ǿŀǎ 

allowed to dry and then rehydrated in sterilized water [174].  
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The candidate gene's amplification was carried out by PCR using the custom primers from 

mutant, wild-type, and wild-type segregants using Taq DNA polymerase (Takara). The PCR 

fragments contain the mutation site in izr mutant and wild-type segregants. Genomic DNA 

samples were taken from three biological replicates to ensure that the identified mutation 

was present in multiple resistant plants. The izr mutation may create a restriction enzyme 

site. In such a case, the PCR product was cut with the enzyme, and fragments were run on 

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

 

2.2.9 Growth assays 

The izr response was assayed by measuring the growth of explants, small tweezer-picked 

fragments of protonemal tissue inoculated on BCDAT, and 20 µM indaziflam supplemented 

media. Two replica plates were set up in which each was split into three equal sections, 

within which ten explants from each line were inoculated with even spacing. These lines 

included the wild-type Gransden strain, izr6, and izr10. Digital photographs were taken 

every 3-4 days and analyzed using ImageJ software to calculate the mean colony size over 

time [164, 175]. The software converts the digital images to binary format 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 was n=8.  

 

3.2.10 Phenotypic characterization of the P. patens izr mutant lines  

Fresh protonemal tissue was inoculated on BCDAT and BCD medium supplemented with 

various synthetic phytohormones (Figure 2.4) and grown into well-developed 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 hormones. Chemical structures are from www.chemspider.com. 

 

2.2.11 Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis  

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

cytokinin was measured using qRT-PCR to confirm the reliability of the results for the 

dataset. The 15 top genes from auxin and cytokinin pathways were selected, and gene-

specific primers were generated for each (Table 2.3).  

Total RNA from 2-week-old protonema tissue of P. patens grown on BCDAT was extracted 

with TRIzol® based on the protocol [176], and 5µM IAA was used for auxin treatments. One 

˃Ǝ ƻŦ ǘƻǘŀƭ wb! ǿŀǎ ǳǎŜŘ ǘƻ ǎȅƴǘƘŜǎƛȊŜ ŘƻǳōƭŜ-stranded cDNA with a random primer mix 

using M-MuLV Reverse Transcriptase (New England BioLab®). Quantitative RT-PCR was 

performed using a CFX Connect Real-Time System (BIO-w!5ύ ŀƴŘ {ǎƻCŀǎǘϰ 9ǾŀDǊŜŜƴϯ 

Supermix (BIO-RAD), with three independent biological replicates. tǇ9Cмʰ (elongation 

factor 1-alpha, Phypa_439314) was used as a reference gene to calculate the relative 

expression. qRT-PCR standard curves were prepared for each primer set using a series of 

10X dilution, including no-template (NTP) and no-reverse transcriptase (NRT) controls. Five 

µl of the 1/10 diluted cDNA was used, and qRT-PCR reactions were performed for 30 cycles. 

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

values. Oƴ ǘƘŜ ƻƴŜ ƘŀƴŘΣ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǘƘŜ ɲ/ǘ were detected among analyzed (treated) 

and reference (untreated) P. patens ǘƛǎǎǳŜǎ όɲɲ/ǘ Ґ ɲ/ǘǘǊŜŀǘŜŘ ς ɲ/ǘǳƴǘǊŜŀǘŜŘύΦ  
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Table 2.3: List of primers used for qRT-PCR. 

Primer name Sequence Primer name Sequence 

0Ð%&ρɻ-&ȭ ACGCGTTGTTGGCTTTCACTTTG PpGH3-1-F' AGAGATCGTGGAGGACATCA 

0Ð%&ρɻ-R' GTGGTTGCGTCCATCTTGTTGC PpGH3-1-R' CTACTTGCAAGGTCTGGGTTAG 

PpIAA1A-&ȭ  Atccgggagtccgagcttc PpGH3-2-F' CGACAAGTCCTGTTGACATAGT 

PpIAA1A-2ȭ  ggttctgcgcaggaggtg  PpGH3-2-R' CAGACATCTGCTCCACTTCTT 

PpIAA1B-&ȭ  cggtggtcagaatgggtca PpRSL2-F' AGCAGGCTAGAAAGCATCAG 

PpIAA1B-2ȭ  Cccacagtctggttctgcg PpRSL2-R' AGGCTTGAGGTTGGTGTTC 

PpIAA2-&ȭ   tgccttgggactggttcatc PpRSL1-F' GGACCAAACTGGATCGATGAATA 

PpIAA2-2ȭ   cacagcaccttgggctttca  PpRSL1-R' TGGTGAGCTAAAGCACTGATAC 

PpAUX1-F' TGGAGGTCACGGAATCACCATC PpSOUR-F' CTCTAGCGCTACCTCCAATTC 

PpAUX1-R' ACACTGTCACTGCTATGCACAC PpSOUR-R' TGCGAACATCAGTCCTACTTC 

PpARFa8-F' CAGATGAGTCAGGAGCAACTTGAG PpCUL1-06-F' GAGGCGATCGAGGATACAC             

PpARFa8-R' ATTCGACGTGTTCACAGGAGACG PpCUL1-06-R' GCACTTTTGTCAAAGAGCAGC           

PpARFa6-F' CAGATGAGTCAGGAGCAACTTGAG PpCUL1-05-F' CAAACAAGCTGAAGATGCAGTC          

PpARFa6-R' ATTCGACGTGTTCACAGGAGACG PpCUL1-05-R' CAATCACCTTTCGCACAAAGAC          

PpRSL4-F' TCAAACGGCCGAAACATTCTACG                   PpCUL1-16-&ȭ GTGAAGCAAGCTGAAGATGCT       

PpRSL4-R' CAGCTCCGCTCCTTTCAGAATATG PpCUL1-16-R' GACCTTCCGCACAAAGGC 

 

 

2.3 Results 

2.3.1 Morphological analysis of CBI screen 

P. patens germinates from either a haploid spore or a protoplast. There are two different 

cell types in P. patens, chloronemal 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 cell elongation at the tip [177, 178]. Protonemal filaments of P. patens extend 

by apical cell division and tip growth, branching to form colonies [97]. These filaments are 

characterized by rapid wall synthesis and a polarised structure from the first regenerated 

cells [179].  

The result for testing the in-house CBI collection at 20 ˃a ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻƴ ǇǊƻǘƻǇƭŀǎǘ 

regeneration in wild-type moss is summarized in table 2.4, shown in figure 2.5. The 

concentration has been chosen based on the growth effects on Arabidopsis thaliana 

(Bonetta, unpublished). This experiment helped us to determine possible compounds for 
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the CBI screens. The regeneration response to different CBIs was varied. Some CBIs did not 

affect growth and development compared to control, and for some of the CBIs, moss was 

very sensitive and died. On the other hand, some CBIs had effects on the chloronemal 

tissue development and caused a bids-like phenotype. Based on previous studies on 

protoplast tip growth and the cell wall formation [177-179], and based on the fact that CBI 

is targeting cell wall synthesis components [129, 131], I believe that in the affected plants 

by the CBIs, the polarized tip growth was disrupted and cells are unable to regenerate the 

cell wall.  

Since among all CBIs, indaziflam can inhibit cellulose production [136], and A. thaliana 

mutants showed a decreased sensitivity to the auxin mimicking herbicide, 2,4-D [180], it 

was predicted that a cell wall-related 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 2.4: Effect of CBI collection of P. patens growth 

Growth effect of P. patens CBI Name 

No effect (normal growth) CBI5, CBI8, CBI9, CBI14, CBI15, CBI19, CBI26 

Abnormal growth 

 

CBI3, CBI17, CBI21, CBI23, CBI31, CBI34, CBI36, CBI37, CBI41, 

CBI42, CBI45, indaziflam, CMC, DCB, DPC, Quinoxyfen, TBC 

No growth or death CBI18, CBI27, CBI32, CBI33, CBI38, CBI43 
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Figure 2.5: CBIs collection testing on WT plant: A: No CBI, B:CBI3, C:CBI5, D:CBI8, E:CBI9, F:CBI14, G:CBI15, 

H:CBI17, I:CBI18, J:CBI19, K:CBI21, L:CBI23, M:CBI26, N:CBI27, O:CBI31, P:CBI32, Q:CBI33, R:CBI34, S:CBI36, 

T:CBI37, U:CBI38, V:CBI41 W:CBI42, X:CBI43,Y:CBI45, Z:indaziflam, AA:CMC BB:DCB, CC:DPC DD:Quinoxyfen 

EE:TBC (Scale bars: 100µm) 
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2.3.2 Indaziflam non-responsive mutants displaying strong indaziflam resistance 

Sunlight contains three UV categories based on the respective wavelength: UV-A (320 to 

400 nm), UV-B (290 to 320 nm), and UV-C (<290 nm). UV-B and UV-A can effectively reach 

the earth's surface while UV-C is filtered out in the atmosphere [181]. UV-A radiation has 

less DNA damaging effect since native DNA cannot absorb it. However, UV-A and visible 

light energy (up to 670 - тлл ƴƳύ Ŏŀƴ ŘŀƳŀƎŜ 5b! via indirect photosensitizing reactions-

mediated reactive oxygen species (ROS) generation, especially singlet oxygen (1O2) [182]. 

UV-C has the maximum absorption by DNA and is the most potent mutagen [183]. UV 

produces DNA damage via a direct or an indirect mechanism. The 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 as 8-hydroxydeoxyguanosine-triphosphate (8OH-

dGTP), and causes oxidative base damage [183, 184].  

UV-C was used to induce mutation in the Gransden background protoplasts. Mutations 

affecting herbicide growth responses were identified by the germination of the protoplasts 

on indaziflam-containing media. If wild-type protoplasts or protonemal explants are 

regenerated in the presence of indaziflam, the cells show a characteristic change in growth 

pattern. Changes in growth patterns were characterized by cellular differentiation 

producing small, round, thick-walled cells in which cell expansion is suppressed (Figure 

2.6), the development of chloronemal cells disrupted, and the protonemal tissue was not 

developed which leads to cell death. Some plants show a highly reduced growth rate with 

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

In such a way, the indaziflam non-responsive mutants have a typical growth rate despite 

the presence of indaziflam, which contrasts with the wild-type 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-responsive (izr) phenotypes were isolated.  
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Figure 2.6: Wild-type response of developing protonemal tissue to 20 µM indaziflam (Scale bar: 100 µm) 
 

 

2.3.3 Indaziflam resistance screen yielded 46 izr mutant lines  

Approximately 5,000,000 protoplasts from 11 pools were screened on 20µM indaziflam. 

All protoplasts with at least a minor decrease in sensitivity were selected as potential izr 

mutants. In total, 112 potential izr explants were selected and moved to BCD medium after 

4-6 weeks of growth on indaziflam supplemented media to grow to maturity. Of the 112 

potential izr explants, 46 lines grew to maturity. Of the 46 possible izr lines, 16 lines were 

not able or delayed to produce aerial gametophore tissue (Figure 2.7). Failing in 

developmental transition in protonema and leafy gametophore formation can indicate a 

defect in the phytohormone signaling pathway [185]. The phenotype of some of the izr 

lines which were not able or delayed to produce gametophore tissue was quite similar to 

auxin (ŀǳȄκƛŀŀɲ) [100] and cytokinin [186] mutants.  

Auxin and cytokinin play an essential role and antagonistic activity in the root and shoot 

development of Physcomitrium patens [100]. Wild-type chloroplast-rich chloronemal cells 

in moss divide and form elongated caulonemal cells, producing buds and developing into 

leafy gametophores with brown-pigmented rhizoid filaments [96]. Auxin promotes the 

differentiation of chloronemata, which is a chloroplast-rich filament into elongated 

filaments with fewer chloroplasts called caulonemata, at the protonemal stage, while 

cytokinin is involved in the regulation of the Aux/IAA gene [100]. In contrast, at the stage 

of leafy gametophore formation, auxin stimulates stem elongation and rhizoid 

development [187]. Previous studies by Estelle et al. have shown the auxin-resistant (aux) 

mutants cannot transit from the primary chloronemal to caulonema stage, or this process 
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happens with a delay compared to wild-type and exogenous auxin increases this transition 

and converts gametophore tissues to rhizoid cells. Some mutants also fail to form leafy 

gametophores unless they are treated with exogenous cytokinin [188, 189].  

Figure 2.8  shows two resistant lines on a range of indaziflam concentrations (zero as a 

control to 50 µM). Selected indaziflam non-responsive putative mutants were compared 

to wild-type plants on 1µM, 5, and 10µM 2, 4-D, NAA, and cytokinin. 

Of those izr mutants with growth defects, only izr10 was resistant to all three 

phytohormones and chosen for further analysis. Of the izr mutants exhibiting normal 

phenotype compared to wild-type, izr6 showed strong resistance to NAA, 2,4-D, and 

cytokinin.  

Prioritized mutants were prepared for whole-genome sequencing and 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. 

 

 

Figure 2.7: Flow chart of the "izr mutant screen." Five million UV-mutagenized wild-type protoplasts from 11 

pools were screened on the indaziflam.  

5,000,000 protoplast from 11 pools

112 putative mutants transferred to BCD

46 explants grow to maturity

66 died on BCD

30 without defect 16 with defect (5 lost)

2 NAA/2,4-D resistant, strong 
(izr6, izr32)

3 cytokinin resistant, strong 
(izr39, izr13, izr6)

1 NAA/2,4-D and cytokininresistant 
(izr6)

2 NAA/2,4-D resistant, weak 
(izr23, izr15)

1 cytokinin resistant, strong 
(izr10)

1 NAA/2,4-D and cytokininresistant 
(izr10)

4 NAA/2,4-D resistant, weak 
(izr5, izr1, izr41, izr11)

5 cytokinin resistant, weak 
(izr30, izr28, izr40, izr2, izr18)

3 NAA/2,4-D resistant, strong 
(izr8, izr10, izr43)

3 no gametophore formation 
(izr8, izr12, izr31)

8 delayed gametophore formation 
(e.g., izr10, izr45Σ Χύ

44 phytohormone-sensetive

6 phytohormone-sensetive
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2.3.4 Mapping of causal loci  

Genomic DNA from pooled izr10 explants was used to obtain whole-genome sequencing 

analyzed by Dr. Hossein Lanjaninan, Research Institute for Endocrine Sciences, Shahid 

Beheshti University of Medical Sciences. Next-Generation Mapping identifies the causative 

mutation location by determining areas in the sequencing sample with low SNPs variation 

compared to the appropriate ecotype's reference genome [190]. Since izr 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 mutation [190], 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 crossover frequency and haploid spore-

derived progeny, DNA surrounding the causative mutation will also consist of homozygous 

DNA from the background ecotype. This process relies on the basic principle that SNPs 

closer together are less likely to be separated by recombination events between them, 

which approaches 0% when adjacent [190]. 

The independent indaziflam non-responsive mutants, izr6 and izr10, were cross-fertilized 

by co-culture with Vx strain and protoplast hybridized crossing, respectively, to generate 

segregating populations [52]. In cross-fertilization, hybrid diploid sporogonia recovered 

from the mutant with Gr maternal background plants, sporelings were identified by spore 

germination and growth on indaziflam-supplemented medium. Hybrid sporogonia yielded 

spores that segregated 1:1 for the izr and wild-type phenotypes. In Physcomitrium, the 

gametophyte produces gametes by mitosis that fuse to generate the diploid sporophyte 

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 species [52]. Ten segregants from the izr6 mutants 

were selected on 20µM indaziflam and pooled. 

PCR-based genotyping using the selected SNP-specific primers to distinguish Gr from Vx 

confirmed the mapped region as segregating with the phenotype [52] in the izr10 x 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 MseI restriction enzyme 

site in the Villersexel genotype [173]. Strains that contain Villersexel SNP and resistant to 

indaziflam were characterized as a segregation population for izr10 mutants. All izr 

segregants (20 explants) displayed the Gr genotype, while all wild-type segregants (54 

explants) displayed 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% assortment in progeny) 

[73]. To confirm the causative mutation, candidate genes are required sequencing within 

the mapped region. Twenty segregants from the (i10V) were selected on 20µM indaziflam 

and pooled. Non-crossed izr10 explants were also selected on 20µM 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 crossing-over during 

meiosis and since allowed the identification of the causal genes for the izr phenotype and 

eliminated mutations that were not responsible for the phenotype. The SNP and the 

location of a causative mutation are determined by analyzing the pooled i10V genomic 

DNA sample due to the subtle resistance phenotype of the izr explant on indaziflam.  

 

2.3.5 Identification of the izr locus in Physcomitrium patens genes 

Along with the resistance to indaziflam, the izr6 and izr10 explants demonstrate a clear 

resistance to the synthetic auxin NAA, 2,4-D, and cytokinin (Figures 2.8-2.10). 2,4-D and 

cytokinin allowed for a specific selection of explants for the causative izr alleles.  
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Figure 2.8: izr6 and  izr10 mutants are grown BCD media contain indaziflam (0-50µM) and compared to Wild-type (WT). The panel's top row shows the izr6 mutant 

growth, the photographs in the middle show izr10 mutant growth, and the pictures in the bottom row show WT. Photos are taken after one-month growth on BCD 

media supplemented with zero (control) to 50 µM indaziflam.
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Figure 2.9: izr6 and izr10 mutants are resistant to 1µM and 5µM 2.4-D compared to Wild-type (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 µM 2,4-D. The pictures on each panel's right show WT and mutants' phenotypes after 

one month on BCD media increased with five µM 2,4-D. 

 

 
  

 

izr6 

WT 

izr10 

BCD BCD +1µM 2,4-D BCD +5µM 2,4-D 
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Figure 2.10: izr6 and izr10 mutants are resistant to 1µM and 5µM NAA compared to wild-type (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 µM NAA. The pictures on each panel's right show WT and mutants' phenotypes after 

one month on BCD media increased with five µM NAA. 
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Figure 2.11: izr6 and izr10 mutants are resistant to 5µM and 10µM kinetin compared to wild-type (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 five µM kinetin. The pictures on each panel's right show WT and mutants' phenotypes 

after one month on BCD media increased with ten µM NAA. 
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The whole-genome sequencing (WGS) of the izr10 mutant demonstrated two causative 

mutations located in chromosome 8 and chromosome 16 (Figure 2.12A-B). Sequencing of 

SNP's coding region from WGS reveals a point mutation predicted amino acid substitution 

in chromosome 8, which caused missense mutation GGT>TTT in the open reading frame 

(ORF) (GGT>TTT: Gly207Phe). This mutation is a nonconservative substitution causing the 

change to the amino acid, which has different biochemical properties [191]. 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. The rareness of glycine also means that it 

can play a distinct functional role, such as using its backbone (without a side chain) to bind 

to phosphates [192]. This means changing to any other amino acid could have a drastic 

impact on function [193]. So, glycine (Gly) substitution to phenylalanine (Phe) is unfavored 

to the plant. 

This mutations is in the PpIAA1B (also known as 

Pp1s184_21V6;   Phpat.008G051100;   Pp3c8_14720 in the V3.1 assemblies). The presence 

of the GG to TT transition has been confirmed by amplification of the gene using polymerase 

chain reaction (PCR) using gene-specific primers PpIAA1B-F1 GAGAAGTGTTGCAGAGAAGA 

and PpIAA1B-F2 CACATGCAACAAGAGTCTCT and sequenced, using Sanger sequencing, at 

The Centre for Applied Genomics (TCAG) at Sick Kids Hospital (Figure 2.12). All selected 

plants contained the GG to TT transition in IAA1B.  

I disregarded insertions and deletions and retained single nucleotide polymorphisms 

located in splice sites, introns, or the lesions that resulted in synonymous codon changes. 

Although mutations consistent with UV induces are specific types of mutation, single-base 

ǎǳōǎǘƛǘǳǘƛƻƴǎ ƻŦ ŎȅǘƻǎƛƴŜ ǘƻ ǘƘȅƳƛƴŜ ό/Ҧ¢ύ ŀǘ ŘƛǇȅǊƛƳƛŘƛƴŜ ǎƛǘŜǎ ŀƴŘ //Ҧ¢¢ ǘŀƴŘŜƳ ōŀǎŜ 

substitutions, while the last one rarely occurs [194]. Many purine residues (Adenine and 

Guanine) can also be subjected to UV-induced mutations in DNA from UV photoproducts at 

moderate UV dosages [195]. 
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Figure 2.12: Genotyping revealed PpIAA1B mutation in izr10 mutants. (A) Schematic representation of the 

PpIAA1B gene confirmation and mapped regions for izr mutations. (B) DNA sequencing electropherogram of 

the PpIAA1B transcript showing GG's transition to TT mutation in izr10 mutants, black box shows the 

mutations' locations. (C) Partial protein sequence alignment of PpIAA genes. The alignment was made using 

Clustal Omega. An (*) indicates a conserved residue, a (:) indicates conservation between amino acids with 

strongly similar properties, (.) indicates semi-conservative replacement of amino acid. The protein sequence 

region containing the mutation is magnified, and the black box shows the mutation location. (D) Glycine is 

substituted for phenylalanine. Chemical structures are from www.chemspider.com. 

 
 
 
 
 
 

 

 

PpIAA2       KAMQSMQHNVRASYPGAQS -- VFPGAKNNGVKRGFSEAVGTNFNASSGAGGAVREGN  
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The other missense mutation (CGT>CCT: Arg548Pro) is located on the north end of 

chromosome 16. The possible allele in the izr10 mutant contained guanine to cytosine 

transition is one of the CULLIN1 (Cullin/CDC53) genes in Physcomotrium patens referred to 

as PpCUL1 (also known as Pp1s144_158V6;   Phpat.016G006900;   Pp3c16_1640 in the V3.1 

assemblies). The presence of the G to C transition creates a BfaI restriction site in CULLIN1. 

To confirm the change in izr10 mutant, genomic DNA was extracted from izr10 explants 

selected on 20µM indaziflam. DNA fragments were amplified using CULLIN1 gene-specific 

primers CUL1-16-F CGATAAAGATCTGTTTGCAGAGTTT and CUL1-16-R 

CATCTCTGCTGGTAAAGCCAG, and the fragments were digested with BfaI. All selected plants 

contained the G to C transition in CULLIN1, and this mutation was confirmed by testing this 

region in three different izr10 mutants and 20 i10V segregants in which G to C substitution 

was found exclusively in the mutants and segregants (Figure 2.13E).  

This allele results incorporation of proline in place of arginine at position 458 in the coding 

region of the CULLIN1 protein. Previous studies on A. thaliana showed mutations in the n-

terminal of AtCUL1, which caused increasing tolerance to auxin and 2,4-D [180, 196, 197]. 

Other reports also have described that CUL1 mutations (cul1-6) result in cytokinin 

resistance, which is an indirect effect of auxin resistance since the response to auxin or 

cytokinin is positively related [196]. CULLIN1 is a hydrophobic protein that acts as a scaffold 

for ubiquitin ligase (E3) and targets ubiquitin-mediated destruction proteins. There are also 

NEDD8-modified proteins (NEDD8 (NEURAL PRECURSOR CELL-

EXPRESSED, DEVELOPMENTALLY DOWN-REGULATED PROTEIN8)) with neddylation activity 

[198]. The ubiquitin ligase activity of the SCF complex requires the neddylation states of 

CUL1 [199]; therefore, lack of NEDD8-activating enzyme subunit AUXIN RESISTANT 1 (AXR1) 

results in a reduction of response to several phytohormones, including auxin [200]. It was 

expected any alteration in the CUL1  proteins causes the defective phenotype, such as the 

one observed in izr10 and auxin hyposensitivity. 

The mutation in izr10 identified in PpCUL1 found in the homology domain (CH) in regions 

conserved between AtCULLIN1 and all three PpCULLIN1 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 proteins [201]. The cullin homology domain (CH) at the c-terminal is critical for 

binding the RING-finger 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 substrate polyubiquitination [201]. The E2 delivers the bound ubiquitin protein 

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

proteasome pathway [202]. 

I ŘƛŘƴΩǘ ŎƘŀǊŀŎǘerize any mutation related to the cellulose synthase gene family and auxin 

signaling pathway in the izr6 mutant. All the WGS and annotation data are available to 

ŀƴŀƭȅȊŜ ŦǳǊǘƘŜǊ ŀƴŘ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ /.LǎΩ ŜŦŦŜŎǘǎΦ 
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Figure 2.13: Genotyping revealed the PpCULLIN1 mutation in izr10 mutants. (A) Schematic representation of 

the PpCUL1 gene confirmation and visualization of mapped regions for izr mutation. (B) Alignment of the 

partial CH domain of AtCULLIN1 with three PpCULLIN1s. The black box shows the locations of the PpCULLIN1 

mutation. (C) The DNA sequence of the PpCUL1 transcript showing the transition of G to C mutation in izr10 

mutants and the creation of BfaI restriction enzyme site. (D) Protein sequence alignment of wild-type (WT) 

and izr10 mutant shows the amino acid change (Arg548Pro). Arginine is substituted for proline. Black boxes 

show the amino acid position at 548. The alignment was made using Clustal Omega. An (*) indicates a 

conserved residue, a (:) indicates conservation between amino acids with strongly similar properties, (.) 

indicates semi-conservative replacement of amino acid, and a ( ) indicates a non-conservation replacement. 

The complete alignment is included in Appendix 2. (E) CUL1 DNA fragments were digested with BfaI to confirm 

the presence of G to C transition in the CUL1 of izr10 explants. i10V sample includes pooled genomic DNA 

from 20 i10V explants selected on 20µM indaziflam. The BfaI restriction site was present in all izr10 and i10V 

samples and not present in wild-type DNA. The DNA ladder used is a 100bp DNA Ladder.  
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WT     CATGAGCGTAGCATC 

 
  

izr10     CATGAGCCTAGCATC 
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AtCULLIN1       EKVVKLLAYISDKDLFAEFYRKKLARRLLFDRSANDDHERSILTKLKQQCGGQFTSKMEG 473  

pCULLIN1c16     EKVVKLLAYISDKDLFAEFYRKKLARRLLFDKSANDDHERSILTKLKQQCGGQFTSKMEG 479  

PpCULLIN1c5     EKVVKLLAYISDKDLFAEFYRKKLARRLLFDKSANDDHERSILTKLKQQCGGQFTSKMEG 480  

PpCULLIN1c6     EKVVKLLAYISDKDLFAEFYRKKLARRLLFDKSANDDHERSILTKLKQQCGGQFTSKMEG 478  

               *******************************:****************************  



55 
 

2.3.6 Phenotypic characterization of izr mutants 

2.3.6.1 izr10 mutants show slower, less vigorous growth  

The distinct plant architecture phenotype of the izr10 mutants, including less aerial growth 

and smaller gametophores, was observed from sub-culturing and growth assays. First, 

plants were allowed to grow over eight weeks on the BCD agar medium (without adding 

indaziflam). The architecture of izr10 mutants was then compared to wild-type. The izr10 

mutants grew more slowly and to a lower density and less consistency (Figure 2.14). The 

phenotype is also comparable by parallel growing the mutants and wild-type in a growth 

medium supplemented with 2,4-D and kinetin for four weeks (Figure 2.9 and 2.11).  

After several weeks, izr10 mutants still displayed slower growth accompanied by a reduced 

plant bulk than the wild-type plant (Figure 2.14). While the wild-type plants develop into 

thick pin cushion-like structures, izr10 gametophytes remain smaller and less developed. 

This is reflected in the length of the gametophores shorter in izr10, while the leaves are 

smaller (Figure 2.14). izr10 also doesn't form sporophyte, and subsequently, no spore is 

produced (Figure 2.22D). 
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Figure 2.14: izr10 plants show distinct and reduced growth on well-provisioned. Plant structure of izr10 after 

eight weeks growth on BCD medium. This is dramatically different from the wild-type plant structure, which 

has denser foliage coverage and more vigorous growth. The decrease in individual gametophores can partly 

explain the reduction in plant size and foliage coverage (Scale bars: 0.5 cm and 0.1 mm).  
 

2.3.6.2 izr10 protonemal cells are shorter than wild-type  

After gametophore development in izr10 mutants, which appears to have a smaller 

gametophore size, including reduced leaves, further analysis was carried out on the cellular 

level. Further analysis of the cell morphology was analyzed by measuring izr10 and wild-

type chloronema cell lengths, assimilatory filamentous protonemal cells (identified as 

chloroplast-rich protonemal cells with perpendicular cross-walls). This revealed that the 

izr10 mutant had cells significantly (2-tailed t-test P-ǾŀƭǳŜғлΦллрύ ǎƘƻǊǘŜǊ όƳŜŀƴҐмллΦм˃ƳΣ 

{5ҐмпΦм˃ƳΣ ƴҐмлфύ ǘƘŀƴ ǿƛƭŘ-ǘȅǇŜ όƳŜŀƴҐфнΦм˃ƳΣ {5ҐфΦу˃ƳΣ ƴҐмлрύ όCƛƎǳǊŜ нΦмрύΦ ¢Ƙƛǎ 

analysis showed that the slower-growing, less dense colonies were due to shorter cells. 

Given that there is a mutation in the auxin signaling gene, the observed phenotype 

WT

izr10
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represents an auxin-resistant phenotype, while the plant is insensitive to indaziflam. Plant 

hormones' interplay in regulating proper growth and development interacts with regulating 

the cell cycle, division, cell expansion, and gene alteration, affecting this process by failing 

to execute auxin-mediated cell elongation [203]. 

 

 

Figure 2.15: izr10 chloronemal cells are significantly shorter than wild-type. (A) Distribution of chloronemal 

cell lengths in wild-type and izr10. izr10 has significantly (Error bars represent s.e.m. *p<0.005 (t-test), n=30) 

shorter cells than wild-type. (B) Microscopic enlargement of wild-type (WT) (top) and izr10 (bottom) 

chloronemal grown on BCDAT medium (scale bar 200 µm). 

 
 

2.3.6.3 izr10 plants display phenotypic similarities to auxin-related mutants  

The izr10 mutant line was compared to a documented iaa2 mutant line [185]. The highly 

auxin-resistant IAA2 degran mutant is iaa2-P328S. The iaa2-P328S auxin-resistant mutant 

responds to exogenous auxin by developing short caulonemal filaments, and differentiation 

has happened at the primary chloronemal stage [185]. Like iaa2-P328S plants, izr10 

explants have shorter chloronemal filaments than wild-type explants (Figure 2.15). 

However, izr10 produces a small and undeveloped gametophore than an iaa2-P328S 

mutant. When grown with 10µM 2,4-D, izr10 had longer filaments compared to wild-type 
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izr10

A B

*
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explants. The izr10 plants also display fewer and shorter rhizoids (Figure 2.16A). This 

observation suggests that genes that promote rhizoid development such as PpLRL1 and 

PpLRL2 (ROOTHAIRLESS LIKE) can be affected since these genes are required to initiate and 

develop rhizoids from buds and gametophores [204]. Based on previous studies, Pprsl1 

Pprsl2 double mutants have grown a few very short basal rhizoids and no mid-stem rhizoids. 

In contrast, Pprsl1 Pprsl2 double mutant gametophores were identical to wild-type despite 

the apparent defects in rhizoid development [204], which indicates that for the 

development of both basal and mid-stem rhizoids, PpRSL1 and PpRSL2 (ROOT HAIR 

DEFECTIVE-SIX LIKE) are required but not for the development of other cell types in the 

gametophore [204]. The auxin-regulatory network was present in early land plants and the 

last common ancestor of the mosses. LRL and RSL genes are part of this ancient gene-

regulatory network that diverged since P. patens and A. thaliana shared a common 

ancestor. The auxin-regulatory network controls the development of tip-growing 

filamentous cells,  rhizoids, caulonema, and root hairs, which have rooting functions at the 

interface between land plants and the soil (Figure 2.16B, C)[204].  
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Figure 2.16: Rhizoid development in association with RSL genes izr mutant. (A) No rhizoids developed at the 

base of the izr10 mutant gametophore than the wild-type (WT), shown with arrows. (Scale bars: 500µm). (B) 

Models indicate the transcriptional regulation between auxin, LRL, and class I RSL genes in rhizoid and 

caulonema development in P. patens compared to (B) root hair development in A. thaliana (Adapted from 

[204]). 

 

2.3.7 Gene disruption alters auxin-regulated genes 

To further characterize the effects of PpCUL1 and PpIAA1B mutations and auxin on the 

development of gametophore and rhizoid in izr10 mutants, achieve some insight into 

possible changes in gene expression of the auxin signaling transcripts, and study the 

influence of indaziflam on auxin signaling, I performed gene expression analysis. The genes 

involved in the auxin pathway were compared between wild-type, izr6, and izr10 mutants 

with and without IAA treatment by qRT-PCR. The selected genes are PpIAA1A, PpIAA1B, 

PpIAA2, PpAUX1, PpARFa6, PpARFa8, PpRSL1, PpRSL2, PpRSL4, PpSOUR, PpGH3-1, PpGH3-

2, and PpCUL1s. 
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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 gradients. Polar auxin transport is mediated by plasma 

membrane-based influx and efflux carriers with asymmetrical cellular localization and 

functional significance [205]. Genes that act to regulate auxin homeostasis are mostly 

hormone-responsive. The most crucial gene groups regulated by endogenous auxin are 

AUXIN/INDOLE-3-ACETIC ACID INDUCED (Aux/IAA), GRETCHEN HAGEN 3 (GH3) gene 

families and SMALL AUXIN UPREGULATED RNA (SAUR). These genes are considered early or 

primary-response genes, considering their transcription is rapidly activated by auxin [206].  

Seed plants have large families of Aux/IAA genes (29 in Arabidopsis [207]). Due to gene 

redundancy and lack of a plant without the Aux/IAA family, not many loss-of-function 

mutants have been studied in seed plants. The genome of P. patens encodes three Aux/IAA 

genes: IAA1A, IAA1B, and IAA2 [185]. Studies have recently been done in auxin response 

mechanisms and plant development by generating a triple mutant lacking all three IAA 

genes in P.patens [185]. As a result of the aux/iaa triple knockout, the mutant presented a 

phenotype similar to wild-type plants grown on high levels of auxin, without leaves and 

brown-pigmented rhizoids [185], similar to what I observed in the izr10 mutant and the 

segregate population since they had small gametophores with ectopic rhizoids, with 

insensitivity to synthetic auxin (Figure 2.9 and 2.11).  

The plants were grown for four weeks on BCDAT (BCD medium supplemented with 

ammonium tartrate) for protonemata differentiation. Wild-type plants under these 

conditions responded to the high concentration of exogenous auxin by arrested at the 

primary chloronemal stage. In contrast, the izr10 mutant showed the auxin-resistant 

phenotype by developing longer caulonemal filaments (Figure 2.17). Since the izr10 mutant 

displayed the same phenotype as that of auxin-treated wild-type plants, I tested its 

response to adding exogenous auxin to the growth medium (5-10 µM). In wild-type plants, 

chloronema to caulonemal filaments differentiation and gametophore development was 
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slower in the presence of synthetic auxin (2,4-D), whereas the izr10 mutant produced 

relatively longer chloronema filaments in response to 2,4-D (Figure 2.17).  

Since I know that the Aux/IAAs genes have a profound role in the mechanism underlying 

the auxin-related genes' suppression [208], I evaluated the expression of the IAA1A, IAA1B, 

IAA2, and AUX genes. I analyzed the wild-type and mutants auxin-responsive gene 

expression by 5 µM IAA treatment for five hours.  

The genes, SAUR, and two GH3 homologs with a conserved function in IAA-conjugate 

synthesis [209] were tested too. The ARF genes that have been shown to respond to auxin 

in Arabidopsis [208, 210] were also analyzed. Our analysis identified genes that 

were/weren't affected by auxin treatment, as represented in the following sections.  
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Figure 2.17: Close-up of the izr6, izr10 mutants, 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 µM 2,4-D 

(middle and right panel). Auxin treatment induces cell elongation, and the izr mutants are insensitive to 

synthetic auxin. (Scale bars: 500 µm). 
 

2.3.7.1.1 PpIAAs and PpARF gene expression are disrupted in izr10 mutant 

The initial gene expression analysis revealed that IAA genes were downregulated in izr6 and 

izr10 (Figure 2.18). Our results show that the izr10 and izr6 mutants are both entirely 

insensitive to auxin. Strikingly IAA gene expressions only increased upon auxin treatment in 

izr6 under our experimental conditions and statistical threshold (Figure 2.18) and displayed 
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a fold change further validated this finding (statistical threshold of padj <0.05). These results 

suggest that any mutation that caused the auxin-insensitivity in izr6 mutant changes in gene 

expression must be related to the Aux/IAAs, emphasizing the role of these proteins in auxin 

signaling.  

A study by Lavy et al. in 2016 showed that ARF genes are upregulated in the aux/iaa mutant 

compared to wild-type, which indicates the presence of an ARF-dependent feedback loop 

[185]. The ARF proteins can act both as activators or repressors of transcription [185]. We 

know that repressing ARFs requires the Aux/IAAs for their function, but it is unknown if 

targeting downregulated genes is caused by repressing ARFs. Auxin stimulates the 

degradation of Aux/IAA proteins, which repress auxin-responsive genes (ARGs) expression 

through interaction with activator ARFs. The network contains two negative feedback, with 

both Aux/IAAs and ARFs responding to auxin [211]. P. patens showed, higher levels of 

putative repressing ARFs resulted in decreased auxin response [211]. 

I selected PpARFa6 and PpARFa8 to assess the expression level in both izr mutants. The 

izr10 mutant shows downregulation of ARFa6; it can be due to the negative feedback loops 

associated with IAA genes and caused the constitutive auxin phenotype of the izr10 mutant 

(Figure 2.18). This result demonstrates that repressing ARFs act as a repressor in plants, and 

this activity requires the IAA genes.  

The IAA1A and IAA1B genes in izr mutants 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 the izr6 mutant after the treatment. But, in izr10, there were 2 and 3 

fold changes in the expression level of ARFa8 and ARFa6 respectively, 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 auxin-treated izr10 plants was reduced, the fold change was either similar or 

higher than the wild-type (Figure 2.18). In comparison, phenotypic analysis of the izr10 

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 mutation in the 

auxin signaling pathway. However, they show an unexpected trend in two different izr 

mutants.   
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Figure 2.18: qRT-PCR showing the expression levels of auxin-responsive genes in wild-type (WT), izr6, and 

izr10 mock- or 10 mM IAA-treated for five hours. (A) PpIAA1A, PpIAA1B, PpIAA2, PpARFa6, and PpARFa8 

ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ŀǳȄƛƴ ǘǊŜŀǘƳŜƴǘΦ 9ǊǊƻǊ ōŀǊǎ ǊŜǇǊŜǎŜƴǘ {Φ9ΦaΦ ϝκІκϟҐtғлΦлр όǘ-test), n=2. *=t-

test comparing the lines to WT, #= t-test comparing the lines to izr6. ϟҐǘ-test comparing the line to izr10. WT, 

izr6, and izr10 grown for one month on BCDAT without auxin. (B) Scheme representing the auxin-signaling 

pathway in plants.   
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2.3.7.1.2 IAA mutation can alter the GH3 family expression  

Two GH3πƭƛƪŜ ƘƻƳeologs, tǇDIоπмΣ and tǇDIоπн were expressed in P. patens 

gametophytic tissues [212]. We believe both genes have partially overlapping functions of 

the two GH3 proteins [213]. The previous study reveals the role of GH3 proteins in auxin 

homeostasis and shows an additional mechanism for the detoxification of auxin in moss 

[209]. There is also evidence of PpGH3 proteins' role in developing P. patens from studying 

ŀǳȄƛƴ ǎŜƴǎƛǘƛǾƛǘȅ ŀǎǎŀȅǎ ǿƛǘƘ ɲtǇDIоπм ŀƴŘ ɲtǇDIоπн lines [209].  

I performed a gene expression study for tǇDIоπм and tǇDIоπнΦ The PpGH3-1 expression 

level in the izr mutants was lower than the wild-type. After the treatment, the wild-type 

plant has a lower expression of the PpGH3-1, which was opposite in the izr6 line, and has a 

three-fold increase (Figure 2.19). By contrast, auxin treatment slightly (but not significantly) 

decreased PpGH3-2 expression level in izr mutants compared to wild-type (Figure 2.19). I 

ōŜƭƛŜǾŜ ǘƘƛǎ ŜŦŦŜŎǘ ǿŀǎ DIоπƛƴŘŜǇŜƴŘŜƴǘ ōŜŎŀǳǎŜ ǘƘŜǊŜ were no significant differences in 

PpGH3-2 expression between wild-type and izr mutants before the treatment. Therefore, 

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

function goes with further developing organs and auxin function. 

 

 

Figure 2.19: qRT-PCR showing the expression levels of auxin-responsive genes GH3 in wild-type (WT), izr6, and 

izr10 mock- or ten mM IAA-treated for five hours. PpGH3-1 and PpGH3-2 expression level in response to auxin 

treatment. ErroǊ ōŀǊǎ ǊŜǇǊŜǎŜƴǘ {Φ9ΦaΦ ϝκІκϟҐtғлΦлр όǘ-test), n=2. *=t-test comparing the lines to WT, #= t-

test comparing the lines to izr6. ϟҐǘ-test comparing the line to izr10. WT, izr6, and izr10 grown for one month 

on BCDAT without auxin.  
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2.3.7.1.3 SAUR downregulation in izr mutants 

The SAUR genes have been important for the output of the auxin response from the 

beginning of land plant evolution. Physcomitrium patens contains 18 SAUR genes [52]. 

SAUR overexpression affects auxin levels, auxin transport, and the expression of auxin 

pathway genes [214]. The SAUR genes can be regulated positively or negatively by auxin 

[215]. There is a group of SAUR genes, which is not responsive to auxin [215]. AtSAUR8 in 

Arabidopsis can induce cell elongation when overexpressed and promote growth in 

response to stimuli other than auxin [214, 215], and it is non-responsive to auxin but is 

upregulated by cytokinin [215]. 

I analyzed the wild-type and izr mutant lines PpSAUR gene and found a significant change 

in gene expression between izr mutants and wild-type (Figure 2.20). The PpSAUR gene was 

downregulated in izr6 and izr10. Also, the PpSAUR gene expression was slightly higher in 

wild-type and izr mutants following IAA treatment (Figure 2.20) 

 

 

Figure 2.20: qRT-PCR showing the expression levels of auxin-responsive gene SAUR in wild-type (WT), izr6, and 

izr10 mock- or ten mM IAA-treated for five hours. (A) PpSAUR expression level in response to auxin treatment. 

Error bars represent S.E.M. *=P<0.05 (t-test), n=2. *=t-test comparing the lines to WT. WT, izr6, and izr10 

grown for one month on BCDAT without auxin. (B) A model to explain the constitutive upregulation of SAUR 

gene function in negative regulation of auxin level in plants, resulting in reduced plant growth via reduced 

auxin synthesis and transport [216]. 
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2.3.7.1.4 CULLIN1 mutation does not affect the transcriptional expression of the genes 

CULLIN1 (CUL1) is integral to various key developmental processes through its ubiquitin 26S 

proteasome pathway [202]. An allele of CUL1 has been identified from a genetic screen for 

mutants resistant to a synthetic compound that induces the expression of auxin response 

genes called sirtinol. This finding indicates that CUL1 is required for diverse signaling 

pathways throughout development [196]. 

The qRT-PCR analysis was carried out to confirm the role of CUL1 as an auxin regulator at 

the molecular level in P. patens. I used three PpCUL1 genes, including the one which 

contains the mutation in the izr10 mutant line. As shown in Figure 2.21A, the gene 

expression of PpCUL1c5 of (CULLIN1 located on chromosome 5) in izr mutants was 

comparable to wild-type, while PpCUL1c6 (CULLIN1 located on chromosome 6) and 

PpCUL1c16 (CULLIN1 located on chromosome 16) were abolished in the izr10 mutant 

(Figure 2.21A).  

I found that the auxin-induced expression of PpCUL1c5 and PpCUL1c6 genes was 

significantly upregulated in the izr10 mutant compared with that in the wild-type (Figure 

2.21B). Interestingly, the mutation in PpCUL1c16 did not block the auxin-induced 

expression of this gene, indicating that the regulation mechanism of PpCUL1c16 might be 

the same for all the CUL1 genes in Physcomitrium under auxin treatment. In the izr6 

transgenic line, the auxin-induced expression recovered to a similar level to the wild-type 

(Figure 2.21B).  
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Figure 2.21: qRT-PCR showing the expression levels of CULLIN1 genes. (A) PpCULLIN1s expression level in wild-

type (WT) compared to izr6 and izr10. (B) PpCULLIN1s expression level response in WT, izr6, and izr10 mock- 

or ten mM IAA-ǘǊŜŀǘŜŘ ŦƻǊ ŦƛǾŜ ƘƻǳǊǎΦ 9ǊǊƻǊ ōŀǊǎ ǊŜǇǊŜǎŜƴǘ {Φ9ΦaΦ ϝκІκϟҐtғлΦлр όǘ-test), n=2. *=t-test 

comparing the lines to WT, #= t-test comparing the lines to izr6Φ ϟҐǘ-test comparing the line to izr10. WT, izr6, 

and izr10 grown for one month on BCDAT without auxin.  

 

2.3.7.1.5 RSL transcriptional expression was affected in izr mutant  

To determine whether the expression of RSL genes was affected to inhibit rhizoid 

development in izr mutants, I tested the expression level of PpRSL1 and PpRSL2 in both 

mutants and wild-type.  

There are two classes of RSL genes present in Physcomitrium, RSL class I (PpRSL1 and 

PpRSL2) and RSL class II (PpRSL3, PpRSL4, PpRSL5, PpRSL6, and PpRSL7) [217]. Caulonema 

and rhizoids are tip-growing filamentous cells, which their differentiation is regulated by 
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class 1 RSL genes (PpRSL1 and PpRSL2) and auxin [218]. The qRT-PCR analysis demonstrated 

that PpRSL1 and PpRSL2 expression levels in izr10 were lower than wild-type and izr6, and 

the mutant line was distinguishable phenotypically from wild-type (Figure 2.22). By 

contrast, steady-state PpRSL1 and PpRSL2 transcript levels were elevated in the izr6 line 

(Figure 2.22A, and B). We know from previous studies that PpRSL1 and PpRSL2 are required 

to develop both basal and mid-stem rhizoids [68] and are expressed in the cells that give 

rise to rhizoids. 

In our study, izr10 explants were distinguishable from wild-type since it has only a very few 

short basal rhizoids and shows the obvious defects in rhizoid development. Also, the 

mutant's caulonema doesn't differentiate from chloronema (Figure 2.22C). This could 

indicate a possible disruption in PpRSL1 and PpRSL2 transcription, which affected these 

genes' expression in the izr10 line. 

Auxin positively regulates rhizoid development [96], and because the expression of PpRSL1 

and PpRSL2 is sufficient to promote rhizoid differentiation, I believe that auxin controlled 

rhizoid development by regulating the expression of PpRSL1 and PpRSL2 [219]. To test the 

effect of auxin-treatment on PpRSL1 and PpRSL2 expression, I checked the expression level 

after 5 hours of IAA treatment. As expected, auxin-treatment increased PpRSL1 and PpRSL2 

steady-state mRNA levels in wild-type plants (Figure 2.22A and B). Auxin treatment 

increased the expression level of PpRSL2 in both izr mutant lines, but for PpRSL1, the effect 

of auxin treatment was the opposite (Figure 2.22A and B). This shows that auxin-treatment 

increases PpRSL1 and PpRSL2 transcription and extends these genes' expression into the 

rhizoids. These data validate the regulatory effect of auxin in the expression of PpRSL1 and 

PpRSL2. These data are consistent with previous studies in which PpRSL1 is expressed in 

cells sensitive to auxin, and the cellular pattern of auxin sensitivity regulates the expression 

of PpRSL1 and PpRSL2, which positively regulates rhizoid development [219]. Since izr10 is 

not sensitive to auxin and shows obvious defects in rhizoid development, I expected to see 

PpRSL class I genes' downregulation. On the other hand, auxin controls rhizoid development 

by positively regulating the activity of PpRSL1 and PpRSL2 genes [219], which is consistent 
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with our results regarding the upregulation of PpRSL2 upon auxin treatments in both izr 

mutants and wild-type.  

 

 

Figure 2.22: Repressing PpRSL1 and PpRSL2 target auxin-induced genes. (A) qRT-PCR showing the expression 
levels of PpRSL1 in wild-type (WT), izr6, and izr10 in the presence of 10 mM IAA-treated for five hours. (B) 
qRT-PCR showing the expression levels of PpRSL2 in WT, izr6, and izr10 in the presence of 10 mM IAA-treated 
ŦƻǊ ŦƛǾŜ ƘƻǳǊǎΦ 9ǊǊƻǊ ōŀǊǎ ǊŜǇǊŜǎŜƴǘ {Φ9ΦaΦ ϝκІκϟҐtғлΦлр όǘ-test), n=2. *=t-test comparing the lines to WT, #= 
t-test comparing the lines to izr6. ϟҐǘ-test comparing the line to izr10.WT, izr10, grown for two weeks on 
BCDAT. (C) Comparing the WT and izr10 plants grown on BCDAT for 7 days. (D) Comparing the WT and izr10 
plants grown 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 of Physcomitrium (V3.1) [220] with chromosome-scale linkage maps 

makes forward genetics possible in the model bryophyte Physcomitrium patens. This study 

represents a known example of this approach, taking advantage of advances in the available 

genetic resources in the gene discovery of Physcomitrium. Also, bulk segregant analysis of 

separately bulked mutants and wild-type segregants can be compared and combine 

knowledge of SNP markers with de novo identification of likely causal mutations. 

This is possible to be a widely used process as whole-genome sequencing gets cheaper and 

more accessible to all. However, a similar approach based on the WGS of bulked segregant 

pools is also possible. The reliable identification of mutants is a crucial part of any forward 

genetic approach, and the screening of positive phenotypes such as the faster growing izr 

mutants in the presence of indaziflam has its advantages. This suggests the analysis of other 

izr mutants should be successfully pursued in Physcomitrium, especially given those novel 

mechanisms are involved in bryophyte auxin signaling. This proof of concept should be 

vastly used for Physcomitrium for novel gene discoveries. 

 

2.4.2 The izr mutants  

Identifying the izr mutants results from detailed mapping data that identified a single region 

associating with the phenotype. The sequencing of potential regulatory regions in izr10 

mutant has revealed the causal mutations. One of the exciting differences between izr6 and 

izr10 is that izr10 displays altered growth and altered leaf morphology ("wasserpest" 

phenotype, resembling the waterweed Elodea) (Figure 2.5). The mutation/s slows down the 

growth and increases synthetic auxin responses. While more izr mutants remain to be 

analyzed, a fascinating and unexpected story has already been started by implementing 

forward genetics in Physcomitrium and identifying such a vital and unpredictable auxin 

regulator. 
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2.4.3 Getting lucky 

The mutagenesis of a different model organism, moss, and with another mutagenesis agent, 

UV for izr mutants, interestingly aided its eventual identification of the IAA1B and CULLIN1 

gene related to hyposensitivity to indaziflam, but just how likely was this to have happened? 

The previous study in Bonetta's lab resulted in identifying and characterizing a novel allele 

of AtCULLIN1 in the indaziflam resistance screen.  

This highlights the advantage of forward genetics and WGS technologies, which offer 

traditional mapping to identify novel alleles. With WGS approaches, 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 plays a vital role in identifying these novel 

mutations induced as part of the forward genetic approach. 

 

2.4.4 Effects of izr mutants 

Indaziflam is involved in auxin signaling, which has effects at the phenotypic and molecular 

levels. Growth assays confirm that izr mutants fail to respond to the presence of synthetic 

auxin 2,4-D in the medium, which in wild-type plants significantly slows growth. Both izr6 

and izr10 show similar levels of 2,4-D non-responsiveness, but they appeared to have 

different phenotypes, with izr6 having a more similar phenotype to the wild-type 

characterized by more gametophyte and rhizoid growth. 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 of the Arabidopsis thaliana indaziflam resistant line (izr1) 

demonstrated reduced sensitivity to auxin mimicking herbicides, 2,4-D (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 concentration of synthetic auxin, 2,4-D. In anatomically simple plants such 

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

Since indaziflam as a cellulose biosynthesis inhibitor (CBI) inhibits cellulose production 

[136], it is predicted that a cell wall-related protein would cause indaziflam resistance as 
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many CBI-resistant lines to have mutations in cellulose synthases (CESAs) genes [71, 132, 

158, 221]. In this screen for indaziflam resistance, two possible alleles were identified in the 

IAA1B and CULLIN1 genes from next-generation sequencing analysis. 

 

2.4.5 Interactions of indaziflam and auxin  

The growth phenotype of izr mutants was also analyzed under normal conditions. Mutants 

appeared to grow slower than wild-type colonies as cell length is noticeably shorter in izr10. 

The consistently smaller and less dense izr10 plants were likely due to the decreasing 

gametophores, which also had reduced leaves. Analysis of the plant architecture revealed 

that izr mutants grew with less uniformity and with a phenotype superficially similar to that 

observed in the auxin response characterized by reduced tip growth in the colony [185]. 

The izr mutant chloronemal cells were significantly shorter than wild-type, 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, I could find two alleles to confer the indaziflam resistance. The first one was 

mapped in chromosome 8, and the next-generation sequencing revealed a point mutation 

in the IAA1B gene, which caused a Gly207Phe substitution in the IAA1B protein. The Aux/IAA 

proteins have an essential role in auxin signaling and play roles as auxin co-receptors and 

transcriptional repressors. Deleting all three Aux/IAAs has shown the TIR-Aux/IAA pathway's 

effects on plant growth and development and auxin response [185]. 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 in auxin-responsive 

transcription [185]. In P. patens, developmental transitions and differentiation depend on 

auxin-dependent modulation of gene expression [185]. 

Our mutants analysis shows that the transition from chloronema to caulonema is regulated 

by auxin. When auxin response is low, such as in the izr10 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 promotors in Arabidopsis [222-224]. The study by Lavy et 
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al. in 2016 in P. patens supports this argument. Auxin responsive genes are targeted by ARFs 

and can manage the gene expression levels. Their studies hypothesize that ARFs (repressing 

and activating) compete for the same binding sites, form heterodimers, and induce 

transcription [185]. These findings can explain a wide range of gene expression levels by 

auxin. They also showed that ARF genes are upregulated in the aux/iaa mutant compared 

to wild-type, indicating an ARF-dependent feedback loop [185]. The ARF proteins can act 

both as activators or repressors of transcription [185]. I 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 ARFs used in our study show expression level changes in izr10 mutants upon auxin 

treatment, which supports the finding from previous studies, which means the ARF genes 

downregulated in the izr10 mutant contains a mutation in IAA1B compared to wild-type. 

This again confirms the ARF-dependent feedback loop.  

I have seen that izr10 mutants fail to respond to exogenous auxin both at the phenotypic 

and molecular levels. And IAA1B ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ŘƻŜǎƴΩǘ ŎƘŀƴƎŜ ŀŦǘŜǊ ŀǳȄƛƴ ǘǊŜŀǘƳŜƴǘ ƛƴ 

izr10 mutants. This translated into a direct loss of PpIAA1B function and highlighted this 

protein's role in auxin signaling.  

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

genes (ARGs) expression through interaction with activator ARFs [211]. P. patens showed 

higher levels of putative repressing ARFs resulting in a decreased auxin response [211]. 

Aux/IAAs are essential for repressing ARFs, but there is no evidence if repressing ARFs has 

a specific role in targeting downregulated genes. The downregulation of ARF in izr10 mutant 

could result in negative feedback loops of ARF associated with IAA genes, which may 

contribute to auxin insensitivity.  

On the other hand, GH3 proteins play a role in auxin homeostasis and contribute to auxin's 

detoxification in moss [209]Φ {ƛƴŎŜΣ ƛƴ ƻǳǊ ƳǳǘŀƴǘǎΣ ǘƘŜǊŜ ǿŜǊŜƴΩǘ ŀƴȅ ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜǎ of 

GH3 expression in the present and absence of exogenous auxin, I suggest that the effect 

ǿŀǎ DIоπƛƴŘŜǇŜƴŘŜƴǘΣ ŀƴŘ DIо ǇǊƻǘŜƛƴǎ ƘŀǾŜ ŀƴ ƛƴǘŜǊƳŜŘƛŀǘŜ Ǉƻǎƛǘƛƻƴ ƛƴ P. patens.  
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Another protein regulated by auxin is SAUR, which induces cell elongation and growth [214, 

215]. SAUR proteins affect directly or indirectly the auxin transport since plants expressing 

them have higher basipetal auxin transport. Therefore SAUR genes induced growth [225, 

226]. Our finding suggests that in izr mutants, the SAUR gene functionality was affected due 

to Aux/IAA dysfunction, leading to a lack of normal growth (Figure 2.22D). 

 

2.4.6 Loss of CULLIN1 function and auxin sensitivity 

As I will discuss in more detail below, loss of CULLIN1 function decreased sensitivity to the 

synthetic auxin, 2,4-D [180]. In Arabidopsis, the ubiquitin/26S proteasome pathway 

regulates the degradation of critical proteins in response to environmental or biological 

signals. There are three enzymes involve in the ubiquitination of proteins; ubiquitin-

activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin-ligating enzyme 

(E3) [202]. Skp, Cullin, F-box containing complex (or SCF complex), is a major class of E3s, 

which have been associated with hormone response and environmental factors in plants 

[227, 228]. The SCF is made of four protein subunits: CULLIN 1 (CUL1), RING-box 1 (RBX1), 

S-Phase Kinase Associated Protein 1 (SKP1), and an F-box protein. Transport inhibitor 

response 1 (TIR1) is an F-box protein incorporated into the SCF complex through Skp1-like 

(ASK1) [229]. Auxin can bind to TIR1, function as an auxin receptor, and target AUX/IAA for 

degradation by 26S proteasome transcriptional repressors (Figure 2.23B) [230, 231]. 

Identification of the CULLIN1 alleles axr6-1 and axr6-2 based on their auxin insensitivity 

created a link between CULLIN1, AUX/IAA degradation, and auxin insensitivity [180, 197, 

232, 233]. This indicates that CUL1 is required for diverse signaling pathways throughout 

development [196]. CUL1 has a similar function during the formation of the SCF complex 

since it interacts with Skp and F-box proteins [234], and also, CUL1 is part of one of the SCF 

subgroups of ubiquitin ligase E3 [235] and act as an auxin receptor [236]. The CUL1 protein 

StCUL1 in potato Solanum tuberosum is localized in the cell cytoplasm [234], consistent with 

the subcellular localization of the F-box protein Skp. The Skp protein in Physcomitrium 

patens is also localized in the cytoplasm and cell nucleus [237], consistent with the 

subcellular localization predicted for StCUL1 [234]. An alteration in the CUL1 protein, based 
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on the CH domain's critical role, where the izr10 mutation is located, as the recognition 

element in the ubiquitin 26S proteasome pathway [201, 202] will explain the insensitivity 

to auxin. 

A recent study by Bonetta et al. (unpublished) confirmed the izr1 allele was responsible for 

the weak indaziflam resistance similar to the cul1-6 mutant in A. thaliana had strong 2,4-D 

resistance. The finding in this study also confirmed that the mutation in PpCUL1c16 does 

not interfere with auxin-induced gene expression (Figure 2.21) and the regulation 

mechanism of PpCUL1c16 in Physcomitrium is the same for all CUL1 genes under auxin 

treatment. However, it confirmed that amino acid substitution in CUL1 could alter 

indaziflam and auxin sensitivity (Figure 2.7, 2.8, 2.16). Similarly, the ixr1-1 allele has been 

reported to be resistant to the CBI isoxaben [71] and indaziflam (Bonetta, 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 help us better 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. However, 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 is 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, respectively, in contact 

with soil [238] and are controlled by the interaction between several genes, including class 

I RSL genes, which belong to the basic helix-loop-helix transcription factor family [239]. Class 

I RSL (PpRSL1 and PpRSL2) induce the expression of downstream transcription factors of the 

basic helix-loop-helix family, eventually triggering differentiation and polarized tip growth 

root hairs [240-242]. RSL1 loss-of-function mutants do not develop root hairs [239]. Root 
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hair development is a dynamic process with complex regulation of the endogenous, 

environment, and phytohormone combination [243]. I believe there are particular 

molecular mechanisms that auxin activates root hair tip growth. Mutants, such as 

aux/iaa1 (axr5) [244], aux/iaa7 (axr2) [245, 246], aux/iaa14 (slr) [247] with reduced growth 

in root hair cells and cell expansion have shown an impact on auxin biosynthesis, 

conjugation, transport, and signaling highlight the multiple and complex levels of auxin 

action on cell elongation (Figure 2.23A). On the other hand, gain-of-function mutants of 

AUX/IAAs [243, 248] showed root hair defect, which underlining that ARF activation is 

required for root hair tip growth (Figure 2.23C) [238]. 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 non-cell-autonomous contribution of auxin signaling can affect root hair 

development as well [238]. The class II RSL genes are also regulated by auxin in Arabidopsis 

[241, 249]. In Physcomitrium, auxin promotes the expression of PpRSL1 and PpRSL2 and not 

orthologs of RSL4 [250].  

In our study, izr10 transcriptional expression of PpRSL1 and PpRSL2 significantly affected, 

as expected, due to the undifferentiated chloronema (Figure 2.22C) and no/short rhizoid 

development (Figure 2.22D). This data can be validated by analyzing the izr6 mutant line, 

which shows similar PpRSL1 and PpRSL2 transcript levels compared to wild-type (Figure 

2.22A and B).  

This indicates a disruption in class I RSLs transcription in the izr10 line, which also can 

happen because of mutations in upstream genes. However, auxin treatment increases the 

transcriptional expression levels of RSL1 and RSL2 in Physcomitrium [218, 250]. I did not 

detect the same changes in the transcriptional expression of RSL1 and RSL2 in the izr10 

mutant line, emphasizing the complex regulation process of rhizoid development, which 

requires further study.  
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Figure 2.23: Schematic model of auxin biosynthesis, inactivation, transport, and signal transduction in plants. 
(A) Protein families involved in biosynthesis, transport, and signal transduction of auxin (Adapted from [251]). 
(B) The ARF-Aux/IAA auxin response pathway. In the presence of auxin, Aux/IAAs are ubiquitinated and 
degraded in a proteasome-dependent manner. Aux/IAAs mutants can no longer be ubiquitinated and affect 
stable repression of ARF function (Adapted from [252, 253]). (C) The main target of auxin in root hair cells. 
Auxin activates a transcriptional response in the nucleus viaTIR/AFB-ARFs. Auxin can directly regulate the 
expression of several transcription factors, such as RSL3, RSL4, RSL5, and LRL. ARFs and AUX/IAAs can be 
components of the auxin response in root hair cells (Adapted from [238]).  
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2.5 Conclusion  

Forward genetic screening in plants is an effective method for identifying novel CBI-

resistant mutant alleles [132] and indaziflam resistant lines in moss. Previous studies have 

shown that the addition of synthetic (2, 4-D) and natural (IAA) auxins to cell cultures can 

inhibit programmed cell death by CBIs. Also, the addition of auxin efflux inhibitors (NPA) can 

increase the accumulation of auxin and protect cells from CBI-induced cell death, which 

means auxin can stop CBI-induced cell death by making changes in the cell wall composition 

and compensate for reduced cellulose synthesis. However, the auxin-mediated protection 

against CBI-induced cell death does not depend on cell wall reinforcement. There is a 

possibility that auxin stimulates rapid changes in the plasma membrane to compensate for 

cell wall defects [254].  

Moreover, studies with IAA in A. thaliana [255, 256] and 2,4-D in potato [112] demonstrated 

a negative association between CBI toxicity and auxin content within plant tissues. Recent 

transcriptional profiling studies in response to CBIs showed CBIs upregulated few auxin-

ǊŜǎǇƻƴǎƛǾŜ ƎŜƴŜǎΣ ōǳǘ ǘƘŜȅ ŘƻƴΩǘ ŀŎǘ ƻƴ ŀǳȄƛƴ ǊŜŎŜǇǘƻǊǎ [257]. Another group also showed 

that the root growth response in CBI mutants in A. thaliana (ixr1-1, KOR1, txr1-1ύ ŘƛŘƴΩǘ 

change using synthetic auxins [258]. 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 CBI ς auxin interaction [258]. 

Our results presented here make use of P. patens mutants, which provide an important 

resource for describing and understanding CBI resistance pathways and possible 

mechanisms of action. In this case, P. patens' auxin pathway modifications provide a link 

between auxin signal transduction and cellulose synthesis inhibition. Testing CBI P. 

patens mutants, 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 help us understand how plant cells respond 

to toxins and key information about cellulose synthesis. Indeed, the similarity of responses 

expressed in this study, particularly by cul1, with a very recent work by Bonetta et al. 

(unpublished) link between indaziflam resistance 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 auxin-indaziflam interaction. 

On the other hand, the lack of cross-resistance of indaziflam to CESA in this study 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 strong resistance to indaziflam 

expressed by both izr6 and izr10 makes these mutants a unique tool for further 

understanding auxin transduction processes concerning toxicity. 

A previously reported izr1 mutant (Bonneta, unpublished) demonstrated increased 

tolerance to the synthetic auxins, 2,4-D, and Dicamba, reduced gravitropism, apical 

dominance, and germination, which bring us to a conclusion that this mutation disrupts the 

interaction between CUL1 and ASK1 [196] and affects the auxin response. A conceivable 

explanation for why mutations in CUL1 affect indaziflam tolerance is that indaziflam can 

bind to the auxin binding site of TIR1. This would lead to degradation of AUX/IAA repressor 

proteins in wild-type plants, followed by herbicide-induced 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, 259-262]. The link between cell wall modifications and auxin is proven, but 

most of the auxin-dependent 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 auxin-dependent 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 mutagenized P. 

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 effect on non-target species.  

Future work will focus on the characterization of the allele in other izr mutant lines. 

Although this screen yielded 46 possible izr mutant lines, only two were selected for 

characterization. Testing the other lines for cross-resistance to phytohormones and 

herbicides may allow for better characterization of these lines. Understanding the 

indaziflam mode of action will help apply the knowledge to crops species and produce 

herbicide-resistant crops and reduce competition from weeds.  
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Chapter three: Determination of cellulose synthase complex 

composition using BioID (Biotin identification) 

3.1 Introduction  

The cellulose synthase complex (CSC) interactome is a complicated network that remains 

to be fully understood. One central issue in determining the function of the protein 

complexes like the CSC is to elucidate what proteins play a role in the complex's function. 

CESA-binding partner identification has previously been done using techniques such as 

yeast two-hybrid, affinity purification, and co-immunoprecipitation (co-IP) [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, co-IP, can be a powerful way to study protein-protein 

interactions. It can show direct interactions in vitro that need to be verified using other 

methods. In Arabidopsis, this technique was used to show the 1:1:1 molecular ratio of 

CESA1, CESA3, and CESA6 [264], 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 of the binding 

partners' incubation duration, leading to false positives. Furthermore, artifacts can arise 

because two proteins might interact as a result of physical manipulation.  

Another important method for detecting protein-protein interactions is the yeast two-

hybrid approach. In contrast to IP, yeast two-hybrid detects protein interactions in 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 non-physiological levels. Also, proteins might not undergo appropriate 

folding and post-translational modification since they are often not native to the yeast cell 

producing them [266]. The technique is also dependent on those proteins that can form 

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 cellulose synthase activity in vitro implies that the complex is 
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particularly labile, making the use of IP problematic. Furthermore, since the complex is 

membrane-bound, yeast two-hybrid assays are seriously limited. Alternative approaches for 

detecting CSC interacting partners should be explored. The Biotin Identification (BioID) pull-

down assay is complimentary to affinity capture approaches established by Kyle Roux [267]. 

The approach depended on proximity-based biotinylation to characterize protein-protein 

interactions in living cells [263](Figure 3.1) and was designed to identify neighboring 

proteins with direct or indirect physical interaction with the protein of interest [263]. The 

system involves the fusion of a promiscuous biotin protein ligase (BirA*- R118G) from E. 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 the BirA* enzyme and create a list of near-

neighbors. Since biotinylation is an uncommon post-transcriptional modification and 

restricted to a few carboxylases [268], it makes 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 (biotinoyl-5'-AMP). As a result, it can activate biotin 

efficiently, and the highly reactive biotin will diffuse away and react with proximal amine 

groups, including primary amines in lysine residues of adjacent proteins [263].  

The biotinylation radius on this in vivo method 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 of near-neighbors 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 detects 

DNA-protein interactions [270]. 
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Figure 3.1: Overview of BioID method. A protein of interest is fused to the promiscuous biotin ligase BirA*. 
After the addition of biotin, BirA* will biotinylated proteins in a proximity-dependent fashion. BirA* will 
biotinylate both direct (A, B) and indirect (C) protein binding partners. It will not contain biotinylated proteins 
that are not within close proximity (D, E). After a 24-hour incubation with biotin, cells are lysed, and 
biotinylated proteins are immunoprecipitated using streptavidin-sepharose beads. Proteins are digested on-
bead and subjected to mass spectrometry analysis (Adapted from [263]). 
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A refinement of the method came with the development of a smaller BirA*, or BioID2. 

BioID2 is less disruptive to the trafficking of fusion proteins to different subcellular 

compartments, and it is efficient. A 13 'GGGGS' repeat linker is added to either N or C 

terminus of BioID2 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 streptavidin [272], protein interactions 

are recorded before cell lysis, and even weak interactions can be detected. The other 

advantages are that labeling occurs in a native cellular context, so in vivo protein processing 

is accurate, and the interactions do not need to be maintained throughout the processing 

of cell extracts leading up to affinity capture [272].  

Despite these points, the BioID 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 material [263]. BirA* itself is quite 

large, 35 kDa, and it could alter the fusion protein's structure or function and cause its 

mislocalization or reduce its binding affinity for protein partners [263]. Another critical 

problem with using BioID is that the BirA*can have different effects depending on whether 

it is a C-terminal or N-terminal fusion. Studies 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 protein [273].  

Another limitation relates to solubility since the regular BioID approach needs a biotin 

incubation time of at least 6 hours. It is less suitable for soluble proteins because they are 

washed from the cells after permeabilization [274]. In cases where solubilized proteins are 

required, bait protein may not be compatible with stabilizing interactions with partner 

proteins and vice versa, and this is a major issue when it comes to weak interactions. In the 

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

identification of interacting proteins.  



87 
 

BioID2 seems to overcome some of these drawbacks and its influence on fusion protein 

localization or function. BioID2 appears to localize to the fusion protein's location more 

efficiently and functions best at 50°C [271], 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 content and low cytoplasmic volume compared to cell wall mass, 

inhibiting protein detection and identification [275]. Despite all the challenges, proteomics 

is a crucial component of plant biology.  

Here I present the BioID technique applied to the model plant Physcomitrium patens and 

use CESAs tagged BirA* and BirA* alone as proof of concept to develop BioID in P. patens 

and to compare the proximal proteome of cell-wall-associated baits. 

 

3.2 Methods 

3.2.1 Physcomitrium patens growth conditions 

Physcomitrium patens wild-type ecotypes Gransden was used for all experiments and 

observations. All P. patens samples were grown on the media called BCD and BCDAT 

described in the previous chapter (table 2.1). The Petri dishes containing plants on media 

overlayed with sterile cellophane disks were incubated at approximately 21-25°C under 

continuous illumination. The plants were subcultured by homogenizing tissue in sterile 

water and plating them onto BCDAT medium overlaid with cellophane disks and grown 

under the same conditions for 5 to 7 days for protoplast isolation. Culture 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 3.2: Physcomitrium has grown on medium plates overlaid with cellophane. (A) P. patens Gametophyte 
(Gransden ecotype) on BCD medium. (B) P. patens protonema (Gransden ecotype) on BCDAT medium. 

 

3.2.2 Overview of knock-in methods 

The primary methods for creating knock-ins are outlined in Roebroek et al. [276]. In essence, 

a construct is prepared that includes 5' and 3' intergenic sequences flanking the gene 

targeted for insertion. The knock-in target gene is then replaced by a targeting construct 

and a selection marker such as an antibiotic. Most cloning steps involved in creating the 

knock-in vector are accomplished using the New England BioLabs® Gibson Assembly® 

system. When the knock-in vector is transformed into wild-type Physcomitrium protoplasts, 

some undergo homologous recombination with the wild-type gene locus.  

Knock-in mutants are selected by treating cells regenerated from the protoplasts with the 

antibiotic. I genotyped the mutants using PCR to ensure that homologous recombination 

has occurred in the appropriate location.  

General information on Gibson Assembly® cloning is described in the following sections 

[276]. 
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3.2.3 Searching the Physcomitrium patens Genome for CESA Genes and choosing the genes 

of the interest 

I compared P. patens transcriptome data with available data from A. thaliana to extract 

CESA homologs genes of P. patens, and thus, it probably played a significant role in cellulose 

biosynthesis. Firstly, I have chosen CESA3 based on the full data set of the electronic 

Fluorescent Pictographs (eFP) browser created by the University of Toronto 

(http://bar.utoronto.ca/efp_physcomitrella/cgi-bin/efpWeb.cgi). The represented data 

showed that CESA3 has the 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 the various P. patens tissues were generated and 

provided an intuitive and graphical representation of the selected gene's expression level, 

enabling users with no bioinformatics experience to explore the data [16] quickly.  

In 2012, Goss et al. showed that CESA5 in moss plays a role in the morphogenesis of leafy 

gametophore and is also upregulated by cytokinin, which also induced gametophore 

development [77]. They showed that both cell expansion and cytokinesis are disrupted in 

cesa5KO, while cytokinesis is unaffected in Arabidopsis CESA mutants [77, 93]. Whereas 

leafy gametophores are severely affected by the absence of PpCESA5, protonemal filaments 

stay unaffected in cesa5KO lines [77]. 

To study cellulose synthase interactomes, CESA5 was also chosen since changes in 

phenotype can indicate interruptions in gene expression or protein modification. 

 

http://bar.utoronto.ca/efp_physcomitrella/cgi-bin/efpWeb.cgi
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Figure 3.3: Physcomitrium eFP browser. Cartoon representation of P. patens tissues integrated into the Bio-
analytical Resource for Plant Biology (BAR). Together with all expression data generated, images are available 
in BAR for public consultation (http://bar.utoronto.ca/efp_physcomitrella/cgi-bin/efpWeb.cgi)  
 

 

3.2.4 Molecular cloning 

3.2.4.1 Isolation of Physcomitrium genomic DNA 

For genomic fragment cloning and PCR genotyping, P. patens DNA used for PCR 

amplification of intergenic regions flanking the CESA3 and CESA5 genes and was isolated 

using the method cetyltrimethylammonium bromide (CTAB) with minor modifications [277] 

http://bar.utoronto.ca/efp_physcomitrella/cgi-bin/efpWeb.cgi
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as described in chapter 2 (section 2.2.8). DNA samples were quantified by using a BioDrop 

Due (80-3006-смύ ǳǎƛƴƎ ǘǿƻ ˃[ ǎŀƳǇƭŜǎΦ 

 

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

cloning techniques 

For molecular cloning, several sequence-independent DNA assembly techniques exist which 

can assemble multiple fragments efficiently. One example of these techniques includes the 

Gibson Assembly® to assemble PCR (polymerase chain reaction) fragments and linear 

plasmid [278]. Dr. Daniel Gibson and his colleagues created this technique [279, 280]. This 

technique is used to assemble and combine multiple DNA fragments simultaneously in one 

reaction fast and efficiently and create translational fusion.  

The constructs' design was done in silico using ApE Plasmid Editor and Snapgene® Viewer 

following the instructions manual of Gibson Assembly® by New England BioLabs® (NEB). The 

design of primers was carried out using the online tool, Primer-BLAST from NCBI. Primers 

were designed to amplify fragments with appropriate 15 to 40 bp homology regions 

between the fragments. The Gibson Assembly® technique does not need restriction 

digestion and is mostly sequence-independent. The DNA fragments for assembly were 

obtained with PCR of the moss genome or PCR of specific plasmids, and gBlocks® 

synthesized fragments by Integrated DNA Technologies (IDT®), followed by PCR purification 

using QIAquick® PCR Purification Kit (QIAGEN). In cases where the PCR products have 

undesired fragments, agarose gel extraction was performed to purify further the PCR 

product following separation in a standard agarose electrophoretic gel buffered Tris-

Acetate-EDTA (TAE) running buffer following the protocols described in Sambrook [281]. In 

addition to the DNA fragments, the reaction mix contains three enzymes, including 5' 

exonuclease, DNA polymerase, DNA ligase, and other required reagents. The 5' exonuclease 

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 next step; then, 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 hour [278-280, 282]. 



92 
 

After performing the assembly according to the manual's instructions 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 effect Physcomitrium 

transformation. If the DNA fragments were assembled into a ǇƭŀǎƳƛŘΣ ŦƛǾŜ ˃ƭ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ 

mix was used to transform chemically competent E. coli 5Iрʰϰ cells, following the NEB 

manual protocol. Chemically competent E. coli 5Iрʰϰ cells used are also purchased from 

NEB. If colonies appear on LB media [1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 1 % (v/v) 

NaCl] plates with proper antibiotics, several of them were picked and inoculated into liquid 

LB media, and plasmid purification was done using Phenol-Chloroform plasmid preparation 

techniques as described Sambrook [281]. Transformants were verified with PCR of the 

purified plasmids with primers specific to the expected fragment insert.  

The Gateway expression system is another way to assemble DNA fragment, developed by 

Thermo Fisher Scientific, enables site-specific recombination from entry vector such as 

pDONR/pENTR into a destination vector. The site-specific recombination is dependent on 

the attL1 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 the destination vector, the gene product 

Ŏŀƴ ōŜ ŦǳǎŜŘ bπǘŜǊƳƛƴŀƭƭȅ ƻǊ /πǘŜǊƳƛƴŀƭƭȅ ǘƻ ŀŘŘƛǘƛƻƴŀƭ ǎŜǉǳŜƴŎŜǎ ǳǇǎǘǊŜŀƳ ƻǊ ŘƻǿƴǎǘǊŜŀƳ 

of the recombination site, such as fluorescent proteins.  

In each case, the insert sequence was amplified by PCR or using synthesized gblocks® with 

attL sites at each ends, then cloned into the pDONR plasmid using the BP clonase Gateway® 

cloning kit (Thermo Fisher Scientific), based on the manufacturer's specification creating an 

entry clone. Once I had performed the BP recombination reaction, I transformed competent 

E. coli and select for entry clones using the appropriate antibiotic (Gentamicin for 

Ǉ5hb¢нлт ǇƭŀǎƳƛŘύΦ 5Iрʰϰ ŎƘŜƳƛŎŀƭƭȅ ŎƻƳǇŜǘŜƴǘ E. coli was used for this purpose. The 

protocol to transform chemically competent is provided in the next section. A new pDONR 

plasmid with the new DNA fragments at the cloning sites was introduced into the 

destination vector pTZ-UBIgate (Figure 3.13A) by LR clonase Gateway® cloning kit (the 

detailed steps of the Gateway® cloning are explained in details in the following sections). 
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3.2.5 Plasmid construction 

3.2.5.1 BioID-CESA3-pUC19 

The N-terminal BirA, BioID, was amplified from the pcDNA3.1 mycBioID vector (Addgene 

#35700) by PCR to generate the BioID-CESA3 fusion protein in the pUC19 backbone vector 

using primers listed in Table 3.1. Fragments from PpCESA3 include the 5'UTR, Exon1-

Intron1, Intron1-Exon2-Intron2-Exon3-Intron3. A neomycin phosphotransferase (NPTII) 

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 double-stranded DNA molecule stored on ice or at ς20°C for subsequent 

transformations to E. coli 5Iрʰϰ. Since there are multiple fragments shown in Figure 3.4, 

increasing the DNA assembly's efficiency for this construct is performed in three steps. (i) 

Assembly one is included 5'UTR of CESA3, BioID, Exon1-Intron1 into pUC19 vector, and (ii) 

the second assembly is included the cauliflower mosaic virus (CaMV) 35S promoter, NPTII, 

and CESA3 Exon2-Exon3, all of the DNA fragments were cloned into the pUC19 vector. 

CaMV 35S promoter is used to drive the expression of recombinant proteins in plants [283]. 

This study used the CaMV 35S promoter to express the NPTII gene used as a selection 

marker. For the third assembly (iii) 5'UTR, BioID, and Exon1-Intron1 from assembly one and 

CaMV 35S promoter, NPT II, and Exon2-Exon3 from assembly two were amplified from 

pUC19 by PCR with the overlap primers (Table 3.1). These new PCR fragments have 30 bp 

overlap with one another and pUC19 vector and were assembled to linearized pUC19 as the 

final construct.   

 

3.2.5.2 Venus-CESA3-pUC19 

The same procedure was used for the Venus-CESA3 fusion in which the Venus gene, an 

enhanced Yellow Fluorescent Protein (YFP) variant, replaced BioID. The Venus variant has 

improved maturation and brightness, as well as reduced environmental dependence [284]. 

In this study, I am trying to determine the subcellular localization of proteins by analyzing 

the fluorescently tagged fusion proteins. For this purpose, I will examine the localization of 
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fusion protein Venus-CESA3, and I will demonstrate its co-localization with possible 

interactors.  

 

3.2.5.3 KnockOut-CESA3-pUC19 

As a control, I have created another knock-in construct, in which only the NPTII gene is 

placed inside the intron two as it was in BioID-CESA3 and Venus-CESA3 knock-in constructs 

(Figure 3.4). Since the constructs contain the NPTII gene as a selection marker, if there are 

any interferes by NPTII to the fusion protein function, KnockOut-CESA3 will distinguish the 

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

 

3.2.5.4 pTZ-UBIgate-FLP-FRT 

To avoid any possible lethal effects or gene disruption, I have generated a system that will 

utilize the Flp recombinase from yeast to excise the NPTII gene in situ [285]. To this end, I 

have developed a moss strain that expresses Flp recombinase fusion to the human estradiol 

receptor (FlpeERT2) [286]. This system makes it possible to selectively induce recombinase 

activity with the addition of estradiol or one of its analogs. The FLP recombinase gene that 

I have used was derived from pCAG-FlpeERT2 [286].  

Flpe was used to excise the NPTII selection marker, which is flanked by FLP recombination 

targets (FRT), a 34bp sequence 5'GAAGTTCCTATTCtctagaaaGtATAGGAACTTC3' [285]. The 

expression vector pTZ-¦.LƎŀǘŜ όмл˃Ǝύ ǿŀǎ ŘƻǳōƭŜ ŘƛƎŜǎǘŜŘ ōȅ !ōǎL όнлǳƴƛǘǎύ ŀƴŘ bƻǘL 

(20units) restriction enzymes (NEB) at 37°C for 3 hours as per the manufacturer's 

instruction. The FLP recombinase gene was amplified from pCAG-FlpeERT2 by PCR with 

primers with 20-40 bp overlap with pTZ-UBIgate plasmid at restriction enzyme sites. The 

FLP-FRT fusion was cloned into the moss-specific vector pTZ-UBIgate (Figure 3.6) using the 

same Gibson Assembly® strategy as described previously. The vector is designed so that 

homologous recombination within the moss chromosome occurs at a redundant copy of 

the Actin Related Protein 2/3 Complex Subunit 3 (ARPC3) gene and does not affect growth 

or development [287]. 
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Figure 3.4: PCR fragments used for Gibson Assembly® (i) BioID-CESA3-pUC19, (ii) Venus-CESA3-pUC19, (iii) KO-
CESA3-pUC19. 

 

3.2.5.5 BioID-pTZ-UBIgate 

The BioID was amplified from the pcDNA3.1 mycBioID vector (Addgene #35700) by PCR to 

generate the BioID-pUTZ UBIgate construct as a control. I designed primers with 20-40 bp 

overlap with pTZ-UBIgate plasmid at restriction enzyme sites (Table 3.1). The expression 

vector pTZ-¦.LƎŀǘŜ όмл˃Ǝύ ǿŀǎ ŘƻǳōƭŜ ŘƛƎŜǎǘŜŘ ōȅ ǊŜǎǘǊƛŎǘƛƻƴ ŜƴȊȅƳŜǎ όb9.ύ !ōǎL ŀƴŘ bƻǘL 

as per the manufacturer's instruction, and the BioID gene was cloned into the double 

digested vector pTZ-UBIgate using the Gibson Assembly® strategy as described previously. 

 

3.2.5.6 BioID2-CESA5-pTZ-UBIgate 

To generate the construct, the Gibson Assembly® technique has been used to assemble 

nine synthesized gBlocks®, including BioID2 and full-length CESA5 cDNA (Table 3.2), adding 

attB1 and attB2 sequences at both N-terminus of BioID2 and C-terminus of CESA5 cDNA 

into the backbone pUC19 vector that generated by PCR with the overlap primers. The 

DŜƴŜǎŎǊƛǇǘ ŎƻƳǇŀƴȅ ǎȅƴǘƘŜǎƛȊŜǎ Ǝ.ƭƻŎƪǎϯΦ .t ǊŜŎƻƳōƛƴŀǘƛƻƴ ƻŦ Ǉ5hbwϰ ŀƴŘ .ƛƻL5н-

CESA5-pUC19 constructs were done to create the entry clones. According to the 

manufacturer's instructions (NEB), the respective BioID2-CESA5-pUC19 clone was linearized 

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

homologous recombination, 100 ng linearized BioID2-CESA5-pUC19 clone as an entry clone 
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was mixed with 150 ƴƎ ƻŦ Ǉ5hbwϰнлт ŀǎ ǘƘŜ ŘŜǎǘƛƴŀǘƛƻƴ ǾŜŎǘƻǊ ŀƴŘ 4˃ƭ .t /ƭƻƴŀǎŜ 

reaction mix (Thermo Fisher Scientific). 

The solution was brought ǘƻ ŀ ǘƻǘŀƭ ǾƻƭǳƳŜ ƻŦ р ˃ƭ ǿƛǘƘ ¢9 ōǳŦŦŜǊ ǇI уΦл όмл Ƴa ¢ǊƛǎκI/ƭ 

pH 8.0, 1 mM EDTA). Following incubation at 25°C (for the highest efficiency, the incubation 

ǘƛƳŜ ƛƴŎǊŜŀǎŜŘ ǘƻ ǘƘǊŜŜ ƘƻǳǊǎύΣ ƻƴŜ ˃ƭ tǊƻǘŜƛƴŀǎŜ Y ǎƻƭǳǘƛƻƴ ǿŀǎ ŀŘŘŜŘ όThermo Fisher 

Scientific), the samples were transferred to 37°C for 10 min to terminate BP clonase activity. 

!ŦǘŜǊǿŀǊŘΣ ƻƴŜ ˃ƭ ƻŦ ǘƘŜ .t ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ǿŀǎ ǳǎŜŘ ǘƻ ǘǊŀƴǎŦƻǊƳ E. coli stain 5Iрʰϰ. For 

each transformation, an aliquot of competent E. coli ǿŀǎ ǘƘŀǿŜŘ ƻƴ ƛŎŜΦ нр ˃ƭ ōŀŎǘŜǊƛŀƭ 

suspension was mixed with a plasmid. After incubation on ice for 30 min, the cells were 

heat-ǎƘƻŎƪŜŘ ŦƻǊ ол ǎŜŎƻƴŘǎ ŀǘ пнϲ/ ŀƴŘ ƛƳƳŜŘƛŀǘŜƭȅ ǘǊŀƴǎŦŜǊǊŜŘ ōŀŎƪ ǘƻ ƛŎŜΦ рлл ˃ƭ {h/ 

ǿŀǎ ŀŘŘŜŘΦ ¢ƘŜ ōŀŎǘŜǊƛŀ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŦƻǊ ƻƴŜ ƘƻǳǊ ŀǘ отϲ/ ǘƻ ŜƴŀōƭŜ ǊŜŎƻǾŜǊȅΦ CƛŦǘȅ ˃ƭ 

bacteria suspension were spread on plates containing LB medium supplemented with 

appropriate antibiotics 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 

supplemented ǿƛǘƘ м ҈ όǿκǾύΦ ¢ƘŜ ŘŜǎǘƛƴŀǘƛƻƴ ŎƭƻƴŜ Ǉ5hbwϰнлт ŎƻƴŦŜǊǊŜŘ ǊŜǎƛǎǘŀƴŎŜ ǘƻ 

DŜƴǘŀƳƛŎƛƴ όт ˃ƎκƳƭύΦ tǳǘŀǘƛǾŜ ǇƻǎƛǘƛǾŜ ŎƭƻƴŜǎ ǿŜǊŜ ǊŜ-evaluated by performing colony 

PCRs. Cells from one single E. coli Ŏƻƭƻƴȅ ǿŜǊŜ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ нр ˃ƭ t/w ƳƛȄǘǳǊŜΦ ¢ƘŜ 

colonies were 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 control sample containing no 

template was included to ensure the purity of the used reagents. Positive colonies for 

successful cloning were isolated from 5 ml LB medium cultures supplemented with 

antibiotics. They had been incubated overnight at 37°C under continuous shaking at 250 

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

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

salt conditions. Before loading the column, cell debris and precipitated proteins are 

removed by centrifugation. RNase I 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, the DNA content was checked 

for quality and purity using the BioDrop® Due (80-3006-61). All samples were either stored 

at -нлϲ/ ƻǊ ŘƛǊŜŎǘƭȅ ǳǎŜŘ ŦƻǊ ǊŜǎǘǊƛŎǘƛƻƴ ŘƛƎŜǎǘǎ ŀƴŘ [w /ƭƻƴŀǎŜϰ ǊŜŀŎǘƛƻƴ ŎƭƻƴƛƴƎ 

procedures.  

CƻǊ [w /ƭƻƴŀǎŜϰ ǊŜŎƻƳōƛƴŀǘƛƻƴ ƻŦ .ƛƻL5н-CESA5-pTZ-UBIgate, the destination vector, pTZ-

UBIgate (100 ng), and the entry vector (150 µl) were mixed with 4 ˃ƭ [w /ƭƻƴŀǎŜϯ ǊŜŀŎǘƛƻƴ 

mix (Thermo Fisher Scientific) and 5 ˃ƭ ƻŦ ¢9 ōǳŦŦŜǊ ǇI уΦл όмл Ƴa ¢ǊƛǎκI/ƭ ǇI уΦлΣ м Ƴa 

EDTA). Following incubation at 25 °C for 3 ƘƻǳǊǎΣ ƻƴŜ ˃ƭ tǊƻǘŜƛƴŀǎŜ Y solution was added, 

ŀƴŘ ǘƘŜ [w ŎƭƻƴŀǎŜ ŀŎǘƛǾƛǘȅ ǿŀǎ ǘŜǊƳƛƴŀǘŜŘ ōȅ ƛƴŎǳōŀǘƛƻƴ ŀǘ от ϲ/ ŦƻǊ мл ƳƛƴΦ bŜȄǘΣ ƻƴŜ ˃ƭ 

of the LR reaction mixture was used to transform E. coli stain 5Iрʰϰ as described before. 

The destination clones pTZ-¦.LƎŀǘŜ ŎƻƴŦŜǊǊŜŘ ǊŜǎƛǎǘŀƴŎŜ ǘƻ !ƳǇƛŎƛƭƭƛƴ όрл ˃ƎκƳƭύΦ /ƻƭƻƴȅ 

PCRs, plasmid isolation, and confirmation of final construct BioID2-CESA5-pTZ-UBIgate were 

performed as described earlier, and all samples were purified and stored at -20°C or directly 

used for further procedures. 

All the construct maps are generated by SnapGene® Viewer are shown in appendix 3. 
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Table 3.1: Primer list of CESA3 knock-in constructs used for Gibson Assembly® 

Primer name Sequence Use 
 BioID-CESA3-pUC19 construct  
pUC19-F CGACGTTGTAAAACGACGGCCAGTGAATTC Gibson Assembly® 
5UTR-F CGACGTTGTAAAACGACGGCCAGTGAATTCGTCTGTTTAGTTTCGTTTGGTTTCGCTGTA Gibson Assembly® 
5UTR-Bio-R ATCCTCTTCTGAGATGAGTTTTTGTTCCATTGCTGCAACGCCACTCCGCTCGCTCCACTG Gibson Assembly® 
Bio-F CAGTGGAGCGAGCGGAGTGGCGTTGCAGCAATGGAACAAAAACTCATCTCAGAAGAGGAT Gibson Assembly® 
Bio-R CATGGCCGCTGCCGCAGCGGCAGCGGCAGCCTCGAGCTTCTCTGCGCTTCTCAGGGAGAT Gibson Assembly® 
pUC19-R CCTGCAGGTCGACTCTAGAGGATCCCCGGG Gibson Assembly® 
Exo1-F GCGGCCGCTGCCGCTGCGGCAGCGGCCATGGAGGCTAATGCGGGCCTGGTTGCTGGATCC Gibson Assembly® 
Exo1-R CCTGCAGGTCGACTCTAGAGGATCCCCGGGTTCCTATACTTTCTAGAGAATAGGAACTTCAAACACAGAGGAAACAGATTCATCGAGTCT Gibson Assembly® 
NPT-F CGACGTTGTAAAACGACGGCCAGTGAATTCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCATGGAGTCAAAGATTCAAATAGAGG Gibson Assembly® 
NPT-R TTCCTATACTTTCTAGAGAATAGGAACTTCTCAGAAGAACTCGTCAAGAAGGCGATAGAA Gibson Assembly® 
Exo2-F GAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCAGTTGAATTAGATCAACATTTTGGC Gibson Assembly® 
Exo2-R CCTCATGCCGGTGTGGTCATGTTGATACAGCCCGGGGATCCTCTAGAGTCGACCTGCAGG Gibson Assembly® 
NPT-F2 CGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCATGGAGTCAAAGATTCAAATAGAG Gibson Assembly® 
Exo1-R2 TTCCTATACTTTCTAGAGAATAGGAACTTCAAACACAGAGGAAACAGATTCATCGAGTCT Gibson Assembly® 
 Venus-CESA3-pUC19 construct  
Exo1k-F CAGTGGAGCGAGCGGAGTGGCGTTGCAGCAATGGAGGCTAATGCGGGCCTGGTTGCTGGA Gibson Assembly® 
Exo1k-R GAAGTTCCTATACTTTCTAGAGAATAGGAACTTCATTCATTGCAAGCCACAAACAATTCG Gibson Assembly® 
5UTRk-R TCCAGCAACCAGGCCCGCATTAGCCTCCATTGCTGCAACGCCACTCCGCTCGCTCCACTG Gibson Assembly® 
5UTR-F CGACGTTGTAAAACGACGGCCAGTGAATTCGTCTGTTTAGTTTCGTTTGGTTTCGCTGTA Gibson Assembly® 
NPTk-F GAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCATGGAGTCAAAGATTCAAATAGAGG Gibson Assembly® 
NPTk-R GAAGTTCCTATACTTTCTAGAGAATAGGAACTTCTCAGAAGAACTCGTCAAGAAGGCGAT Gibson Assembly® 
Exo2k-F GAAGTTCCTATTCtctagaaaGtATAGGAACTTCGTGCGTTTCCAGTATGCCGCACGTGC Gibson Assembly® 
Exo2-R CCTCATGCCGGTGTGGTCATGTTGATACAGCCCGGGGATCCTCTAGAGTCGACCTGCAGG Gibson Assembly® 
Exo1a-R GAAGTTCCTATACTTTCTAGAGAATAGGAACTTCAAACACAGAGGAAACAGATTCATCGA Gibson Assembly® 
 KO-CESA3-pUC19 construct  
5UTR-F  GTAAAACGACGGCCAGTGAATTCGAGCTCGGTCTGTTTAGTTTCGTTTGGTTTCGC  Gibson Assembly® 
5UTR-R  TTCACCTTTAGACATTGCTGCAACGCCACTCCG  Gibson Assembly® 
Venus-F  AGTGGCGTTGCAGCAATGTCTAAAGGTGAAGAATTATTC  Gibson Assembly® 
Venus-R  CAGCGGCAGCGGCCGCTTTGTACAATTCATCCATACCATG  Gibson Assembly® 
Exon1-F  GATGAATTGTACAAAGCGGCCGCTGCCGCTGCGGCAGCGGCCATGGAGGCTAATGCGGGC  Gibson Assembly® 
Exon1-R  CATGATTACGCCAAGCTTGCATGCCTGCAGAAACACAGAGGAAACAGATTCATCG  Gibson Assembly® 
 BioID-CESA3-pTZ-UBIgate/BioID-pTZ-UBIgate constructs  
BioID-CESA3-pTZ-F GGAGTAGGGGTATCGGGCCCCCCCGTCTGTTTAGTTTCGTTTGGTTTCGCTGTA Gibson Assembly® 
BioID-CESA3-pTZ-R TAATTCGAGCTCCACCGCGGTGGCGGCCGCCTGTATCAACATGACCACACCGGCATGAGG Gibson Assembly® 
BioID-pTZ-F GGAGTAGGGGTATCGGGCCCCCCCATGGAACAAAAACTCATCTCAGAAGAGGATCTCGACA Gibson Assembly® 
BioID-pTZ-R AATTCGAGCTCCACCGCGGTGGCGGCCCTCGAGCTTCTCTGCGCTTCTCAGGGAGATTTC Gibson Assembly® 
 FLP-FRT-pTZ-UBIgate  
FLP-FRT-F GGAGTAGGGGTATCGGGCCCCCCCTCGAGGTCAAGCTGTGGCAGGGAAAC Gibson Assembly® 
FLP-FRT-R TAATTCGAGCTCCACCGCGGTGGCGGCCGCATGAGCCAATTTGATATATT Gibson Assembly® 
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Table 3.2: List of gBlocks® for assembling BioID2-CESA5 into pTZ-UBIgate backbone plasmid 

 

3.2.6 Protoplast isolation  

Using the method of Roberts et al. [13], protoplasts were isolated using the wild-type 5-7 

Řŀȅǎ ƻƭŘ ŎƘƭƻǊƻƴŜƳŀƭ ǘƛǎǎǳŜΦ ¢ƘŜ ŎƘƭƻǊƻƴŜƳŀƭ ǘƛǎǎǳŜ ǿŀǎ ŘƛƎŜǎǘŜŘ ǳǎƛƴƎ ŀ н҈ 5ǊƛǎŜƭŀǎŜϰ 

(Sigma-Aldrich) solution dissolved in 50 mL 8.5% d-mannitol. The mixture was stirred gently 

for 30 minutes to one hour at 21ς25°C, then the protoplast suspension was passed through 

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

200g for 3 minutes, the supernatant was discarded, and protoplasts were resuspended in 

10 mL 8.5% mannitol. The centrifugation of protoplast suspension was repeated three 

times after resuspension in 10 mL of 8.5% mannitol each time. Ten µL of suspension is 

loaded into a hemocytometer, the intact protoplasts were counted, and the density was 

estimated at approximately 2ς4 × 105 protoplasts/mL. PRMT medium is 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 spread on each PRMB plate. 

Plates were incubated for five days at 25°C with continuous light at 50ς80 mmol/m2/s 

[162].  

 

3.2.7 PEG-mediated Physcomitrium patens transformation 

The isolated Protoplasts were washed twice by centrifuging at 200g for 3 minutes in 8.5% 

mannitol. Protoplasts were counted and resuspended at 1.3 x 106/ml in 8.5% mannitol, 15 

mM MgCl2, 1% MES-KOH pH5.6 (MMM solution). Thirty µl of DNA solution of each 

gBlocks® name Gene Fragment Size (bp) Use 

BC51 attB1, BioID2, CESA5 cDNA 500 Gibson Assembly® 
BC52 CESA5 cDNA 500 Gibson Assembly® 
BC53 CESA5 cDNA 500 Gibson Assembly® 
BC54 CESA5 cDNA 500 Gibson Assembly® 
BC55 CESA5 cDNA 500 Gibson Assembly® 
BC56 CESA5 cDNA 500 Gibson Assembly® 
BC57 CESA5 cDNA 500 Gibson Assembly® 
BC58 CESA5 cDNA 500 Gibson Assembly® 
BC59 CESA5 cDNA, attB2 409 Gibson Assembly® 
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construct (BioID-CESA3-pUC19, Venus-CESA3-pUC19, KO-CESA3-pUC19, BioID-pTZ-

UBIgate, FLP-FRT-pTZ-UBIgate, and BioID2-CESA5-pTZ-UBIgate) were added to separate 

tubes containing protoplast suspensions and gently mixed, followed by adding 300 µl 

PEG/T solution (40% (w/v) PEG 6000 (Prolabo) in 9% (w/v) mannitol containing 0.1 M 

Ca(NO3)2, pH 8.0). The PEG (polyethylene glycol) was either autoclaved before dissolving 

in the sterile mannitol solution or sterilized in the final solution by filtration. The PEG 

solution was prepared 2-3 hours fresh before each experiment. The transformation mix 

was incubated for 30 minutes at room temperature. The protoplast 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 µl protoplast liquid 

medium at 3 minutes intervals and then five aliquots of 1 ml of the protoplast liquid 

medium at 3 minutes intervals. The diluted protoplast solution was transferred into a 6 cm 

tŜǘǊƛ ŘƛǎƘ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŀǘ нрɕ/ ƻǾŜǊƴƛƎƘǘ ƛƴ ŘŀǊƪƴŜǎǎΦ ¢ƘŜ following day, protoplast 

suspension was transferred into a 15 ml conical tube and centrifuged at 200g 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 poured into PRMB medium plates overlayed 

with cellophane disks, and the Petri dishes were sealed with surgical tape and incubated 

ŀǘ нрɕ/ ǳƴŘŜǊ Ŏƻƴǘƛƴǳƻǳǎ ƭƛƎƘǘ ǿƛth a light flux of 30 - 80 µmol/m2/s for five days. After the 

5-day incubation, the cellophane disks were transferred to medium without mannitol and 

containing Zeocin (50 µg/ml) or Ampicillin B (25-30 µg/ml), for pTZUBIgate vector and 

pUC19 vector respectively, based on their selection markers. Antibiotic-resistant plants 

were observed from 10 to 30 days after selection [288]. 

 

3.2.8 Selecting stable transformants 

Initial transformants obtained from protoplast transformation were removed after 21 days 

from the BCDAT medium containing Zeocin or Ampicillin to BCD medium without 

antibiotics for 12-14 days at 25°C under continuous light. Transformants were then 

transferred back to BCDAT medium containing antibiotics for another 14 days. Plants 
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either died or grew at a slower rate. Stably transformed plants that transiently transformed 

grew at the same rate in the presence or absence of antibiotics. Stable transformants of 

FLP-FRT-pTZ-UBIgate were used for the second transformation procedure for BioID-CESA3-

pUC19, Venus-CESA3-pUC19, KO-CESA3-pUC19 purified constructs.  

 

3.2.9 Genotyping of knock-in moss 

Putative transformants were genotyped by PCR to ensure that homologous recombination 

had inserted the knock-in constructs into the correct position in the genome (replacing the 

CESA3 or ARPC3 gene). Genomic DNA from individual colonies (each derived from a single 

protoplast) was isolated using the CTAB protocol [174]. The pellets obtained were 

ŘƛǎǎƻƭǾŜŘ ƛƴ нлл ˃[ ƻŦ ƳƻƭŜŎǳƭŀǊ ƎǊŀde water to serve as templates for PCR genotyping. 

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 transformation cassette were used to determine the insertion positions. 

Only samples in which both corresponding PCR reactions successfully amplified a product 

were used for further experiments. 

 

3.2.10 Semi-quantitative reverse transcription PCR 

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

ǘǊŀƴǎŦƻǊƳŀƴǘǎΣ ǳǎƛƴƎ ǘƘŜ ¢wLȊƻƭϰ ŜȄǘǊŀŎǘƛƻƴ ƳŜǘƘƻŘ [289]Φ м˃Ǝ ƻŦ 5bŀǎŜ L όb9.ύ ǘǊŜŀǘŜŘ 

total RNA was used to synthesis cDNA following the  ProtoScript® II Reverse Transcriptase 

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

knock-in constructs and related genes' expression levels. 

 

3.2.11 Biotin labeling and processing 

To perform the BioID screen, individual colonies of stable transformants were isolated and 

transferred to plates containing liquid BCD medium supplemented with 50 µM to 5 mM 

biotin (Bioshop® Life Science Products) for 24 hours at two different temperatures, room 

temperature and 37°C with agitation. Plants were then collected and washed twice with 
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ice-cold phosphate-buffered saline (PBS; 8 mM Na2HPO4, two mM NaH2PO4, 150 mM 

NaCl) or Tris-buffered saline (TBS; 150 mM Tris, 150 mM NaCl, pH 7.2-7.4) to remove the 

excess biotin and flash-frozen in liquid nitrogen for further analysis. The frozen powder 

was resuspended in freshly prepared ice-cold lysis buffer (50 mM Tris, pH 7.4, 150 mM 

NaCl, 0.5% Triton-· мллΣ мл Ƴa ǎƻŘƛǳƳ ƻǊǘƘƻǾŀƴŀŘŀǘŜΣ ǘŜƴ Ƴa bŀCΣ н˃a ǇŜǇǎǘŀǘƛƴΣ мƳa 

ta{CΣ ƻƴŜ ǳƎκƳ[ ŀǇǊƻǘƛƴƛƴ ŀƴŘ ǘŜƴ Ƴa ʲ-glycerophosphate), supplemented with a 

cocktail of protease inhibitors (Sigma®). Cells were lysed on ice for 20 min. Lysates were 

then centrifuged at 14,000 rpm for 15 min at 4°C, and the supernatant was transferred to 

the fresh tubes. Proteins from whole-cell lysates were separated on 10% SDS-PAGE (29:1  

acrylamide/bisacrylamide; Bio Shop). Before loading samples, samples were mixed with 

protein loading dye (0.25 M Tris-I/ƭΣ ǇI сΦуΣ мр҈ ʲ-mercaptoethanol, 30% glycerol, 7% 

SDS, 0.3% bromphenol blue) to 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% SDS-PAGE in electrophoresis buffer (25 mM 

Tris-base, 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/bisacrylamide (37.5:1), 2 mM 

EDTA, 0.1% SDS), details are summarized in Table 3.3Φ ¢ƘŜ tŀƎŜwǳƭŜǊϰ tǊƻǘŜƛƴ [ŀŘŘŜǊ 

(#26616, Thermo Fisher Scientific) was used to reference molecular weight estimation. 

Proteins were visualized using Coomassie blue stain (45% (v/v) methanol, 10% (v/v) acetic 

acid, 0.25% (w/v) Coomassie Brilliant Blue R-250) and de-stained in 30% (v/v) methanol 

with 10% (v/v) acetic acid. 

SDS-PAGE gels were transferred by electroblotting onto a nitrocellulose membrane 

(Hybond-C extra, GE Healthcare) using the semi-dry method. I used Trans-Blot®SD Semi-

Dry Electrophoteric transfer Cell by Bio-Rad for the semi-dry technique and followed the 

ŎƻƳǇŀƴȅΩǎ Ƴŀƴǳŀƭ ƛƴǎǘǊǳŎǘƛƻƴǎΦ To visualize total protein levels, membranes were stained 

with Ponceau Red (0.2% PonceauS, 3% trichloroacetic acid) for at least 5 min, washed, and 

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% Tween-20, and 2% BSA, 

bovine serum albumin). The blocked membrane was then incubated in 1:2000 dilution of 

streptavidin-HRP (horseradish peroxidase) (#3999, Cell Signaling Technology®) in 2% BSA 

and TBST (TBS; 150 mM Tris, 150 mM NaCl, pH 7.2-7.4, 0.1% Tween) overnight at 4°C. 

Following removing the streptavidin-HRP solution, the membrane was washed three times 

for 5 minutes each in TBST.  

¢ƘŜ ŀƴǘƛπƳȅŎ ōƭƻǘ ǿŀǎ ŀƭǎƻ prepared parallel and washed three times with TBST before the 

ŀŘŘƛǘƛƻƴ ƻŦ Ǌŀōōƛǘ ŀƴǘƛπƳȅŎ όмΥмлллΤ ннту{  /Ŝƭƭ {ƛƎƴŀƭƭƛƴƎύ ƛƴ н҈ .{! ¢.{¢ ƻǾŜǊƴƛƎƘǘ ŀt 4°C, 

then washed three times, five minutes per wash, in TBST before the addition of anti-rabbit 

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

For detecting all blotted proteins, chemiluminescent signals were detected by adding 

tƛŜǊŎŜϰ 9/[ ²ŜǎǘŜǊƴ .ƭƻǘǘƛƴƎ {ǳōǎǘǊŀǘŜ όІонмлсΣ ¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎϰύΣ ŀƴŘ ǎǇŜŎƛŦƛŎ ǇǊƻǘŜƛƴ 

bands were detected with the C-DiGit® membrane scanner using the Image Studio Digits, 

the imaging software.   

The whole-cell extract also was mixed was incubated with 10 µL Streptavidin 

(Sepharose® Bead Conjugate) (#3419, Cell Signaling Technology®) with 

rotation overnight at 4°C. The following day the beads were collected with the centrifuge, 

and the supernatant was kept as the unbound sample. The beads were then resuspended 

in 500 µl 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 in SDS-PAGE 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 3.3: The mixture used for SDS-PAGE gels 

 

 

 

 

 

 

 

3.3 Results 

3.3.1 Establishment of the knock-in systems 

Proximity is the key to the biotinylation process. Therefore, it was vital for the promiscuous 

BirA enzyme to be active on the N-terminal of CESAs. For this reason, the BirA tag was 

cloned downstream of the N-terminus of partial-length CESA3. I used the pUC19 plasmid 

to express bait proteins fused to BirA* with a c-Myc tag. The c-Myc tag allowed for a 

western blotting-based assessment of protein expression levels [290]. BirA and Venus 

genes were fused to the N-terminus of the CESA3 gene to produce BioID-CESA3 and Venus-

CESA3 fusion proteins, targeting the plasma membrane's protein. In these constructs, 

NPTII, the selection marker, was placed in the CESA3 non-coding region. We've also 

created a construct called KnockOut-CESA3, which only contains NPTII in the CESA3 non-

coding region (Figure 3.4). 

During splicing, introns will be removed from the mRNA [291], although, in some cases, 

mRNAs with very long introns, only part of an intron is removed, and then the remaining 

intron may stay in the mRNA [292, 293]. So, to avoid this, since NPTII is a large fragment, 

we've created a system for auto-excision of the selectable marker gene, NPTII, via a stress-

inducible FLP-FRT site-specific recombination system [294]. 

 

3.3.2 Excision of the selectable marker 

FLP-FRT recombination, a site-directed recombination technology, is used to manipulate 

DNA under controlled conditions in vivo, which involves the recombination of sequences 

Solution 10 Resolving gel 4% Stacking gel 

H2O 4 mL 10 mL 

30% bis-acrylamide (37.5:1) 5.85 mL 2.5 mL 

1.5 M Tris (pH ) 7.35 mL - 

1 M Tris (pH ) - 1 mL 

10% SDS 175 µL 140 µL 

10% APS 50 µL 75 µL 

TEMED 4 µL 4 µL 
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between short flippase recognition target (FRT) sites by the recombinase flippase (FLP). 

The 34bp FRT site sequence has 5'GAAGTTCCTATTCtctagaaaGtATAGGAACTTC3' sequence 

for which flippase (FLP) binds to both 5'-GAAGTTCCTATTC-3' arms flanking the eight 

basepair spacer, for example, the site-specific recombination (for a crossover) in reverse 

orientation. FRT-mediated cleavage 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) FRTs [295]. 

The generated system, which utilized the Flp recombinase from yeast to excise the NPTII 

gene in situ [285], uses the site-specific DNA recombinase FLP [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 by FRT sites [285] (Figure 3.5). The estrogen receptor 

ETR2 is a mutated form of the human estrogen receptor (ER) ligand-binding domain (LBD), 

which is inducible by the synthetic anti-estrogen 4-hydroxytamoxifen but does not respond 

to the natural ligand estrogen [286].  

In the chemical-inducible FLP DNA recombination system, removing the NPTII-selectable 

marker gene was confirmed by detecting PCR fragment FLP-FRT in transgenic moss. The 

same primers as it was used to amplify the FLP recombinase gene from pCAG-FlpeERT2  

were used. Zeocin-resistant transgenic moss that had been transformed with FLP-FRT-pTZ-

UBIgate was used to induce FLP-FRT. 

Initially, the transformed moss with FLP-FRT-pTZ-UBIgate was selected on media 

supplemented with Zeocin, and stable transformants were subjected for the second round 

of transformation BioID-CESA3-pUC19, Venus-CESA3-pUC19, KO-CESA3-pUC19.  
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Figure 3.5: Gene excision of NPTII, using FLP recombinase. 

 

3.3.3 Establishment of the CESA3 knock-in systems 

A total of 5-15 transgenic mosses resistant to both Zeocin and NPTII were generated. Most 

transgenic plants showed a normal morphological phenotype compared to the wild-type 

(Figure 3.8). 

I carried out PCR analysis with primer pairs (Table 3.1) to detect the recombination events 

in both constructs on every single colony. Based on the results of the PCR analysis, ten 

plants in total (BioID-CESA3: 5 plants, Venus-CESA3: 2 plants, and KO-CESA3: 3 plants) were 

characterized, which also contain the FLP-FRT site and therefore they putatively contain 

two transgenic loci which one locus would have undergone excision of the NPTII fragment.   

¢ƻ ŜƭƛŎƛǘ CƭǇ ǊŜŎƻƳōƛƴŀǎŜ ŀŎǘƛǾƛǘȅΣ ƎŀƳŜǘƻǇƘƻǊŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ƛƴ м ˃a п-

hydroxytamoxifen solution [286] for 16-18 hours and then 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 amplification of BioID-CESA3 but 1463 bp shorter 

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

Morphological analysis of the ten putative marker-free transgenic mosses showed a 

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

biotinylation assay following western blot analysis.  

 

 
Figure 3.6: CESA3 fusion cunstructs (i) BioID-CESA3-pUC19, (ii) Venus-CESA3-pUC19, (iii) KO-CESA3-pUC19. 

FLP-FRT-pTZUBIgate construct. 
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Figure 3.7: Confirmation and visualization of successful DNA assembly of CESA3 constructs. (A) CESA3 
constructs cloned into pUC19 and linearized by a restriction enzyme (B) Confirmation of NPTII gene excision 
in CESA3 constructs. 

 

 

Figure 3.8: Comparison of BioID-CESA3, Venus-CESA3, and KO-CESA3 transformants phenotype with wild-
type plant.  

 

3.3.4 Biotin identification (BioID) 

I generated the BioID method for labeling proteins in a proximity-dependent manner in 

the Physcomitrium cell wall. I planned to create a system based on the fusion of PpCESA3 

and PpCESA5 proteins to an enzyme that could selectively modify vicinal proteins in vivo. 

There are two requirements for this system. The first and the most important is that the 

 

A B 

Wild-type                                       BioID-CESA3                                    Venus-CES3                       KO-CESA3Venus-CESA3

5 mm
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fusion protein must be correctly targeted when expressed in cells. Next, the modification 

itself must help the isolation of the specifically labeled proteins.  

BirA* is a 35-kD mutated DNA-binding biotin protein ligase (R118G) in E. coli, which is 

defective in self-association and DNA binding [296]. A biotin acceptor tag (BAT) is 

coexpressed with BirA* that is fused to a protein of interest in this system. The BAT is 

biotinylated and can detect with one-step high-affinity avidin/streptavidin mediated 

purification of the tagged protein. Since biotinylation is a rare modification in euyoukariotic 

cells, it is restricted to a few carboxylases [268]. In the two-step process of BirA* 

biotinylation, firstly, biotin and ATP form a highly reactive biotinoyl-5'-AMP [263] (bioAMP 

[297]). The free bioAMP reacts with primary amines [263]. BirA* biotinylates proteins 

promiscuously in a proximity-dependent manner [298, 299].  

I generated multiple fusion proteins for expression in Physcomitrium patens. Plant tissue 

contains some natively biotinylated proteins, which can be detected by western blotting 

using streptavidin-HRP. 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 substrate (Figure 3.9A). BirA* has been shown 

to self-biotinylate and tagged with the myc-tag; therefore, the biotinylated 35 kDa species 

ƛƴ ǘƘŜ .ƛƻL5π/9{!о ǿŜǊŜ ŜȄǇŜŎǘŜŘ ǘƻ ōŜ ƻōǎŜǊǾŜŘ ƻƴ ǘƘŜ ŀƴǘƛ-myc western blot to indicate 

the biotinylated fusion proteins [298]. Western blot analysis using antibodies against myc 

tags for BioID-CESA3 was performed to confirm the expression of the BioID in moss 

transformants (Figure 3.9B). A band was observed at approximately 35 kDa at the blot, 

highlighted in Figure 3.9B with an arrow.  
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Figure 3.9: Western blot analysis of BioID transformants. (A) Plants with BioID-CESA3 fused protein show 
minimal biotin labeling without exogenous biotin substrate. Lane 1-5 represents five independent 
transformants (T1-T5)  compared to the wild-type (WT). (B) anti-myc western blot shows in lanes 1-5 five 
independent transformants (T1-T5) compared to the WT. 

 

3.3.5 Incorporation and metabolism of biotin 

The next important step for establishing the BioID-CESA system was testing the 

incorporation and metabolism of biotin. Live BioID-CESA3 plants were treated and 

incubated with biotin according to the protocol published by Roux and colleagues [263]. 

Figure 3.10 demonstrates the results of this test. In the presence of exogenous biotin 

substrate in the growth media, the BirA fusion constructs produced significantly less 

labeling than expected to observe compared to wild-type (Figure 3.10). There was no 

differential banding pattern for the BioID-CESA3 samples as seen with wild-type (Figure 

3.10); however, the bands are more predominant after incubation of BioID-CESA3 samples 

biotin, and only a few bands were observed in the absence of biotin (lane with ς sign), a 

smear was seen when biotin was added (lanes with + sign). The same experiments were 

performed with a control cell line expressing wild-type. In these cases, the same bands 

were observed (Figure 3.10). I could not detect bands corresponding to each of the full-

length fusion proteins' predicted molecular weights in lysates from transiently expressing 

knock-in mutants. The fusion protein expression was supposed to be around 100 kDa, 

higher than the endogenous CESA3 expression, approximately 58 kDa. But the expression 

of the fusion proteins wasn't detected.  

  

A B B 
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To overcome this issue, I tested various biotin concentrations, incubation temperature, 

and duration of incubation. A range of biotin concentrations (50 µM to 2 mM) for 18, 24, 

and 48 hours were used at room temperature (approximately 25°C), 37°C, and 50°, 

following by cell lysis and western blotting analysis using Streptavidin-HRP (Figure 3.11). 

Despite testing different conditions, no biotinylated protein labeling other than the 

minimal labeling with exogenous biotin substrate was detected in knock-in moss stains. 

Also, I ŘƛŘƴΩǘ ƻōǎŜǊǾŜ ŀƴȅ differences between the various conditions mentioned above. 

 

 

Figure 3.10: Western blot analysis for the biotin ligase activity. (A) Ponceau S Staining verified equal loading 
of protein. (B) Western blot result for biotinylation for P. patens lines derived from the transformation of 
BioID-CESA3 in five stable transformants (T1-T5) and wild-type (WT) as control. All stable transformants were 
grown in liquid BCD media with (+) or without (-) biotin final concentration of 5 mM, added 24 hours before 
cell lysis. 

 

Streptavidin-HRPPonceauS Staining

A                                                                       B
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Figure 3.11: Western blot analysis of a range of 50 µM to 2 mM biotin concentrations at 37°C for 18 hrs for 
the transformants 1 (T1) sample. 

 

3.3.6 Fusion proteins' expression levels measurement 

I performed semi-quantitative PCR on leafy gametophores isolated from BioID-CESA3 

plants to measure fusion proteins' expression levels in these tissues. The results show that 

BioID-CESA3 is less expressed compare to PpCESA3 (Figure 3.12). And it appears the BioID-

CESA3 fusion may significantly downregulate CESA3 gene expression compared with the 

wild-type. Next, I set up the BioID2 system, using the overexpression vector pTZ-UBIgate 

with full-length CESA5 to improve the biotinylation process. 
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Figure 3.12: Semi-quantitative PCR result for BioID-CESA3 fusion protein. The expression level of PpCESA3 

after the BirA gene is fused to N-terminal. 

 

3.3.7 Generation of new fusion protein BioID2-CESA5 

Given the data presented in the previous section, I hypothesized that BirA* triggers a 

conformational change that may downregulate the expression of CESA3, which disrupts 

the interactions. To evaluate the study hypothesis and identify the CESAs interacting 

proteins, I used the BioID2 approach to identify PpCESA5-interacting proteins.  

For this purpose, I generate the fusion protein using CESA5. As described previously, any 

interruption in the gene expression and/or protein modification of PpCESA5 can alter the 

plant phenotype due to the role of PpCESA5 in morphogenesis and development of leafy 

gametophore [77]. On the other hand, BioID2 is an improved version of the BioID platform, 

where a smaller promiscuous biotin ligase is fused in-frame to the protein of interest to 

facilitate the biotinylation of proximal proteins in live cells [271]. BioID2 uses the Aquifex 

aeolicus biotin ligase, which a mutation Arg40Gly in the catalytic domain, increases the 

promiscuity of biotinylation [271].  



114 
 

For this study, wild-type CESA5 was cloned in the frame of the c-terminus of the BioID2 

biotin ligase, and the construct, BioID2-CESA5, was cloned to overexpression vector pTZ-

UBIgate (Figure 3.13A) and transformed into wild-type Physcomitrium patens to target the 

protein in the plasma membrane. I didn't observe any phenotype changes in putative 

transformant compared to wild-type to ensure that these fusion constructs retained 

native-like phenotype (Figure 3.13B).  

These results from analyzing the putative transformants showed that BioID2-CESA5 fusion 

protein failed to incorporate into the Physcomitrium patens genome, so I could not detect 

ŀƴȅ ǇǊƻȄƛƳƛǘȅ ƭŀōŜƭƛƴƎ ƛƴπŦǊŀƳŜ Ŧǳǎƛƻƴ /9{!рΦ  

Despite not detecting any expression of fusion proteins, I tested the activity of the biotin 

ligase. Firstly, proteins from transformants and wild-type ǿŜǊŜ ǊŜǎƻƭǾŜŘ ōȅ {5{ҍt!D9Σ ŀƴŘ 

myc tag levels were tested with the anti-myc antibody. But no BioID2 expression was 

detected. Next, treating 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 streptavidin HRP (Figure 3.14), which correspondent to the naturally 

biotinylated proteins. Also, no expression of BioID2-CESA5 fusion protein was detected.  
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Figure 3.13: BioID2-CESA5-pTZ-UBIgate construct. (A) Confirmation of the construct assembly. (B) compare 
BioID2-CESA5 transformant phenotype to wild-type (Scale bar: 0.5 cm). 

 

Figure 3.14: The biotin ligase activity of BioID2-CESA5 transgenic plants. An initial test for the biotinylation of 

two stable transformants (T1-T2) and wild-type (WT) as control. Both transformants were grown in liquid 

BCD media with (+) or without (-) biotin to a final concentration of 5 mM, 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 affinity purification coupled with mass spectrometry (AP-MS) have 

identified very few plant CESA interacting partners. This is because AP-MS fails to identify 

proteins that interact weakly or transiently with a target protein. In the past decade, 

enzyme-catalyzed proximity labeling approaches have been developed to overcome some 

of these drawbacks [263, 300, 301]. Proximity labeling methods are based on engineered 

ascorbate peroxidase (APEX) [302] and a mutant E. coli biotin ligase BirAR118G (BioID) [263]. 

The technique called proximity biotinylation helps many researchers to identify the 

proteins that partner together. It relies on attaching an enzyme (BioID [267] or TurboID 

[303]) to a 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 interest. In contrast to AP-MS, in proximity 

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 (16-нп Ƙύ ŀƴŘ ƘƛƎƘŜǊ ƛƴŎǳōŀǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ όот ϲ/ύ ƛǎ ǊŜǉǳƛǊŜŘ ŦƻǊ efficient labeling 

[263], which can be toxic and lethal to some cell types. Even though a smaller biotin ligase, 

BioID2, from Aquifex aeolicus has been described, conditions required for biotinylation of 

interacting proteins are similar to those of BioID [271]. The necessary conditions for BioID 

and BioID2 are not optimal for in vivo proximity labeling in the whole plant, which has 

resulted in the limited deployment of BioID-based proximity labeling in plants [290].  

Other limitations, such as the large size of BirA* tag (35 kDa) tag in the BioID system, could 

change the structure and function of the fused protein and cause potentially wrong 

location or reduced binding [263], which I believe could be the case for BioID-CESA3 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 on the c- or n-

terminal ends 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 to the wild-type with no effect on the 

growth and development of plants [273].  
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Recent studies show that the E. coli biotin ligase BirA generated new promiscuous labeling 

variants TurboID and miniTurboID, which allow rapid nontoxic proximity labeling. TurboID 

is more active than BioID and can label proteins within ten minutes. However, it can be 

more likely to be toxic for the cell under certain conditions. It also makes mistakes and tags 

proteins that do not interact with the protein of interest [303]. 

To address these issues, recently, Kido et al. established a new technique called AirID, a 

new enzyme for proximity biotinylation. Experiments were confirmed that AirID could label 

interacting proteins in human cells. It is also less probable to mistakenly tag non-partners 

or to kill the cells, even over long periods, or affect the expression level compared with 

BioID and TurboID [304]. 
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Chapter four: General discussion  

This study aimed to investigate the cellulose biosynthesis-related processes in 

Physcomitrium patens to extend our current understanding of the proteins involved in 

these processes. The choice of Physcomitrium patens was governed by its unique 

experimental attributes. Over the past two decades, genetic studies on P. patens have 

expanded the available tools and resources and laid the foundation for robust forward and 

reverse genetic approaches. Since 1962, P. patens Gransden was established as a model 

species by H.L.K. Whitehouse. Between the 1960s to the 1980s, this moss was used to 

isolate and study mutants in plant morphology, hormone biology, and nutrition [96, 305-

307]. Early studies revealed that the effects of phytohormones [92, 308, 309] were 

conserved throughout the evolutionary history of land plants [310, 311]. The efficient gene 

targeting via homologous recombination, which triggers the immediate generation of 

mutants in P. patens, was reported in 1997 [312, 313], following the initial transcriptomic 

characterization [314], established this moss as a functional genomics model [90, 315, 

316]. P. patens was targeted for genome sequencing and designed to become a cell biology 

model and evolutionary developmental studies [317]. 

P. patens protoplasts transformation using PEG allows for the stable incorporation of DNA 

and transient expression assays [49, 318]. P. patens whole plants protoplasts can be 

derived from a single protoplast carrying the inserted DNA molecules into specific sites in 

the genome. The generation of gene deletions and insertions in P. patens has allowed 

functional gene analysis to be performed throughout development. Also, by transforming 

haploid protoplasts due to the predominant haploid state of P. patens, it is possible to 

isolate knock-outs and knock-ins of essential genes. Researchers have also employed gene 

silencing mediated by RNA interference (RNAi) [318, 319]. Transient expression of RNAi 

constructs is a powerful approach to studying essential genes [320] involved in 

development. Despite the effectiveness of gene silencing approaches, they can suffer from 

variable levels of silencing. Recent advances in genome editing technologies such as 

CRISPR-Cas9 overcome the limitations of traditional homologous recombination and gene 

silencing approaches [317]. Moreover, the stable integration of multiple genes occurs at 
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high frequency, and thus, it obtains stable transformants containing functional genes 

[321].  

In forward genetic approaches to isolate morphological mutants in P. patens, ultraviolet 

light (UV) or chemical mutagens such as ethyl methanesulfonate treatment are used [306].  

The availability of a well-annotated genome and marker lines in ecotypes facilitates the 

identification of crossed sporophytes [322, 323] and causal mutations [73]. Similar to the 

research presented in this thesis, mutagenized protoplasts with UV showed conditional 

loss of growth mutants [324]. Also, Moody et al. in 2018 identified UV-mutagenized 

mutants that were not able to form gametophores [325]. However, without gametophores 

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

a different ecotype. Somatic diploidization is the solution to perform a crossing between 

two somatic diploids [325]. The causal mutations in both groups can be successfully 

identified using whole-genome sequencing approaches on P. patens derived from their 

mapping population.  

Physcomitrium patens with extensive annotation and short-generation time have great 

potential to shed light on fascinating topics, such as genomic and transcriptomic studies. 

These different aspects will significantly benefit from the increasing 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 selfing and the 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 in Physcomitrium patens 

A1.1 Introduction 

Plants can produce a variety of complex secondary 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 the biotechnology industry [326]. Previous attempts 

have been made to produce high-value compounds more economically available by 

introducing their biosynthesis pathways from natural source plants into other plants, such 

as the moss Physcomitrium patens as a host production organism [327]. Another 

motivation for pursuing this endeavor is that some medicinally important plants are 

endangered species [328]. Moreover, some plants have been difficult to cultivate in high 

amounts, which happened to be the case with thapsigargin to treat multiple cancers [328-

330]. At the time, thapsigargin was obtained from the intact fruits and roots of Thapsia 

garganica L. 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 successful in vitro regeneration of T. garganica 

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

2000, it wasn't commercially feasible [333]. 

Besides, the natural source of desirable compounds might not be reliable or consistent. 

For example, terpenoids are some of the most active compounds from plants with 

antitumor activity, like Taxol (paclitaxel), extracted from yews [334]. The high demand for 

the drug has led to pressure on wild plants as a drug source. As a result, I cannot only rely 

on the wild population for the supply of drugs.  

Therefore, there are efforts to identify the active compounds before their natural sources 

disappear or become compromised. Escherichia coli and Saccharomyces cerevisiae (yeast) 

are well established as the conventional workhorses of biotechnology for plant terpenoid 

production and have advantages in sustainability and similarity to plant systems [335]. 
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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 kingdom also can 

create problems such as in isoprenoid production [336, 337]. These problems can be 

avoided by using host organisms like the moss, Physcomitrium patens. Recent studies have 

shown that P. patens is an excellent host for drug production. For example, artemisinin, 

the potent malaria drug from the plant Artemisia anua, can be produced at higher levels 

in Physcomitrium even before any production enhancements [327]. P. patens has also been 

used as a host for the biosynthesis of high-ǾŀƭǳŜ ǇǊƻŘǳŎǘǎΣ ǎǳŎƘ ŀǎ ʰκʲ-santalene [338], 

patchoulol [149], sclareol [141], and recombinant therapeutic peptides [339].  

Physcomitrium, as a multicellular land plant, may not be able to compete with yeast in 

terms of growth rate. However, efficient gene disruption in Physcomitrium is one of the 

most significant benefits in reverse genetics research in plants [340]. Also, what sets P. 

patens apart from other plant heterologous expression systems is its genome editing's 

unique capacity through homologous recombination matches the in vivo assembly of 

multiple heterologous DNA fragments in P. patens [341]. P. patens is a non-vascular ancient 

lineage of land plants, is the right choice for the stable heterologous production of 

terpenes. It is mostly because of its ability to undergo homologous recombination and 

allow direct genome editing without the requirement of CRISPR-systems or known genome 

sequence [341]. Besides, Physcomitrium can grow photo-autotrophically in sterile 

inorganic culture media without any need for vitamins, phytohormones, or a carbon source 

[305]. In most plant production systems, liquid cultures are typically composed of 

undifferentiated callus cells. However, Physcomitrium cultures can be propagated as 

haploid, photosynthetic protonemata [145]. The advantage is that a protonemal culture 

has a stable genetic background to ensure that the genetic composition of Physcomitrium 

cultures does not change over time [342]. Moreover, Physcomitrium is tolerant of abiotic 

stresses [343], which can help the non-native compound biosynthesis in moss, as 

mentioned earlier.  
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As previously stated, an important advantage of Physcomitrium is that it is amenable to 

combinatorial biosynthesis, which can be defined as the application of genetic engineering 

for the modification of biosynthetic pathways for the production of novel compounds [151, 

344, 345].  

An in vivo combinatorial biosynthesis approach in Physcomitrium to make natural products 

with useful biological activity has already been done [346]. In this context, the important 

outcome of using Physcomitrium is that establishing a moss strain producing cannabinoids 

will help create other drug-candidate-producing moss strains.  

Cannabis has been used for medical purposes around the world for millennia [347]. As 

Canada has implemented medical and recreational cannabis policies, people using 

cannabis as a therapy for pain management are increasing [348]. Recent reports are 

conclusive evidence that cannabis is effective for chronic pain treatment in adults [349]. 

Cannabinoids, like some other drugs, are challenging to obtain by chemical synthesis, and 

Cannabis sativa, the original plant, cannot produce sufficient amounts for market demand 

[145].  

In the study by Ikram et al. in 2017, the genes involved in artemisinin biosynthesis were 

engineered into the P. patens via direct in vivo assembly of multiple DNA fragments. The 

initial production was relatively high, and the study showed P. patens could be an efficient 

and sustainable industrial-scale production platform of artemisinin and supply of 

artemisinin with lower price and more affordable [346]. Based on the successful and 

efficient in vivo assembly of multiple linear DNA in P. patens for amorphadiene and 

artemisinin production [149, 346], I develop a concatenation assembly system for 

cannabinoids imitating some basic cannabinoids' natural production.  

 
A1.2 Methods 

A1.2.1 Plant material and growth conditions 

The 'Villersexel' strain of Physcomitrium patens (Vx) was used for this research, grown, and 

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

Targeted loci included multiple-gene insertions of five key enzymes in the cannabinoid 

biosynthetic pathway; cannabidiolic acid synthase (CBDAS), olivetol synthase (OLS), acyl-

activating enzyme 1 (AAE1), TPA-exp-prenyltransferase 4 (PT4), olivetolic acid cyclase 

(OAC), tetrahydrocannabinolic acid synthase (THCA) [341] precursor using CDS clones. The 

cannabinoid biosynthesis pathway is shown in figure A1.1. Each synthesized CDS clone 

(sequences are shown in A1.5.1) was introduced to an overexpression vector pTZ-UBIgate, 

under the strong constitutively expressed promotor's control, maize ubiquitin promoter 

with Zeocin as a resistant cassette in plants. The CDSs were prepared for transformation 

by using Gateway® cloning kit (Thermo Fisher Scientific), based on the manufacturer's 

specification, as described in chapter three. The successfulness of gateway cloning was 

assessed by running the linearized constructs on 1% agarose gel and compared to the 

original empty vector (Figure A1.2A). These constructs carried 1100-1500 bp of terminal 

homology corresponding to the moss ARPC3 gene's redundant copy. All the construct's 

maps are generated by SnapGene® viewer and shown in A1.5.2. 

Transformation of Physcomitrium followed established protocols by performing direct 

uptake of DNA in PEG presence (polyethylene glycol 6000), which is described in chapter 

three. Linear DNA was used for each transformation and obtained by MluI restriction 

enzyme digestion. The DNA was purified by the CTAB extraction method. Lastly, the DNA 

was resuspended in 30 µl ddH2O. 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 then transferred to a 

selection medium containing Zeocin (50 mg/l) for 10ς14 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 in the antibiotic's presence, 

to confirm the recovery of stably transformed plants. 
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Figure A1.1: Overview of the cannabinoid biosynthetic pathway leads to the main cannabinoids. THCA and 

CBDA, and the non-enzymatic decarboxylation to THC and CBD (Adapted from [350]). Enzymes are shown 

in green. Chemical structures are from www.chemspider.com. 
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A1.2.3 Molecular analysis of transformed plants  

PCR-based 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 inocula of transgenic mosses using the small-scale DNA isolation procedure 

and the CTAB DNA extraction method described in previous chapters [174]. Primers were 

designed, allowing amplification with gene-specific 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 A1.1). 

 

Table A1.1: Primer list for genotyping the cannabinoid genes constructs in the pTZ-UBIgate backbone plasmid 

 

 

 

 

 

 

 

 

 

 

 

 

A1.2.4 Preparation of plant extracts  

To test the whole plant for the production of cannabinoids, the plant was dried 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 mL methanol (MeOH) solution was added, 

vortexed, and incubated at room temperature for 20min. The mixture was centrifuged for 

5min at 1200g. The procedure was repeated four times by combining all the supernatants, 

ŀƴŘ ǘƘŜ ǾƻƭǳƳŜ ǿŀǎ ōǊƻǳƎƘǘ ǘƻ р Ƴ[ ǳǎƛƴƎ ǘƘŜ ǎƻƭǾŜƴǘΦ рлл ˃[ ƻŦ ŜŀŎƘ ǎŀƳǇƭŜ ŜȄǘǊŀŎǘ ǿŀǎ 

taken into a separate gas chromatography (GC) vial and was injected for gas 

Primer name Sequence 

OAC-F ATGGCCGTGAAGCACTTGAT 
OAC-R GTGTAGTCGAAGATCAACAA 
THCAS-F ATCCAGGCCACCATCTTGTG 
THCAS-R TTCCGTCCACGTTCACCAAG 
PT4-F ATCTCCTCCCAGTCCAGGTC 
PT4-R TGTTGATCCTGTCGATGTCC 
AAE1-F GTTGAACGGAAACCACCACG 
AAE1-R GGTGGTGTCGTTGGAGTCC 
OLS-F ATCGGAGGACACATCAGGGA 
OLS-R GTACTTGATGGGCACGGACC 
CBDAS-F GGACAGAACGGAGCCTTCAA 
CBDAS-R TTCTTGGACACGTAGGGGGT 
MaizeUBIPromotor-F CAAATAAATAGCGTATGAAGGC 
MaizeUBIPromotor-R CTGGTGGATTTATTAATTTTGGATC 
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chromatography-flame ionization detector (GC-FID) analysis [351]. All the experiments 

were done in triplicate. 
 

A1.2.5 Standards and reagents 

Three cannabinoids were used as reference standards in this study: CBG, CBDA, and THCA 

at a concentration of 1.0mg/mL. The purities of all the standards were above 99%. The 

solvent was MeOH of HPLC analytical grade and was purchased from Sigma-Aldrich. 

 

A1.2.6 GC-FID analysis of samples  

GC-FID analysis was performed on a Varian 3900 gas chromatograph (Varian, USA) using a 

Restek Rtx-5 column (10 m  x 0.10 mm ID, 0.10 µm) for separation. Helium was used as a 

carrier gas at a flow rate of 1.0 ml/min and the FID make-up 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 µl injection volume. Data analysis 

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

 

A1.3 Results  

A1.3.1 Multiple gene-knock-ins by a single transformation  

Homologous recombination 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 

cotransformation with batches of independent targeting constructs [148]. Then I analyzed 

a detailed molecular analysis of transgene integration after delivering multiple 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 mutant collections of Physcomitrium by 

targeted gene-knock-ins via homologous recombination and performed with batches of six 

CDSs. In these experiments, the DNA used for transformation was linearized by restriction 
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enzyme digestion MluI, and CDSs in 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 was 20-100 µg per transformation, 

and experiments were repeated seven times. As a control, single-gene transformations 

were performed for OAC-pTZ-UBIgate in parallel to compare the gene-targeting frequency 

in single gene transformations and batch transformations. In all, 24 plants were evaluated 

by PCR for targeted knock-in events in single gene transformations of OAC-pTZ-UBIgate. 

The single-gene transformation was showed approximately 12 transformants per 

transformation.  

Of the 135 plants derived from batch transformation with mixes of six different CDS 

constructs and analyzed for knock-in events by PCR, 93 independent transformants were 

recovered, and genotyping showed they carried targeted knock-ins integrated into the 

genome. PCR genotyping (Figure A1.2B) showed the integration of each construct as; OAC-

pTZ-UBIgate (95.7%), THCAS-pTZ-UBIgate (44.3%), PT4-pTZ-UBIgate (21.4%), AAE1-pTZ-

UBIgate (37.1%), OLS-pTZ-UBIgate (92.8%), and CBDAS-pTZ-UBIgate (82.8%). These ratios 

are similar to those determined for the single-gene 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 targeted knock-ins, 

and multiple knock-ins should occur. Indeed, 12 plants were generated by transformation 

with the mix of six different CDSs, showing that independent gene-targeting of the 

different CDSs happens, and multiple knock-ins are possible using CDS batches. 
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Figure A1.2: Confirmation and visualization of the successful cloning of cannabinoid constructs. (A) CDS 

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 length appeared smaller than the empty vector. The DNA ladder used is a lDNA-BstEII 

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 constructs) and wild-type (WT) as a 

negative control. PCR fragments are amplified with gene-specific primers and show partial length CDS. The 

DNA ladder used is a 100bp DNA Ladder. 

 

When Physcomitrium is transformed with targeting constructs, the coincidental 

integration of vector sequence was confirmed by PCR genotyping of structures that 

included CDS and vector sequences. The gene targeting is detected by PCR using primers 

specific to the promoter combined with gene-specific primers corresponding to the 

inserted genes (Primers listed in table A1.1). Amplification with both 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 recombination events can be established 

by sequence analysis of the amplified fragments. I initially performed PCR-screens in 93 

transgenic lines transformed with single to multiple insertions. 

In Physcomitrium, the transformation was done with 20-120 µg DNA/transformation. The 

efficiency of transformation increased with the quantity of DNA, reaching an optimum at 

100 µg, but the amount of DNA per transformation did not affect the number of integrated 

transgenes per plant. In contrast, in mammalian cells, the amount of DNA delivered per 

transformation can impact the copy number of integrated transgenes [353]. 

 

A1.3.2 Analysis of cannabinoids in Physcomitrium patens  

Terpenoids are the largest class of chemicals among plants' many compounds. Plants 

employ terpenoid metabolites for various basic functions in growth and development, but 

most terpenoids are used to protect the abiotic and biotic environment. For decades, 

plant-based terpenoids have been used in the pharmaceutical and chemical industries and 

biofuel products [354]. Many terpenoids are detected in both bryophytes and seed plants, 

although some are unique to bryophytes [355]. The chemical analysis identified common 

monoterpenes, sesquiterpenes, and diterpenes in mosses [355]. Terpenoids in Cannabis 

sativa L. are divided into several groups. Cannabinoids are derived from the diterpene 

structure [356].  

GC-FID is the most common technique for the analysis of cannabinoids. It is simple, fast, 

and sensitive for the determination of the total cannabinoids. GC-FID quantitative analysis 

of cannabinoids in illicit cannabis products (Marijuana, Sinsemilla, Thai sticks, Ditchweed, 

Hashish, and Hash Oil) has been reported previously, and samples of cannabis preparations 

were examined, emphasizing the levels of seven cannabinoids (D9-THC, D8-THC, CBD, CBC, 

CBG, CBN, and CBL) using a validated GC-FID method [357].  

For this study, extracts of the transgenic P. patens lines containing 1-6 genes of 

cannabinoid biosynthesis pathway were analyzed using GC-FID.  As I was expecting, few 

peaks appeared in GC-FID analysis for wild-type moss, present in all the transgenic mosses. 

Although 12 plants were carrying all the six genes, cannabinoid traces in two P. patens 
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transgenic lines were detected in extracts but not in the extracts of wild-type P. patens 

(Figure A1.3). Peaks compared to cannabidiolic acid (CBDA), tetrahydrocannabinol acid 

(THCA), and cannabigerol (CBG) derivatives. THCA, CBDA, and CBG traces in the transgenic 

P. patens extracts are identical to the standard controls. The analysis was performed twice 

within triplicates each time. The presence of cannabinoids in P. patens transgenic lines was 

confirmed by comparing a standard (Figure A1.4-A1.6).  
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Figure A1.3: GC-FID analysis of cannabinoid produced from transgenic Physcomitrium patens and wild-type (WT) as control with retention time. (A) Chromatogram 

showing the standard peaks for terpenoids in moss. (B) Gas chromatogram of the transgenic line #3. There are two large peaks between the retention times of 

7.3-8 minutes not present in wild-type. (C) Gas chromatogram of the transgenic line #32. There are multiple peaks between the retention times of 6.8-9 minutes 

which are not present in wild-type.  
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Figure A1.4: GC-FID analysis of cannabinoid produced from transgenic Physcomitrium patens and THCA reference sample with retention time. (A) Chromatogram 

showing the standard peaks for THCA derivatives in a reference sample. (B) Gas chromatogram of the transgenic line #3. There are two peaks at the retention 

times of 7.37 and 8.12 minutes aligned with the reference sample. (C) Gas chromatogram of the transgenic line #32. There are three peaks at the retention times 

of 7.37, 8.12, and 8.83 minutes and multiple small peaks aligned with the reference sample. (Arrow with the same color corresponds to the same peak in different 

samples) 

 

A 

C 

B 



133 
 

 

Figure A1.5: GC-FID analysis of cannabinoid produced from transgenic Physcomitrium patens and CBDA reference sample with retention time. (A) Chromatogram 

showing the standard peaks for CBDA derivatives in a reference sample. (B) Gas chromatogram of the transgenic line #3. No peak matches the reference sample. 

(C) Gas chromatogram of the transgenic line #32. One peak at the retention times of 8 minutes aligned with the reference sample. Arrow with the same color 

corresponds to the same peak in different samples) 
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Figure A1.6: GC-FID analysis of cannabinoid produced from transgenic Physcomitrium patens and CBG reference sample with retention time. (A) Chromatogram 

showing the standard peaks for CBGA derivatives in a reference sample. (B) Gas chromatogram of the transgenic line #3. There are two small peaks at the retention 

times of 8.4 and 10.2 minutes, which align with the reference sample. (C) Gas chromatogram of the transgenic line #32. There are multiple peaks at the retention 

times of 8.1, 8.4, 9.9, and 10.2 minutes, 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 analysis of Physcomitrium patens transgenic lines  

I investigated the impact of the cannabinoid derivatives by creating a Physcomitrium 

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. Both Physcomitrium patens wild-type and the transgenic lines 

were cultivated on BCD media, and a stereomicroscope was used to characterize the 

difference in the phenotype between the wild-type and the selected transgenic plants 

(Figure A1.7). 

There is a reduction in the growth rate in some of the transgenic lines (Figure A1.7). This 

indicates that there might be a disruption of other metabolic pathways responsible for P. 

patens growth and development. The effect of cannabinoid biosynthesis on P. patens 

growth is not much, and it might be 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 A1.7, it can be observed that wild-type and transgenic plants have 

gametophores. However, there are some differences between strain #3 and wild-type 

plants. The transgenic line #3 has delayed in producing gametophyte and shows a dwarf 

phenotype. The first apparent difference is the size of the phyllid. The wild-type plant and 

strain #32 contain gametophores with large phyllids, while the strain #3 plant has 

gametophores with smaller phyllids. The wild-type phyllids are more extensive and 

broader, while the transgenic plant #3 phyllids are smaller than the wild-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 of the derivatives or one of the bioproduct 

could cause this, or they might have more than one copy number of the genes. Different 

expression profiles of the enzymes can be one other possibility of the severely stunted 

phenotype. On the contrary, some transgenic lines have a normal phenotype compared to 

wild-type with the same number of the gene inserted (Figure A1.9) compared to defective 

stains, which needs to be looked at in more detail in future studies.   
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Figure A1.7: Comparison of wild-type and transgenic line #3 and #32 phenotypes. All plants were cultivated 

on BCD media for eight weeks. Line #3 on the left panel shows a dwarf phenotype with smaller phyllids, while 

line #32, shown in the middle, has more extensive and broader phyllids, similar to wild-type on the right. 

Phyllids are indicated (Scale bars: 0.5 cm (top) and 0.2 µm (bottom). 

P.pstrain #3                                P.pstrain #32                                Wild-Type
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Figure A1.8: Defective phenotype of transgenic lines compared to wild-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 lines such as #52 are not producing 

gametophore tissue (same plants with two different magnifications are shown). The list of inserted genes is written under each picture of the transgenic line. (Scale 

bars: 0.5 cm (top) and 0.2 µm (bottom). 
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Figure A1.9: Normal phenotype of transgenic lines compared to wild-type (WT). All plants were cultivated on BCD media for eight weeks. Transgenic lines are 

shown with similar phenotype and developed gametophore tissue (same plants with two different magnifications are presented). The list of inserted genes is 

written under each picture of the transgenic line. (Scale bars: 0.5 cm (top) and 0.2 µm (bottom). 
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A1.4 Conclusion 

Six cannabinoid biosynthetic pathway genes were engineered into the moss 

Physcomitrium patens. This work establishes the production of cannabinoids in a 

photosynthetic organism that can lead to large-scale industrial production. 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 precursor pathway engineering 

before introducing the cannabinoid pathway genes and further optimizing the metabolic 

network in P. patens [142]. Optimization of cannabinoid yield in P. patens can 

hypothetically result in a stable, environmentally friendly, and commercially sustainable 

production platform. An advantage of P. patens as a cannabinoid production platform is 

that the extract only requires simple purification steps. The use of P. patens could lead to 

upscaling the production of cannabinoids in plant-based bioreactors and the production of 

other complexes, high-value plant-based compounds [346]. This bioengineering 

accomplishment expands the frontiers of synthetic biotechnology, and it is potentially 

more cost-effective than other carbon supplemented biotechnological platforms.  

In Physcomitrium, I could target multiple loci independently with a single transformation 

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 efficiently, and 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.  

Concatenation is most frequent in targeted insertion loci [321]. Significantly, it appears 

that it does not happen by a combination of homologous recombination and non-

homologous end-joining, as it was assumed before [358], and it occurs entirely by 

homologous recombination integration of concatenated DNA. It is known that 

concatenated copies of plasmid DNA insert at one or a small number of loci when circular 

molecules are delivered to eukaryotic cells [321] 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 plasmid [359]. 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 transforming DNA 

[360]. Transformation with linear DNA reduces the frequency of unstable transformants 

[361]. On the other hand, the numbers of maize ubiquitin promoter copies per plant have 

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

technique can estimate it. 

 

 

 

 

 

 

 

 

  



141 
 

A1.5 Supplementary data 

A1.5.1 The synthesized CDS sequences of the cannabinoid biosynthesis pathway enzymes 

>OAC 
Atggccgtgaagcacttgatcgtgttgaagttcaaggacgagatcaccgaggcccagaaggaggagttcttcaagacctacgtgaacttggtgaacatca
tccccgccatgaaggacgtgtactggggaaaggacgtgacccagaagaacaaggaggagggatacacccacatcgtggaggtgaccttcgagtccgtg
gagaccatccaggactacatcatccaccccgcccacgtgggattcggagacgtgtacaggtccttctgggagaagttgttgatcttcgactacacccccag
gaag 
 
>THCA 
atgaactgctccgccttctccttctggttcgtgtgcaagatcatcttcttcttcttgtccttccacatccagatctccatcgccaaccccagggagaacttcttg
aagtgcttctccaagcacatccccaacaacgtggccaaccccaagttggtgtacacccagcacgaccagttgtacatgtccatcttgaactccaccatcca
gaacttgaggttcatctccgacaccacccccaagcccttggtgatcgtgaccccctccaacaactcccacatccaggccaccatcttgtgctccaagaagg
tgggattgcagatcaggaccaggtccggaggacacgacgccgagggaatgtcctacatctcccaggtgcccttcgtggtggtggacttgaggaacatgca
ctccatcaagatcgacgtgcactcccagaccgcctgggtggaggccggagccaccttgggagaggtgtactactggatcaacgagaagaacgagaactt
gtccttccccggaggatactgccccaccgtgggagtgggaggacacttctccggaggaggatacggagccttgatgaggaactacggattggccgccga
caacatcatcgacgcccacttggtgaacgtggacggaaaggtgttggacaggaagtccatgggagaggacttgttctgggccatcaggggaggaggag
gagagaacttcggaatcatcgccgcctggaagatcaagttggtggccgtgccctccaagtccaccatcttctccgtgaagaagaacatggagatccacgg
attggtgaagttgttcaacaagtggcagaacatcgcctacaagtacgacaaggacttggtgttgatgacccacttcatcaccaagaacatcaccgacaac
cacggaaagaacaagaccaccgtgcacggatacttctcctccatcttccacggaggagtggactccttggtggacttgatgaacaagtccttccccgagtt
gggaatcaagaagaccgactgcaaggagttctcctggatcgacaccaccatcttctactccggagtggtgaacttcaacaccgccaacttcaagaaggag
atcttgttggacaggtccgccggaaagaagaccgccttctccatcaagttggactacgtgaagaagcccatccccgagaccgccatggtgaagatcttgg
agaagttgtacgaggaggacgtgggagccggaatgtacgtgttgtacccctacggaggaatcatggaggagatctccgagtccgccatccccttccccca
cagggccggaatcatgtacgagttgtggtacaccgcctcctgggagaagcaggaggacaacgagaagcacatcaactgggtgaggtccgtgtacaactt
caccaccccctacgtgtcccagaaccccaggttggcctacttgaactacagggacttggacttgggaaagaccaaccacgcctcccccaacaactacacc
caggccaggatctggggagagaagtacttcggaaagaacttcaacaggttggtgaaggtgaagaccaaggtggaccccaacaacttcttcaggaacga
gcagtccatcccccccttgcccccccaccaccac 
 
>PT4 
Tgggattgtccttggtgtgcaccttctccttccagaccaactaccacaccttgttgaacccccacaacaagaaccccaagaactccttgttgtcctaccagc
accccaagacccccatcatcaagtcctcctacgacaacttcccctccaagtactgcttgaccaagaacttccacttgttgggattgaactcccacaacagg
atctcctcccagtccaggtccatcagggccggatccgaccagatcgagggatccccccaccacgagtccgacaactccatcgccaccaagatcttgaact
tcggacacacctgctggaagttgcagaggccctacgtggtgaagggaatgatctccatcgcctgcggattgttcggaagggagttgttcaacaacaggca
cttgttctcctggggattgatgtggaaggccttcttcgccttggtgcccatcttgtccttcaacttcttcgccgccatcatgaaccagatctacgacgtggaca
tcgacaggatcaacaagcccgacttgcccttggtgtccggagagatgtccatcgagaccgcctggatcttgtccatcatcgtggccttgaccggattgatcg
tgaccatcaagttgaagtccgcccccttgttcgtgttcatctacatcttcggaatcttcgccggattcgcctactccgtgccccccatcaggtggaagcagta
ccccttcaccaacttcttgatcaccatctcctcccacgtgggattggccttcacctcctactccgccaccacctccgccttgggattgcccttcgtgtggaggc
ccgccttctccttcatcatcgccttcatgaccgtgatgggaatgaccatcgccttcgccaaggacatctccgacatcgagggagacgccaagtacggagtg
tccaccgtggccaccaagttgggagccaggaacatgaccttcgtggtgtccggagtgttgttgttgaactacttggtgtccatctccatcggaatcatctgg
ccccaggtgttcaagtccaacatcatgatcttgtcccacgccatcttggccttctgcttgatcttccagaccagggagttggccttggccaactacgcctccg
ccccctccaggcagttcttcgagttcatctggttgttgtactacgccgagtacttcgtgtacgtgttcatc 
 
>AAE1 
atgggaaagaactacaagtccttggactccgtggtggcctccgacttcatcgccttgggaatcacctccgaggtggccgagaccttgcacggaaggttgg
ccgagatcgtgtgcaactacggagccgccaccccccagacctggatcaacatcgccaaccacatcttgtcccccgacttgcccttctccttgcaccagatg
ttgttctacggatgctacaaggacttcggacccgccccccccgcctggatccccgaccccgagaaggtgaagtccaccaacttgggagccttgttggaga
agaggggaaaggagttcttgggagtgaagtacaaggaccccatctcctccttctcccacttccaggagttctccgtgaggaaccccgaggtgtactggag
gaccgtgttgatggacgagatgaagatctccttctccaaggaccccgagtgcatcttgaggagggacgacatcaacaaccccggaggatccgagtggttg
cccggaggatacttgaactccgccaagaactgcttgaacgtgaactccaacaagaagttgaacgacaccatgatcgtgtggagggacgagggaaacga
cgacttgcccttgaacaagttgaccttggaccagttgaggaagagggtgtggttggtgggatacgccttggaggagatgggattggagaagggatgcgcc
atcgccatcgacatgcccatgcacgtggacgccgtggtgatctacttggccatcgtgttggccggatacgtggtggtgtccatcgccgactccttctccgcc
cccgagatctccaccaggttgaggttgtccaaggccaaggccatcttcacccaggaccacatcatcaggggaaagaagaggatccccttgtactccaggg
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tggtggaggccaagtcccccatggccatcgtgatcccctgctccggatccaacatcggagccgagttgagggacggagacatctcctgggactacttcttg
gagagggccaaggagttcaagaactgcgagttcaccgccagggagcagcccgtggacgcctacaccaacatcttgttctcctccggaaccaccggagag
cccaaggccatcccctggacccaggccacccccttgaaggccgccgccgacggatggtcccacttggacatcaggaagggagacgtgatcgtgtggccc
accaacttgggatggatgatgggaccctggttggtgtacgcctccttgttgaacggagcctccatcgccttgtacaacggatcccccttggtgtccggattc
gccaagttcgtgcaggacgccaaggtgaccatgttgggagtggtgccctccatcgtgaggtcctggaagtccaccaactgcgtgtccggatacgactggt
ccaccatcaggtgcttctcctcctccggagaggcctccaacgtggacgagtacttgtggttgatgggaagggccaactacaagcccgtgatcgagatgtgc
ggaggaaccgagatcggaggagccttctccgccggatccttcttgcaggcccagtccttgtcctccttctcctcccagtgcatgggatgcaccttgtacatct
tggacaagaacggataccccatgcccaagaacaagcccggaatcggagagttggccttgggacccgtgatgttcggagcctccaagaccttgttgaacg
gaaaccaccacgacgtgtacttcaagggaatgcccaccttgaacggagaggtgttgaggaggcacggagacatcttcgagttgacctccaacggatact
accacgcccacggaagggccgacgacaccatgaacatcggaggaatcaagatctcctccatcgagatcgagagggtgtgcaacgaggtggacgacag
ggtgttcgagaccaccgccatcggagtgccccccttgggaggaggacccgagcagttggtgatcttcttcgtgttgaaggactccaacgacaccaccatc
gacttgaaccagttgaggttgtccttcaacttgggattgcagaagaagttgaaccccttgttcaaggtgaccagggtggtgcccttgtcctccttgcccagg
accgccaccaacaagatcatgaggagggtgttgaggcagcagttctcccacttcgag 
 
>OLS 
Atgaaccacttgagggccgagggacccgcctccgtgttggccatcggaaccgccaaccccgagaacatcttgttgcaggacgagttccccgactactact
tcagggtgaccaagtccgagcacatgacccagttgaaggagaagttcaggaagatctgcgacaagtccatgatcaggaagaggaactgcttcttgaacg
aggagcacttgaagcagaaccccaggttggtggagcacgagatgcagaccttggacgccaggcaggacatgttggtggtggaggtgcccaagttggga
aaggacgcctgcgccaaggccatcaaggagtggggacagcccaagtccaagatcacccacttgatcttcacctccgcctccaccaccgacatgcccgga
gccgactaccactgcgccaagttgttgggattgtccccctccgtgaagagggtgatgatgtaccagttgggatgctacggaggaggaaccgtgttgagga
tcgccaaggacatcgccgagaacaacaagggagccagggtgttggccgtgtgctgcgacatcatggcctgcttgttcaggggaccctccgagtccgactt
ggagttgttggtgggacaggccatcttcggagacggagccgccgccgtgatcgtgggagccgagcccgacgagtccgtgggagagaggcccatcttcga
gttggtgtccaccggacagaccatcttgcccaactccgagggaaccatcggaggacacatcagggaggccggattgatcttcgacttgcacaaggacgtg
cccatgttgatctccaacaacatcgagaagtgcttgatcgaggccttcacccccatcggaatctccgactggaactccatcttctggatcacccaccccgga
ggaaaggccatcttggacaaggtggaggagaagttgcacttgaagtccgacaagttcgtggactccaggcacgtgttgtccgagcacggaaacatgtcct
cctccaccgtgttgttcgtgatggacgagttgaggaagaggtccttggaggagggaaagtccaccaccggagacggattcgagtggggagtgttgttcgg
attcggacccggattgaccgtggagagggtggtggtgaggtccgtgcccatcaagtac 
 
>CBDA 
atgaagtgctccaccttctccttctggttcgtgtgcaagatcatcttcttcttcttctccttcaacatccagacctccatcgccaaccccagggagaacttcttg
aagtgcttctcccagtacatccccaacaacgccaccaacttgaagttggtgtacacccagaacaaccccttgtacatgtccgtgttgaactccaccatccac
aacttgaggttcacctccgacaccacccccaagcccttggtgatcgtgaccccctcccacgtgtcccacatccagggaaccatcttgtgctccaagaaggt
gggattgcagatcaggaccaggtccggaggacacgactccgagggaatgtcctacatctcccaggtgcccttcgtgatcgtggacttgaggaacatgagg
tccatcaagatcgacgtgcactcccagaccgcctgggtggaggccggagccaccttgggagaggtgtactactgggtgaacgagaagaacgagaacttg
tccttggccgccggatactgccccaccgtgtgcgccggaggacacttcggaggaggaggatacggacccttgatgaggaactacggattggccgccgac
aacatcatcgacgcccacttggtgaacgtgcacggaaaggtgttggacaggaagtccatgggagaggacttgttctgggccttgaggggaggaggagcc
gagtccttcggaatcatcgtggcctggaagatcaggttggtggccgtgcccaagtccaccatgttctccgtgaagaagatcatggagatccacgagttggt
gaagttggtgaacaagtggcagaacatcgcctacaagtacgacaaggacttgttgttgatgacccacttcatcaccaggaacatcaccgacaaccaggg
aaagaacaagaccgccatccacacctacttctcctccgtgttcttgggaggagtggactccttggtggacttgatgaacaagtccttccccgagttgggaat
caagaagaccgactgcaggcagttgtcctggatcgacaccatcatcttctactccggagtggtgaactacgacaccgacaacttcaacaaggagatcttg
ttggacaggtccgccggacagaacggagccttcaagatcaagttggactacgtgaagaagcccatccccgagtccgtgttcgtgcagatcttggagaagt
tgtacgaggaggacatcggagccggaatgtacgccttgtacccctacggaggaatcatggacgagatctccgagtccgccatccccttcccccacagggc
cggaatcttgtacgagttgtggtacatctgctcctgggagaagcaggaggacaacgagaagcacttgaactggatcaggaacatctacaacttcatgacc
ccctacgtgtccaagaaccccaggttggcctacttgaactacagggacttggacatcggaatcaacgaccccaagaaccccaacaactacacccaggcc
aggatctggggagagaagtacttcggaaagaacttcgacaggttggtgaaggtgaagaccttggtggaccccaacaacttcttcaggaacgagcagtcc
atcccccccttgcccaggcacaggcac 
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A1.5.2 The construct's maps of the cannabinoid biosynthesis pathway enzymes genes. 

  

 

Figure A1.10: Plasmid map of the OAC-pTZ-UBIgate. Schematic of the clone used in OAC-pTZ-UBIgate. Two 

~1.3kbp regions of homology flank a central Maze ubiquitin promoter and olvetolic acid cyclase (OAC) 

cassette with the Zeocin selection cassette enabling marker-assisted transformant selection.  

  






























