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Abstract 
 

Flavonoids are secondary metabolites that evolved during land plant colonisation to provide 

protection against the plethora of abiotic and biotic stresses present in a terrestrial environment. 

The bryophytes lineage is thought have arisen at the first branching event during evolution of the 

extant land plants, making them the sister group to all other land plants. Moreover, extant 

bryophytes retain features in common with early land plant ancestors. Together, these aspects make 

bryophytes particularly important for understanding land plant evolution. While the biosynthesis 

and regulation of flavonoids in angiosperms (flowering plants) is well understood, this knowledge is 

lacking for bryophytes. Thus, there is growing interest in using Marchantia polymorpha (hereafter, 

Marchantia), a model species for bryophytes, in comparative studies with angiosperms to investigate 

the conservation of the flavonoid biosynthetic pathway among land plants.  

Marchantia produces two main flavonoids under stress conditions: colourless flavones that function 

in UV-B light protection and a cell wall-bound red pigment called auronidin. The Marchantia Flavone 

synthase (MpFNSI) and BTB-TAZ Domain 2 (MpBT2) candidate genes were hypothesised to be 

involved in flavone biosynthesis and auronidin regulation, respectively. Gene function was assessed 

by using CRISPR/Cas9 mutagenesis and Agrobacterium tumefaciens-mediated Marchantia spore 

transformation to generate fnsI and bt2 loss-of-function mutants and characterising their ability to 

produce flavonoids under abiotic stress conditions. The fnsI mutants did not produce flavones, 

confirming that MpFNSI is required for flavone biosynthesis. Flavonoid analysis of bt2 mutants 

indicated that MpBT2 does not regulate auronidin production, as no significant differences in 

auronidin content were observed compared to wild-type control plants.  

Functional characterisation of MpFNSI and MpBT2 contributed to understanding of the conservation 

of the flavonoid biosynthetic pathway among land plants. Flavones can be produced by two types of 

FNS enzymes in flowering plants, so identifying that Marchantia uses FNSI established a conserved 

function of 2-oxoglutarate-dependent dioxygenase-type enzymes in flavone biosynthesis among 

land plants. The retention of FNS throughout land plant evolution also emphasises the importance of 

flavones in protecting plants against damaging UV-B light in a terrestrial environment. Identifying 

that MpBT2 does not regulate auronidin production in Marchantia established differences in the 

regulation of red pigmentation among land plants, because the production of anthocyanins is 

regulated by BT2 in flowering plants. This proposes that the regulation of flavonoids by BT2 proteins 

was acquired with the evolution of anthocyanins after the divergence from bryophytes. 
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Figure 1.2. Marchantia polymorpha sporangia formation. The archegoniophore (female 
gametangium) contains archegonia that house eggs and the antheridiophore (male gametangium) 
produces sperm on top of the antheridia. Fertilisation of eggs by the sperm generates sporangia 
(appears yellow) on the archegoniophore that rupture to release spores (right). A gemmae cup on 
the thallus (gametophyte), containing gemmae, is also indicated. (Image on the right provided by 
Kevin Davies.) 

 

Based on fossil records, bryophytes have retained morphological features in common with early land 

plant ancestors (Bowman et al., 2022; Kenrick & Crane, 1997), so Marchantia is useful in 

comparative studies with other land plant species to determine features of ancestral land plants that 

could have been important during land plant colonisation. The utilisation of Marchantia as a model 

species has already led to important discoveries in land plant biology, including regarding their stress 

responses, evolution, and growth and development (Bowman et al., 2022). In recent years, 

significant advances have been made in understanding flavonoid biosynthesis and regulation in 

Marchantia. However, very little is known compared to research on angiosperms and there are still 

important unanswered questions. 
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1.3 Flavonoid production 

Flavonoids are an incredibly diverse group of plant secondary metabolites that have various 

biological functions (Figure 1.3). They are hypothesised to have evolved during land plant 

colonisation as a mechanism of coping with abiotic and biotic stresses present in the terrestrial 

environment, which plants living a submerged lifestyle are not exposed to. Thus, the pathway is 

unique to land plants (Davies et al., 2020; Li et al., 2020a). Flavonoids are broadly classified based on 

their chemical structure into groups such as anthocyanins, proanthocyanins, flavonols, flavones, 

isoflavones, aurones and the recently identified auronidins. These core compounds can undergo 

secondary chemical modifications, such as glycosylation, methylation and acylation, creating huge 

diversity within each class (Alseekh et al., 2020; Stracke et al., 2007).  

1.3.1 Function and evolution of flavonoids 

By far the most well-known flavonoids are the anthocyanins, which confer colours ranging from 

orange to blue and are predominantly reported from the vascular plants gymnosperms and 

angiosperms (Campanella et al., 2014). The colour resulting from the presence of anthocyanins in 

tissues depends on a combination of anthocyanin structure, including the number of hydroxyls and 

substituted groups, and the cellular environment (Hurtado et al., 2009; Kähkönen & Heinonen, 2003; 

Landi et al., 2015). Anthocyanins provide colour to many flowers and fruit, thereby functioning in 

pollinator attraction and seed dispersal (Albert et al., 2022; Koes et al., 2005; Winkel-Shirley, 2002). 

Additionally, they are involved in leaf senescence and provide tolerance to various abiotic stresses, 

including light, nutrient deprivation, cold, drought and metal ions (An et al., 2020b; Landi et al., 

2015; Liang & He, 2018; Zhang et al., 2012). Anthocyanins function in photoprotection by absorbing 

excess white light that would otherwise cause damage to the chloroplasts and photosystems by the 

generation of reactive oxygen species (ROS), inhibiting photosynthesis. However, they can also act as 

plant antioxidants to reduce cellular stress under excess white light conditions by scavenging these 

ROS (Agati et al., 2012; Gould et al., 2002; Landi et al., 2015; Pietrini et al., 2002). Which of these two 

roles is the primary function of anthocyanins has been a topic of much controversy over the last 

several decades.  
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Figure 1.3. Functions of different flavonoid classes in plants. (From Albert et al. (2022).) 
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Flavones and flavonols are two closely related groups of flavonoids in structure, biosynthesis and 

(apparently) function. Although they are less visible flavonoids, because they are typically colourless, 

they provide essential UV-B photoprotective functions by absorbing more UV-B light and detoxifying 

more ROS than other flavonoids (Agati & Tattini, 2010; Clayton et al., 2018). The presence of either 

flavones or flavonols is nearly ubiquitous among land plants, being reported in bryophytes, ferns, 

gymnosperms and angiosperms (Davies et al., 2020; Jarial et al., 2018; Wang et al., 2021; Winkel-

Shirley, 2002; Yonekura-Sakakibara et al., 2019). However, liverworts and hornworts lack flavonols 

and flavones are of sporadic occurrence, suggesting that either their production has evolved several 

times or that production was lost in some plant lineages (Wen et al., 2020). 

1.3.2 Conservation of the flavonoid biosynthetic pathway 

Flavonoid biosynthesis is part of the larger phenylpropanoid pathway. In land plants, the 

phenylpropanoid pathway begins at phenylalanine, and the first committed step of flavonoid 

biosynthesis is catalysed by CHALCONE SYNTHASE (CHS) that converts p-coumaroyl CoA into 

naringenin chalcone (Figure 1.5) (Davies et al., 2020). While there can be variations in the enzymes 

used in different plants to make slightly different compounds, the flavonoid biosynthetic pathway 

shown in Figure 1.5 (summarised to include flavonoids produced by all land plants) has two main 

pathways branching from chalcones. The predominant pathway includes the production of flavones, 

flavonols, then anthocyanins; the other pathway is comparatively less extensive and poorly 

characterised and includes the production of aurones then auronidins (Davies et al., 2020). While 

auronidin is unique to liverworts, aurones are produced in bryophytes and angiosperms (Berland et 

al., 2019; Boucherle et al., 2017). 

The major enzymes involved in the phenylpropanoid pathway, including PHENYLALANINE 

AMMONIA-LYASE (PAL), CINNAMATE 4-HYDROXYLASE (C4H) and 4-COUMARATE:COA LIGASE (4CL), 

are thought to be conserved among land plants. CHS and CHALCONE ISOMERASE-LIKE (CHIL), which 

are proposed to work together to form naringenin chalcone, are also conserved (Tohge et al., 2013; 

Wohl & Petersen, 2020; Yonekura-Sakakibara et al., 2019). This is supported by functional studies in 

Marchantia that show chil mutants having a reduced flavone and auronidin content (Berland et al., 

2019). CHALCONE ISOMERASE (CHI) catalyses the first step of the pathway leading to flavone 

biosynthesis, converting naringenin chalcone to flavanones, and is also conserved among land plants 

(Tohge et al., 2013; Yonekura-Sakakibara et al., 2019). Berland et al. (2019) and Clayton et al. (2018) 

additionally showed that Marchantia chi mutants have no detectable flavones but have normal 

auronidin production, so CHI is not involved in the biosynthesis of auronidin.  
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Figure 1.5. Phenylpropanoid biosynthetic pathway leading to the production of the major 
compounds produced in land plants. Phenylpropanoid enzymes are shown in blue text and 
flavonoid biosynthetic enzymes in red text. Abbreviations mentioned are: PAL, PHENYLALANINE 
AMMONIA-LYASE; C4H, CINNAMATE 4-HYDROXYLASE; 4CL, 4-COUMARATE:COA LIGASE; CHS, 
CHALCONE SYNTHASE; CHIL, CHALCONE ISOMERASE-LIKE; CHI, CHALCONE ISOMERASE; FNS, 
FLAVONE SYNTHASE (I = 2-OGD, II = CYP450); F3H, FLAVANONE 3-HYDROXYLASE; FLS, FLAVONOL 
SYNTHASE; ANS, ANTHOCYANIDIN SYNTHASE; PPO, POLYPHENOL OXIDASE; AS, AURONE SYNTHASE; 
AUS, AUREUSIDIN SYNTHASE. (From Davies et al. (2020).) 
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Two superfamilies of hydroxylase enzymes exist for flavonoid biosynthesis. The cytochrome P450 

(CYP450) monooxygenases include the CYP93 enzymes FLAVONE SYNTHASE II (FNSII) and 

FLAVANONE 2-HYDROXYLASE (F2H), the CYP73A CINNAMATE 4-HYDROXYLASE (C4H) and CYP75 

FLAVONOID 3'-HYDROXYLASE (F3'H); 2-oxoglutarate-dependent dioxygenases (2-OGD) include the 

DOXC28 clade enzymes FLAVONE SYNTHASE I (FNSI) and FLAVANONE 3-HYDROXYLASE (F3H) and the 

DOXC47 enzymes FLAVONOL SYNTHASE (FLS) and ANTHOCYANIDIN SYNTHASE (ANS) (Yonekura-

Sakakibara et al., 2019). Since Marchantia does not produce flavonols or anthocyanins, it is expected 

that F3H and ANS enzymes are absent. The characterised luteolin flavones of Marchantia have 3' 

hydroxylation of the B-ring (shown in Figure 1.6) (Markham & Porter, 1974), so F3'H or an alternative 

hydroxylation enzyme must be present but has not been identified. 

The evolution of flavone biosynthesis is a controversial topic, mainly owing to the difficulty of 

determining gene function purely based on sequence similarity. Generally, flavone O-glycosides are 

synthesised by FNSI or FNSII enzymes, which convert flavanones into the flavone backbone that then 

gets glycosylated. Whereas, flavone C-glycosides are synthesised by F2H converting flavanones into 

2-hydroxyflavanones, which are glycosylated and dehydrated into flavone glycosides (Jiang et al., 

2016). Most of the flavones detected in Marchantia to date are flavone O-glycosides (example 

chemical structure shown in Figure 1.6) (Markham et al., 1998). The evolution of FNSI, FNSII and F2H 

in land plants is complicated. Phylogenetic analysis suggests that FNSI enzymes may be present in 

bryophytes and some angiosperms, whereas FNSII is only present in angiosperms (Du et al., 2016; 

Gebhardt et al., 2005; Li et al., 2020a; Pucker & Iorizzo, 2023; Wang et al., 2020). Additionally, F2H 

may have evolved from an ancestral CYP93 gene following a loss of dehydratase activity that 

subsequently prevented the conversion of 2-hydroxyflavanones into flavones (Jiang et al., 2016). 

These ideas raise important questions around how enzymes required for flavone biosynthesis 

evolved throughout land plant evolution and whether there was a common ancestral gene in early 

land plants that the enzymes evolved from. Because current phylogenetic proposals are based solely 

on sequence similarity, more accurate determinations need to be made by assessing the function of 

genes of interest in planta. A Marchantia gene has been identified that is a good MpFNSI candidate 

(unpublished data of Drs Nick Albert and Kevin Davies, Plant and Food Research, New Zealand). 

However, functional characterisation of the gene is necessary to verify this. 
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Figure 1.6. Chemical structure of the flavone O-glycoside luteolin-7,3'-di-O-glucuronide present in 
Marchantia polymorpha. The flavone backbone has A, B and C rings (indicated). The hydroxyl group 
at positions 7 (ring A) and 3' (ring B) are glycosylated with glucuronic acid (Glca). 

 
Branching off the main flavonoid biosynthetic pathway is the production of aurones from naringenin 

chalcone, which are thought to be the substrates for auronidin biosynthesis (Figure 1.5). While 

aurone biosynthesis is well understood in both bryophytes and angiosperms (Boucherle et al., 2017), 

it is currently unknown what enzymes are required for the subsequent formation of auronidin. The 

characterised genes for aurone biosynthesis encode POLYPHENOL OXIDASE (PPO) enzymes that have 

AURONE SYNTHASE (AS) or AUREUSIDIN SYNTHASE (AUS) activity (Berland et al., 2019; Furudate et 

al., 2023; Nakayama et al., 2000). However, based on in vitro assays, peroxidases have also been 

proposed to catalyse the formation of aurones in angiosperms (Farag et al., 2009; Nakayama, 2022). 

Aurone biosynthesis is not the most common function of either of these enzyme classes; in many 

plant species, PPOs function as pathogen and herbivore defence enzymes by producing reactive 

metabolites that result in the brown tissue colouration commonly observed in response to cell 

damage (Araji et al., 2014), and peroxidases function in oxidative stress-induced plant defense by 

promoting the metabolism of ROS such as hydrogen peroxide (H2O2)  (Almagro et al., 2008). 

However, there are now multiple well characterised examples of PPOs being required for aurone 

biosynthesis. These PPOs catalyse the oxidation of chalcones by hydroxylase and/or dehydration 

activity (depending on whether the substrate has one or two hydroxyl groups) that is required to 

eventually form 3',4'-dihydroxyaurones (Nakayama et al., 2001). Whereas the peroxidases are 

proposed to produce 4'-monohydroxyaurones using the reduction of H2O2 (Farag et al., 2009; 

Nakayama, 2022). The PPO and peroxidase enzymes that function in aurone biosynthesis are found 

sporadically within land plants which, together with the fact that aurones are also produced 

sporadically, indicates that the biosynthesis of aurones has evolved independently several times 

(Davies et al., 2022; Nakayama, 2022).  
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between TTG1 (WDR), TT2 (SG5 MYB) and TT8 (bHLH). Prior to this study, these proteins were 

known to be necessary for the expression of the BAN gene, which encodes an enzyme required for 

proanthocyanin biosynthesis in Arabidopsis, but not that they interacted. However, there has been 

some debate about how MBW complexes regulate flavonoid biosynthesis; Borevitz et al. (2000) 

showed that MYB/bHLH/TTG1 regulates all stages of the phenylpropanoid pathway, whereas, 

Gonzalez et al. (2008) demonstrated that the complex only regulates the later genes of the flavonoid 

biosynthetic pathway and not the earlier genes. This controversy emphasises the fact that different 

proteins of the MBW complex can regulate different branches of the flavonoid biosynthetic 

pathway, that this regulation may be different in among plants, and that redundancy of regulation is 

present for some steps of the pathway (Gonzalez et al., 2008). 

Angiosperms have complex systems of R2R3-MYB-mediated regulation of flavonoid production in 

response to abiotic stress. Such systems have been characterised in many species, but particularly in 

Arabidopsis. The production of anthocyanins in nitrogen and phosphate limiting conditions is directly 

activated by MYB75/PAP1 and MYB90/PAP2 (SG6 R2R3-MYBs) (Borevitz et al., 2000; Morcuende et 

al., 2007; Scheible et al., 2004), and predominantly by MYB75/PAP1 under excess white light and 

UV-B light (Cominelli et al., 2008; Vanderauwera et al., 2005). Flavonols and flavones are similarly 

induced by excess white light and UV-B light, and this response is regulated by MYB12 (a SG7 

R2R3-MYB) (Mehrtens et al., 2005; Stracke et al., 2010; Stracke et al., 2007). While SG5 and 6 

R2R3-MYBs usually function in an MBW complex, SG7 MYBs tend to work cooperatively with bZIP 

proteins. For example, MYB12 works alongside the bZIP protein ELONGATED HYPOCOTYL 5 (HY5) 

(Stracke et al., 2010). Flavonols and flavones are induced by nitrogen and phosphorus. This response 

could be regulated by MYB12, but further characterisation in other plant species is required to 

confirm this (Song et al., 2020; Stewart et al., 2001). 

Abiotic stress-induction of flavonoid (or phenylpropanoid) production by R2R3-MYBs is somewhat 

conserved in Marchantia. However, the R2R3-MYB gene family is considerably less extensive than in 

angiosperms; Bowman et al. (2017) found only 21 R2R3-MYB genes in the Marchantia genome 

sequence, whereas angiosperm species commonly have 100-200 genes (Liu et al., 2015; Stracke et 

al., 2001). While none of these Marchantia genes are orthologous to the angiosperm 

phenylpropanoid-related genes of SG4, 5, 6 and 7, two genes (MpMyb14 and MpMyb02) are basal to 

a large clade that contains all of these genes from Arabidopsis (Bowman et al., 2017). Functional 

analysis demonstrated that MpMYB14 and MpMYB02 are required for phenylpropanoid regulation 

in Marchantia; MpMyb14 expression is induced by nitrogen and phosphorus deficiency, excess white 

and UV-B light and high salinity to positively regulate auronidin biosynthesis and MpMYB02 activates 
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transformed into a disarmed A. tumefaciens strain (e.g., GV3101) that contains the Ti plasmid 

necessary for T-DNA transfer but that has the T-DNA region removed from it to prevent tumour 

formation. Since both plasmids would then be present in the in the same A. tumefacien cells, plant 

cells can be transformed (Gelvin, 2003). Plants regenerated using this method are expected to be 

transgenic. 

Generating CRISPR/Cas9 mutant plants often requires the use of a plant transformation system, and 

usually A. tumefaciens is used. The standard procedure for A. tumefaciens-mediated CRISPR/Cas9 

transformation in plants is illustrated in Figure 1.7, using Marchantia as an example. The binary 

vector transformed into A. tumefaciens contains a gene encoding Cas9 and single guide RNAs 

(sgRNAs) that specify where on a target gene the double-stranded break occurs (Zhang et al., 2019). 

A sgRNA has two components: a spacer (CRISPR (cr) RNA) and a scaffold sequence (trans-activating 

CRISPR (tracr) RNA). The crRNA is typically a 20 nucleotide-long sequence that can be deisgned to 

bind the target DNA anywhere that is adjascent to a protospacer motif (PAM), an NGG sequence. 

The binding of the crRNA guides the Cas9 enzyme to the target DNA, where it recognises the PAM 

and makes a double-stranded cut 3 base pairs (bp) upstream of it (Jinek et al., 2012). The tracrRNA 

binds to pre-crRNA (the untranscribed precursor of crRNA) and promotes its processing into the 

crRNA active form that allows Cas9-editing to occur (Deltcheva et al., 2011). The cell tries to repair 

the double-stranded breaks by non-homologous end-joing (NHEJ), the process of ligating the ends of 

the break together without using a DNA template, but insertion or deletion mutations often occur at 

the cleavage site because the lack of a template makes NHEJ error-prone. Mutations created usually 

result in loss of gene function. Thus, gene-specific knock-out mutants are generated (Guo et al., 

2018). 

To functionally characterise Marchantia genes of interest, an A. tumefaciens-mediated 

transformation protocol needed to be developed. Protocols exist for the transformation of 

Marchantia thallus, gemmae and spores (Kubota et al., 2013; Tsuboyama & Kodama, 2013; 

Tsuboyama & Kodama, 2018a, 2018b; Tsuboyama et al., 2018). The method used is dependent on 

the purpose of the transformation, as some protocols are more complicated than others, have 

different transformation efficiencies and can regenerate plants with different genetic backgrounds. 

However, there is not currently a spore transformation protocol that is easy, practical and highly 

efficient, and attempts to reproduce existing protocols (by Dr Nick Albert) have not achieved a 

workable regeneration. Thus, considerable work needed to be invested into improving the efficiency 

of spore transformation protocols. Additionally, using spore transformation for generating 

CRISPR/Cas9 mutants requires a high Cas9 editing efficiency so that many mutants are created from 
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few spores and so that fewer chimeras (plants with both wild-type and mutant sectors) are 

produced, which are common in Marchatia and are impractical to work with. 

 
Figure 1.7. Standard procedure for Agrobacterium tumefaciens-mediated CRISPR/Cas9 plant 
transformation, using Marchantia polymorpha as an example. (1) Single guide RNAs (sgRNAs), 
comprising of CRISPR RNAs and trans-activating CRISPR RNAs, are specifically designed to bind to a 
target DNA sequence of interest adjascent to a protospacer motif (PAM). This guides the Cas9 
enzyme to make a double-stranded break three base pairs upstream of the PAM site. (2) The 
sgRNAs, designed to be driven by a plant promoter and terminator sequence, are cloned into an 
A. tumefaciens binary vector that contains a selectable marker gene along with a gene encoding 
Cas9. (3) The plasmid is transformed into A. tumefaciens, which is used to transform the 
M. polymorpha plant tissue. Transgenic plants are selected for using the marker gene. (4) Many 
plants regenerated using this method will contain a mutation(s) in the targeted gene. 
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Figure 2.1. Design of the multiplex single guide RNA (sgRNA) cassette used to generate 
CRISPR/Cas9 mutants. The cassette consists of sgRNAs that were flanked by Arabidopsis thaliana 
transfer RNA (tRNA) molecules and BsaI restriction enzyme recognition sites that were designed on 
each end. The expression of the cassette was driven by a U6 promoter and terminated by NOS 
(Nopaline Synthase).  
 

CRISPR/Cas9 and over-expression constructs, once designed, were synthesised and cloned into a 

pUC57 plasmid as a commercial service by GenScript (USA). Once the synthesised DNA constructs 

were received, they were prepared for plasmid cloning (section 2.2) by resuspending the dried DNA 

in 50 µL sterile water.  

 

2.2 Construct preparation by DNA cloning 

DNA cloning was used to remove the constructs (designed in section 2.1) from pUC57 so that they 

could be, through a series of steps, recombined into a binary vector containing the necessary 

machinery to be transformed into A. tumefaciens for Marchantia spore transformation (section 2.4).  

The first step of DNA cloning was to heat-shock transform the synthesised pUC57 plasmid, 

containing the DNA construct, into Escherichia coli (section 2.2.3) to both stabilise and replicate the 

plasmid. The cells were spread onto lysogeny broth (LB)-agar plates with 100 mg L-1 ampicillin 

selection (see Appendix 2.3 for preparation of all antibiotics), because pUC57 has an ampicillin 

resistance gene, and grown overnight (section 2.2.1). The plasmid was extracted from the liquid 

cultures made from these cells (section 2.2.4) and used for further cloning.  

The remainder of DNA cloning varied for the CRISPR/Cas9 and over-expression constructs. 

CRISPR/Cas9 constructs were firstly excised from the extracted pUC57 plasmid using BsaI in a 

restriction endonuclease enzyme digest (section 2.2.6). Following separation of the digested 

fragments by gel electrophoresis (section 2.2.7), the smaller DNA band corresponding to the 

construct was excised and purified from the gel (section 2.2.8). Because BsaI makes non-

complementary sticky ends by cutting outside of its restriction site, the DNA construct could be 

directionally ligated into a pU6pro/pENTR entry vector (section 2.2.9; Figure 2.2, step 1) (see 

Appendix 3.1 for plasmid map). The pU6pro/pENTR plasmid, created by Dr Nick Albert, contains a 

Marchantia-specific U6 promoter (a type III RNA polymerase III promoter) that drives the expression 

of the introduced sgRNA cassette (Figure 2.1). The ligation product was heat-shock transformed into 
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E. coli (section 2.2.3) and cells spread onto LB-agar plates containing 50 mg L-1 kanamycin selection 

(selection 2.2.1), corresponding to the kanamycin resistance gene on pU6pro/pENTR. Correct ligation 

was confirmed by extracting the plasmid from liquid cultures of the cells (section 2.2.4), digesting it 

with the PvuII restriction enzyme (that has two recognition sites on the plasmid; see Appendix 3.1) 

(section 2.2.6) and separating the two fragments by gel electrophoresis to confirm they are of the 

expected size (section 2.2.7). The plasmid was also checked by DNA sequencing (section 2.2.11) 

using the NA428 forward primer (Appendices 3.1 and 4). 

 

 

 
Figure 2.2. The two main DNA cloning steps for creating a CRISPR/Cas9 construct. Step 1, excision 
of DNA construct (red) synthesised into pUC57 (grey) and ligation into an entry vector (blue) 
catalysed by T4 ligase, creating an entry clone. Step 2, LR gateway reaction between the entry clone 
attL sites and destination vector (green) attR sites to recombine the DNA construct into the 
destination vector, creating an expression clone.  
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experiments, by plating gemmae (somatic propagules) onto 0.5× B5 media, with the addition of 

200 µM acetosyringone (Appendix 2.7) when required. 

All plants were grown within a PC2 containment Facility at Plant and Food Research, Palmerston 

North, New Zealand.  

2.4 M. polymorpha spore transformation and regeneration 

Transgenic plants were routinely generated by transforming Marchantia spores with A. tumefaciens 

harbouring DNA constructs created through DNA cloning (sections 2.1 and 2.2). The transformation 

protocol is shown in Figure 2.3 and outlined in the sections following. The basic protocol was 

developed by Dr Nick Albert as an improvement of the S-AgarTrap method (Tsuboyama & Kodama, 

2013; Tsuboyama & Kodama, 2018a), establishing a more simple, repeatable and efficient method. 

However, the protocol described also includes the optimisations discovered in Chapter 3 since these 

were required to perform future experiments. 

 

Figure 2.3. Standard Agrobacterium tumefaciens-mediated Marchantia polymorpha spore 
transformation protocol. Sterilised spores were plated, grown for four days, co-cultivated with 
A. tumefaciens harbouring a construct of interest for four days, then transferred to a selective media 
for two weeks (with the optional addition of a heat-shock). Regenerated sporelings were transferred 
to individual tubs and grown for two weeks before plants were sampled for screening and the 
positive transgenic plants propagated through gemmae (G1 stage) and re-screened. (Figure provided 
by Dr Nick Albert.)  
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often occurred in standard PCR conditions), by starting with a high annealing temperature and 

reducing it by 1°C per cycle for five cycles, until the optimal annealing temperature was reached. 

This enriched the reaction for more specific products in the early PCR rounds, which acted as a 

template for later cycles. 

Each PCR contained 4 nmol of dNTPs (deoxy-nucleotide-triphosphates), 4 pmol of each primer, 4 µL 

of KAPA2G 5× buffer A, 2U KAPA2G Robust HotStart Taq-like polymerase enzyme, and 1 µL of DNA, 

made up to 20 µL with sterile water. PCR primers were designed using Geneious version 2022.0 and 

ordered from Integrated DNA TechnologiesTM. Primer stocks were prepared at 100 µM with sterile 

water, stored at -20°C and were diluted to 10 µM for use in PCRs. Primers used are listed in 

Appendix 4. Annealing temperature and length of extension varied depending on the primers used 

and the product size, respectively, but the general touchdown PCR conditions were the following: 

initial denaturation at 94°C for 2 min; 5 cycles of 95°C for 30 s (denaturation), 60°C (-1°C per cycle) 

for 30 s (annealing), 72°C for 1 min 30 s (extension); 31 cycles of 95°C for 30 s (denaturation), 55°C 

for 30 s (annealing), 72°C for 30 s (extension); final extension at 72°C 1 min; hold at 12°C. PCR 

products were visualised by gel electrophoresis on a 1.5% (w/v) agarose gel, which is a higher % than 

standard, to allow better separation of the relatively small PCR products (section 2.2.7).  

2.4.5.3 ExoSAP treatment and DNA sequencing of PCR products  

Following results from gel electrophoresis, the first 10 putatively transgenic lines were treated with 

ExoSAP to remove excess primers and dNTPs, before being submitted for DNA sequencing 

(section 2.2.11).  

ExoSAP treatment involved adding 0.15 µL Exonuclease I (20 U µL-1; New England BioSciences) and 

0.9 µL Shrimp Alkaline Phosphatase (rSAP 1 U µL-1; New England BioSciences), made up to 3 µL with 

sterile water, to 7 µL of PCR sample. The reaction was incubated at 37°C for 30 min, then 95°C for 

5 min.  

Confirmed CRISPR/Cas9 mutant plants were kept and propagated through gemmae (G1 generation) 

to ensure non-chimeric plants were obtained, because gemmae are derived from a single somatic 

cell. G1 plants were re-screened by PCR and sequencing. Confirmed transgenic over-expression 

plants were not re-screened before being used in further experiments as CRISPR/Cas9 was not used 

and therefore chimeric plants were not likely. 
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Chapter 3 
Optimising transformation and Cas9 editing 

efficiencies 
 

3.1 Introduction 

Marchantia spore transformation is an important technique for generating transgenic plants, 

including plants with CRISPR/Cas9 mutations. However, prior attempts (by Dr Nick Albert) to 

implement existing protocols did not achieve a workable regeneration efficiency, so improvements 

to the protocol were necessary. This component of my project focussed on determining ways to 

optimise the transformation of Marchantia spores and to increase the Cas9 mutation rate, to 

produce a robust and efficient protocol for generating transgenic/mutant lines. 

Recent transformation protocols use A. tumefaciens to introduce foreign DNA to plant cells. 

Acetosyringone (AS) is a phenolic compound that is a potent inducer of A. tumefaciens vir genes 

(Stachel et al., 1985). For this reason, inclusion of AS in the A. tumefaciens co-cultivation medium 

has increased transformation efficiency in many plant species, including Arabidopsis (Sheikholeslam 

& Weeks, 1987), durum wheat (Triticum turgidum L. var. durum) (He et al., 2010) and Citrus (Dutt & 

Grosser, 2009). This is standard practice in Marchantia spore transformation (section 2.4), but was 

not sufficient to achieve a high transformation efficiency. Guivarc'h et al. (1993) and Aggarwal et al. 

(2011) reported increases in transformation efficiency by including AS in the pre-culture media, 

rather than only during A. tumefaciens inoculation. This has not been attempted in Marchantia 

before, so I examined whether adding AS to the pre-culture media during Marchantia spore 

transformation could improve the transformation efficiency.  

An ideal CRISPR/Cas9 system would generate non-chimeric plants. Chimeric plants are common in 

Marchantia spore transformation and generate when mutations occur in some spore cells but not 

others. This results in a single plant containing wild type and mutant sectors, which adds complexity 

to screening and handling of candidate mutant plants. The number of chimeric plants could be 

reduced if Cas9 gene editing occurred early in spore development with high efficiency. This may also 

encourage larger mutations, which usually result in complete loss of gene function, because 

mutations are more likely to simultaneously occur at several sgRNA target sites. Studies have 

reported that providing plants with a heat-shock (HS) of 37°C improved Cas9 mutagenesis (Blomme 

et al., 2022; LeBlanc et al., 2018).  
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The effect of HS treatments on Cas9 editing efficiency has not been investigated in Marchantia but 

may be a way to improve recovery of mutant lines. Thus, I examined whether providing spores with 

a HS during the selection stage of spore transformation could improve the Cas9 editing efficiency. 

This required CRISPR/Cas9 mutants to be generated that had a simple, visible phenotype that could 

be scored for editing efficiency based on the size of mutant sectors. Yelina et al. (2023) discovered 

that Marchantia mutants in the Golden 2-like (GLK) gene have a pale green phenotype owing to 

reduced chloroplast development, so CRISPR/Cas9 mutants of the MpGLK gene (Mapoly0108s0060) 

were generated for this study. 

3.2 Materials and methods 

3.2.1 CRISPR-Cas9 and over-expression constructs 

A CRISPR/Cas9 construct targeting the Marchantia MpGLK gene was designed and cloned into a 

binary vector as described in section 2.1 ad 2.2 (pRMY32; Appendix 3.2 for plasmid map). Two high 

quality sgRNAs (as described in section 2.1) were designed in exon four (sgRNA 277) and exon six 

(sgRNA 192) of the MpGLK (Mapoly0108s0060) coding sequence (Figure 3.1), purposely avoiding the 

first three exons because the gene models in the Marchantia reference genome suggest alternative 

transcription start sites exist. Marchantia gene IDs used in this thesis are based on an older, but still 

high quality, genome assembly. Conversions of all gene IDs to the newer MpTak_v6.1 genome 

version are given in Appendix 6. 

The 35S:Myb14 and 35S:GFP constructs were previously designed and cloned by Dr Nick Albert, as 

described in section 2.1 and 2.2.  

 

 

 

Figure 3.1. Position of the two single guide RNA (sgRNA) molecules designed to target exons four 
and six of the Golden 2-like (MpGLK; Mapoly0108s0060) gene in Marchantia polymorpha. 
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3.2.2 Stable transgenic lines and growth conditions 

Mutants of MpGLK and 35S:Myb14 and 35S:GFP transgenic plants were generated by 

A. tumefaciens-mediated Marchantia spore transformation (section 2.4). During transformation with 

the MpGLK CRISPR/Cas9 construct, spores were diluted 5-fold (in 400 mL sterile water instead of 80 

mL) before being plated, to ensure better visualisation of phenotypes when spores were 

regenerating. Antibiotic selection was 8 mg L-1 hygromycin for the MpGLK construct and 8 mg L-1 G-

418 for generating 35S:Myb14 and 35S:GFP plants. Screening the glk and over-expression plants 

generated based on visual phenotypes (glk: pale tissue; Myb14: red/bronze thallus; GFP: green 

fluorescence), and not by PCR, was sufficient.  

The effects of AS were assessed by adding different concentrations of it (0, 50, 200 and 1000 µM) to 

0.5× B5 pre-culture media during the spore transformation of 35S:Myb14 and 35S:GFP plants. This 

range of concentrations was chosen as 200 µM is used during co-cultivation and previous studies on 

other plants used 100 µM or 200 µM in pre-culture media (Aggarwal et al., 2011; Boase et al., 1998; 

Guivarc'h et al., 1993). Once transgenic sporelings started to regenerate, they were imaged 

(section 2.5) and used to calculate the transformation efficiency (section 3.2.3). Three biological 

replicates, consisting of separate tubs, were used per transgenic line and treatment. 

The HS conditions applied to spores transformed with the MpGLK CRISPR/Cas9 construct were: 

28°C/16 h, 28°C/24 h, 28°C/48 h, 37°C/16 h or 37°C/24 h. Treatments were applied on the same day 

as they were transferred to the selective media, using non-shaking bacterial incubators lacking 

illumination. A no-HS control at 25°C (standard culture conditions) was also included. The 37°C HS 

was chosen because the Cas9 gene originated from the bacterium Streptococcus pyogenes (Gao et 

al., 2019; Le Rhun et al., 2019), which has an optimal growing temperature of 37°C (Gera & McIver, 

2013), and the 28°C HS because of availability of incubators at this temperature and as it is lower 

than 37°C but higher than the 25°C regular growing temperature. Treatment times were chosen 

based on prior knowledge gained from a pilot experiment conducted by Dr Nick Albert 

(unpublished). Regenerated sporelings were imaged (section 2.5) 13 d after transfer to selective 

media to calculate transformation efficiency (section 3.2.3). For the next two to six weeks, 

regenerated sporelings were picked onto new tubs of 0.5× B5 media containing 500 mg L-1 ticarcillin 

until there were at least 30 plants per treatment. Plants were imaged (section 2.5) and 

phenotypically scored for calculating editing efficiency (section 3.2.4).  
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3.2.4 Phenotypic scoring of Cas9 editing efficiency 

Cas9 editing efficiency was determined by scoring plants based on the physical size of the mutant 

sectors they contained. The size of mutant sectors depends on when the editing occurred; mutations 

occurring during early stages of tissue regeneration/development will give rise to larger sectors.  The 

scoring involved assigning plants to five categories: 1) plants appeared wild-type, 2) plants were 

mostly wild-type with at least one mutant section less than 2 mm, 3) plants were mostly wild-type 

with at least one mutant section of at least 2 mm, 4) more than half of the plant had the mutant 

phenotype, and 5) plants were entirely mutant (Figure 3.3). Following scoring, data were quantified 

by determining the percentage of total plants in each phenotypic category, for each treatment. 

 

 

Figure 3.3. Examples of Marchantia polymorpha plants assigned to each phenotypic category used 
to score Cas9 editing efficiency. Category 1: plants are wild-type; Category 2: plants are mostly wild-
type with at least one mutant section less than 2 mm (indicated by an arrow); Category 3: plants are 
mostly wild-type with at least one mutant section of at least 2 mm (sector indicated by an arrow); 
Category 4: more than half of the plant is mutant; Category 5: plants are entirely mutant. Scale bars 
represent 2 mm. 

 

3.3 Results 

3.3.1 Pre-culture acetosyringone improves transformation 
efficiency 

Various concentrations of AS were added to the pre-culture media during spore transformation to 

determine whether it improves transformation efficiency. Pre-culture is a period where the spores 

can germinate into sporelings and begin to grow prior to exposure to A. tumefaciens.  

The addition of AS to the media altered the germination and growth of spores into sporelings. The 

control (0 µM) had a dense lawn of sporelings. However, with increasing concentrations of AS, the 

density was reduced and spores were smaller, reaching the point where there was no spore growth 

using 1000 µM AS (Figure 3.4).  
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Figure 3.4. Representative density of 35S:Myb14 Marchantia polymorpha spores following 
pre-culture with different acetosyringone concentrations. Images taken after co-cultivation, but 
prior to selection. Scale bar represents 500 µm. 

 

Once the transformed spores had gone through selection, the sporeling regeneration was assessed. 

In both the 35S:Myb14 and 35S:GFP transformations, regeneration did not occur when AS was 

absent from the media (0 µM), as shown by the tubs containing only dead sporelings (Figure 3.5). 

The addition of 50 µM AS resulted in a visually small amount of regeneration, and 200 µM resulted 

in a substantial number of regenerated sporelings. No regeneration was observed when 1000 µM AS 

was used, owing to the lack of spore growth (Figure 3.4).  
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Figure 3.5. Representative density of regenerated 35S:Myb14 and 35S:GFP Marchantia 
polymorpha sporelings following pre-culture with different acetosyringone concentrations. Images 
were taken 13 days after transfer to selection. 35S:Myb14 sporelings are darker-coloured due to 
auronidin production. Scale bars represent 500 µm. 
 

The effect of pre-culture AS on spore regeneration was quantified by calculating the spore 

transformation efficiency for at least three tubs (biological replicates) of each AS treatment and 

transgenic plant line (35S:Myb14 and 35S:GFP). Similarly to the result shown in Figure 3.5, the 

absence of AS in the pre-culture medium (0 µM) resulted in a transformation efficiency of 0% with 

the 35S:GFP construct and 0.1% for 35S:Myb14 (Figure 3.6). Addition of 50 µM AS to the pre-culture 

media resulted in a higher transformation efficiency, being 0.6% in the 35S:GFP line and 4% in the 

35S:Myb14 line. The 200 µM concentration produced the highest spore regeneration, having a 

transformation efficiency of 6% for the 35S:GFP line and 11% for the 35S:Myb14 line. The 1000 µM 

AS concentration had a transformation efficiency 0% for both transgenic lines. 

Another interesting observation, both visually (Figure 3.5) and quantifiably (Figure 3.6), was that 

there was a noticeable difference in transformation efficiency between the 35S:Myb14 and 35S:GFP; 

the latter having a lower transformation efficiency than the former, for all AS treatments.  



43 
 

 

Figure 3.6. Transformation efficiency of 35S:Myb14 and 35S:GFP Marchantia polymorpha spores 
following pre-culture with different acetosyringone concentrations. Error bars are the standard 
error of the means, n = 3. Significantly different means are represented by different letters (a - c). 
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Figure 3.7. Cas9 editing efficiency of Marchantia polymorpha spores treated with various heat-
shock conditions. Editing efficiency was determined by the number of plants assigned to each 
phenotypic category (#1 - #5) based on the size of mutations they contained. Error bars could not be 
calculated for percentages. 
 

Generally during spore transformation, there is an initial abundance of plants regenerated following 

the first two weeks that sporelings are on selective media. However, for the next four weeks, new 

generations of transformed sporelings emerge. An aspect of interest in this study was whether there 

was any difference in mutation rate between the first regeneration of sporelings and the later 

regenerations. To assess this, the sporelings scored for mutations over the six-week period 

(Figure 3.7) were grouped into two-weeklong regeneration periods (Figure 3.8). Plants produced 

following 37°C HS treatments had the highest total editing frequency (accounting for categories 

#2 - #5) within the first two weeks of regeneration, having mutations in ~70% and 80% of plants in 

the 16 h and 24 h treatments, respectively. This reduced to 25% and 0% in the third and fourth 

weeks and increased slightly in the fifth and sixth weeks to 35% and 40%, respectively. 

Comparatively, the no-HS control had a fairly even editing frequency across each two-week period, 

having mutations in 50% of plants for the first two weeks of regeneration, and ~30% over the next 

four weeks. The 28°C treatments had a different result again: the 16 h and 24 h treatments had a 

similar editing frequency in the first and second and fifth and six weeks, being between 10% and 

30%, with no mutants regenerated in the third and fourth weeks. The editing frequency of the 48 h 
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treatment appeared to increase with time, being ~30% in the first two weeks of regeneration and 

increasing to 60% by the last two weeks.  

 

 

 
 
Figure 3.8. Effect of Marchantia polymorpha spore regeneration time on Cas9 editing efficiency of 
spores treated with various heat-shock conditions. Editing efficiency was scored by assigning 
sporelings from each heat-shock treatment into five phenotypic categories (#1 - #5) as they 
regenerated for a period of six weeks. The resulting editing frequencies calculated were grouped 
based on fortnightly regenerations. Error bars could not be calculated for percentages. 
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Given the HS treatments were above the normal growing temperature (25°C), their effect on spore 

death was determined by calculating the spore transformation efficiency (Figure 3.9). Although 

there were differences between HS treatments, no clear pattern was apparent for the effect of 

temperature or duration of treatment. This is because the 37°C/16 h HS treatment had a similar 

transformation efficiency to the no-HS control (~12%) and unexpectedly, the 28°C/16 h and 

28°C/24 h treatments had a transformation efficiency of 8% and 6%, respectively, that were also not 

significantly different. Predictably, the 37°C/24 h treatment caused extensive spore death, having a 

transformation efficiency of ~3% that was significantly lower than the 37°C/16 h and no-HS 

treatments. However, surprisingly, the 28°C/48 h treatment had a transformation efficiency of ~17%, 

which is higher than the no-HS control and significantly higher than the 28°C/16 h and 28°C/24 h 

treatments.  

 

 

Figure 3.9. Transformation efficiency of Marchantia polymorpha spores provided with various 
heat-shock conditions. Error bars are the standard error of the means, n = 3. Significantly different 
means are represented by different letters (a - c). 
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gemmae and thallus protocols allow production of transgenic plants in a uniform genetic 

background, while spores (being sexually produced) generate unique transgenic plant backgrounds. 

There are several possible explanations for why pre-culture with AS improves transformation 

efficiency. Since AS is included in the A. tumefaciens inoculation medium before being cultivated 

with the spores, induction of vir gene expression should already occur regardless of whether AS was 

included in the Marchantia pre-culture medium. Therefore, the basis of the improved 

transformation efficiency probably corresponds to changes in the Marchantia tissue. AS slowed pre-

culture spore growth (Figure 3.4). The reasons for this are unknown, and it has not been previously 

reported. Nevertheless, it is possible that this retardation of growth maintains spores in a 

developmental state that is more receptive to A. tumefaciens infection. However, a more probable 

explanation is that AS primes the spores to attract A. tumefaciens. In many eudicot plant 

transformation methods, plants are initially wounded during explant preparation, which causes 

secretion of phenolic compounds such as AS that induce the chemotaxis response of A. tumefaciens 

and thereby facilitate transformation (Ashby et al., 1987; Palmer & Shaw, 1992). Marchantia may 

not be a natural host for A. tumefaciens, and therefore it may not produce phenolic compounds that 

attract A. tumefaciens. Wounding is not part of spore transformation and, assuming Marchantia is 

able to take up AS from the media, it is plausible that including AS in pre-culture creates a 

concentration gradient that attracts A. tumefaciens and replaces the need for wounding (Escudero & 

Hohn, 1997; Kuta & Tripathi, 2005). Therefore, it seems likely that pre-culture AS improves 

transformation efficiency because it attracts A. tumefaciens to Marchantia sporelings, making it easy 

to find and infect them.  

Reported angiosperm transformation efficiencies indicate that different plant species may require 

different concentrations of AS to have the same effect on transformation efficiency. Aggarwal et al. 

(2011) and Guivarc'h et al. (1993) reported increased transformation efficiency in Eucalyptus 

tereticornis and carrot with pre-treatment of 100 µM and 25 µM AS, respectively. Additionally, given 

the optimal concentration for Marchantia (of those tested) was 200 µM, it is advisable that a range 

of concentrations are initially tested for each individual species being transformed. It is likely that 

higher AS concentrations will give a higher transformation efficiency but based on the detrimental 

effects of 1000 µM AS on Marchantia spore growth (Figure 3.4), it should be expected that at a 

certain point, high AS concentrations will result in a lower transformation efficiency. 

In the present study, the 35S:Myb14 gene construct consistently gave a higher transformation 

efficiency than the 35S:GFP construct (Figure 3.6). The cause of this difference is not clear because 

the transformation efficiencies calculated were variable, as shown by the large error bars, and there 
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28°C/16 h and 28°C/24 h treatments had a reduced transformation efficiency. Currently, there is no 

logical explanation for these results, but it would be interesting to determine whether these results 

are the same with repeated transformations. 

Studies using angiosperm species have shown that a HS at 37°C increases Cas9 mutation rate, but 

the length of treatment required to achieve the same effect varies between plant species. In 

Arabidopsis, studies have shown that three or four cycles of 37°C for 30 h, alternated with a recovery 

of 22°C for 42 h, can increase mutagenesis (Blomme et al., 2022; LeBlanc et al., 2018). In Citrus, 

seven cycles of 37°C for 24 h with 24°C/24 h recoveries in between was optimal (LeBlanc et al., 

2018). These studies suggest that when transforming whole plants, 37°C is the optimal temperature 

for inducing Cas9 mutations, which is in agreement with my study. However, a single cycle of 

37°C/16 h was sufficient to improve editing efficiency in Marchantia. This short treatment time may 

be because sporelings were used, which probably cannot tolerate as high temperatures as whole 

plants. 

Applying a 37°C HS during Marchantia transformation probably improves gene editing because Cas9 

has optimal activity at this temperature, as a result of the gene having a bacterial origin. LeBlanc et 

al. (2018) and Kurokawa et al. (2021) demonstrated that the rate Cas9 cleaved a PCR amplified 

target site was higher at 37°C than at lower temperatures, under in vitro conditions. This high Cas9 

activity may explain why in my study the 37°C HS treatments produced a majority of the mutants 

within the first two weeks of spore regeneration, whereas the lower Cas9 activity following the 28°C 

treatments resulted in fewer mutants being produced initially (Figure 3.8). Another possible 

explanation for why a 37°C HS improves gene editing is because DNA repair mechanisms may fail to 

work correctly at this temperature. Mutations result when edits made by Cas9 are not repaired, so if 

cellular repair mechanisms are not functional, mutations are more likely to occur (Oei et al., 2015). 

Malzahn et al. (2019) showed that growing rice (Oryza sativa) protoplasts at 22°C and 28°C for 48 h 

had no significant effect on Cas9 mutagenesis. However, in my study, although the 28°C/16 h and 

28°C/24 h HS treatments had minimal effects on Cas9 editing efficiency, the 28°C/48 h treatment 

substantially improved editing. These experiments should be repeated to confirm the initial findings, 

but it is possible that Marchantia spores may be more susceptible to heat than angiosperm 

vegetative explants. This poses the question of whether culturing Marchantia plants at 28°C for a 

prolonged period of time could improve Cas9 editing even further. Malzahn et al. (2019) additionally 

showed that growing Arabidopsis plants at 29°C for two weeks significantly improved the mutation 

frequency of AsCas12a, an enzyme that originates from Acidominococcus species that grow 

optimally at 37°C, similar to SpCas9. Furthermore, Milner et al. (2020) found that growing wheat 
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Chapter 4 
Functional characterisation of MpFNSI in 

M. polymorpha 
 

4.1 Introduction 

Flavones and flavonols are two major classes of flavonoids that are commonly induced by abiotic 

stresses, particularly excess white or UV-B light (Agati & Tattini, 2010; Clayton et al., 2018; Wang et 

al., 2021; Winkel-Shirley, 2002). Providing similar functions across different plant groups, a particular 

plant species typically will only produce one of them: in angiosperms, flavonols are common while in 

bryophytes such as Marchantia, flavones are produced (Li et al., 2020a). Because flavonoids are 

accumulated in response to particular signals, their production is tightly controlled. In angiosperms, 

this is predominantly by R2R3-MYB transcription factors (Stracke et al., 2001). For example, 

AtMYB12, and orthologous genes from other species, can regulate the production of several 

flavonoids, including flavones and flavonols, by inducing the expression of key genes of the flavonoid 

biosynthetic pathway (Wang et al., 2016). However, no regulators of flavone biosynthesis have been 

identified in Marchantia so far, with the only Marchantia R2R3-MYBs that group with MYB12 in a 

phylogenetic analysis regulating auronidin or bibenzyl production (Albert et al., 2018; Kubo et al., 

2018). Thus, flavones may be regulated independently of MYBs. 

While flavone biosynthesis is poorly understood in Marchantia, it is widely known that angiosperms 

contain an enzyme called FLAVONE SYNTHASE (FNS) that performs this function. Two types of FNS 

enzyme have been identified in angiosperms: FNSI, part of the 2-OGD superfamily and FNSII, part of 

the CYP450 superfamily (Yonekura-Sakakibara et al., 2019). These enzymes are not genetically 

related, but functional characterisation has determined that they provide the same function in 

flavone biosynthesis. Thus, few plants have been identified to contain both enzymes (Jiang et al., 

2016).  

Marchantia and angiosperms are thought to have many flavonoid biosynthetic enzymes in common 

(Davies et al., 2020), and in vitro enzymatic assays demonstrate that FNSI may function in flavone 

biosynthesis in several liverworts (M. polymorpha was not examined) (Li et al., 2020a). A strong 

BLAST hit with 67% protein identity to the liverwort Plagiochasma appendiculatum FNSI sequence 

has been identified in Marchantia (Mapoly0002s0224) that belongs to the 2-OGD sub-group DOXC28 

(unpublished data of Drs Nick Albert and Kevin Davies). The expression of the gene was also shown 
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4.2.6.1 High Performance Liquid Chromatography 

The fnsI mutants and tobacco samples were analysed by high performance liquid chromatography 

(HPLC), performed by Sarah Cordiner (Plant and Food Research, New Zealand), to separate and 

quantify metabolites. The HPLC set up, solvent composition and analysis was as described in Albert 

et al. (2018), with the only variation being that the binary pump used in the LC system was HPG-

3400RS instead of HPR-3400RS.  

Flavones and auronidins were quantified by integrating areas under chromatograms peaks with peak 

maxima at 340 nm and 484 nm, respectively, and comparison against calibration curves generated 

from luteolin-7-O-glucoside and pelargonidin-3-O-glucoside standards (Extrasynthese, Genay, 

France). Pelargonidin-3-O-glucoside is not an auronidin compound (it is an anthocyanin) but has a 

lambda max of 499 nm that is close to that of auronidin, which ranges between 484 nm and 493 nm. 

It is also stable and easily sourced, making it a useful equivalent standard. By contrast, auronidin 

standards are not commercially available, and those prepared by chemical synthesis proved to be 

somewhat insoluble at higher concentrations, making them an unreliable quantification standard. 

Final concentrations accounted for the extraction solvent volume and the weight of the ground 

tissue used for extraction. Auronidin compounds were identified by UV-VIS absorption spectra,  

information from Berland et al. (2019) and comparison of elution times to Albert et al. (2018). 

Flavones were identified by UV-VIS absorption spectra, previous mass-spectrometry analysis data 

(unpublished data of Dr Tony McGhie, Plant and Food Research, New Zealand) and comparison of 

elution times to Markham et al. (1998) and Albert et al. (2018). 

4.3 Results 

4.3.1 Stable fnsI mutants 

The Marchantia MpFNSI candidate gene was characterised by using CRISPR/Cas9 and 

A. tumefaciens-mediated spore transformation to generate fnsI mutants. The first 10 lines (G1 stage) 

were screened for MpFNSI mutations by PCR-amplification of a targeted region (700 bp), followed by 

gel electrophoresis and DNA sequencing. Figure 4.2 shows the PCR products of several plants 

transformed with the CRISPR/Cas9 construct. Some of these had size differences to the wild-type 

plant product, suggesting that deletions had occurred. The wild-type plant had an amplicon band of 

700 bp, whereas fnsI/5 had a visible size difference of ~200 bp, fnsI/6 a difference of ~100 bp and 

fnsI/1 a small, but noticeable, size difference. All other fnsI lines shown did not appear to have size 

differences, but separation by gel electrophoresis does not distinguish small base pair differences (at 
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least when using a 1.5% agarose gel). The negative PCR control (a no-DNA sample) had a few bands 

on the gel, which could suggest DNA contamination. However, the bands were considered more 

likely to be due to non-specific primer binding, as they were faint and did not correspond to the size 

of the fnsI or wild-type amplicons. The PCR products of all 10 transformed plant lines were 

sequenced regardless of whether size differences were observed because even 1 bp mutations can 

be sufficient for loss of gene function. 

Sequencing results revealed that mutations were present in 7 of the 10 CRISPR/Cas9 plants 

screened, and the majority of these were deletions (Table 4.1). Thus, fnsI mutants were successfully 

generated. The mutations present in the three fnsI mutants selected for further study are 

summarised in Figure 4.3. In comparison to the wild-type sequence, fnsI/5 contains a single 246 bp 

deletion spanning from sgRNA #94 to sgRNA #109 (see Figure 4.1 for sgRNA positions in the MpFNSI 

coding sequence); fnsI/6 contains a 121 bp deletion spanning from sgRNA #94 to sgRNA #5 and 

another 1 bp deletion at sgRNA #109, and fnsI/8 contains two 1 bp deletions at sgRNAs #5 and #109, 

respectively. These 1 bp deletions were not detected following gel electrophoresis, which 

emphasises the need for DNA sequencing.  

 

 

Figure 4.2. Screening Marchantia polymorpha plants generated using CRISPR/Cas9 for size 
differences in the Flavone Synthase I (FNSI) gene. PCR-amplification of a MpFNSI target region (700 
bp) in MpFNSI CRISPR/Cas9 plants compared to a wild-type (WT) plant, showing size differences. A 
negative PCR control (-ve) was included.  
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Table 4.1. Summary of identified Marchantia polymorpha fnsI mutants generated by CRISPR/Cas9. 
DNA sequencing results of the PCR amplicons of all 10 MpFNSI CRISPR/Cas9 plants, showing the 
types of mutations present and the single guide RNAs (sgRNAs) where they are located. 
 

Plant line ID Mutant? Mutation description sgRNA # 

fnsI/1 Y 1 bp insertion, 9 bp deletion 109, 11 

fnsI/2 Y 3 bp deletion, 1 bp deletion 94, 109 

fnsI/3 N - - 

fnsI/4 Y 3 bp deletion, 1 bp deletion, 1 bp deletion 94, 5, 109 

fnsI/5 Y 246 bp deletion 94 and 109 

fnsI/6 Y 121 bp deletion, 1 bp deletion 94 and 5, 109 

fnsI/7 N - - 

fnsI/8 Y 1 bp deletion, 1 bp deletion 5, 109 

fnsI/9 Y 1 bp deletion 109 

fnsI/10 N - - 

 

 

 

 

 
Figure 4.3. Examples of mutations in the Flavone Synthase I (FNSI) gene of Marchantia polymorpha 
plants generated using CRISPR/Cas9. DNA sequencing results of three fnsI mutant lines (fnsI/5, 
fnsI/6 and fnsI/8) are shown compared to a wild-type sequence. Two single guide RNAs (sgRNAs; #5 
and #109) are shown in green text, followed by their adjacent PAM (protospacer adjacent motif) site 
in blue text. Mutations (deletions) are shown in red text as dashes. 
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4.3.2 Flavonoid analysis of fnsI mutant plants 

Flavone content was initially determined in two confirmed fnsI mutants (fnsI/5 and fnsI/6), along 

with the chi mutant and wild-type Sey-1 plants, all grown in standard culturing conditions. The wild-

type produced two main flavone compounds: peak 1 was identified as luteolin-7,3'-di-O-glucuronide 

(lambda max 267, 339 nm) and peak 2 as luteolin-7-O-glucuronide (lambda max 251, 347 nm) 

(Figure 4.4). Flavones were not detected in the fnsI mutants, as evidenced by there not being any 

peaks with the same retention time as the flavones detected in the wild-type plants. Comparatively, 

the chi mutant produced trace amounts of luteolin-7,3'-di-O-glucuronide (peak 1).  

 

 

 

Figure 4.4. Flavonoid analysis of Marchantia polymorpha fnsI mutants. High performance liquid 
chromatography (HPLC) chromatogram of flavones in fnsI mutants (fnsI/5 and fnsI/6; blue), a chi 
mutant (orange) and a wild-type (WT) plant (green). Flavones were monitored at an absorbance of 
340 nm. Peaks were identified based on spectral properties and comparison to Markham et al. 
(1998). Peaks are (1) luteolin-7,3'-di-O-glucuronide and (2) luteolin-7-O-glucuronide. mAU: 
absorbance units in nm; min: retention time. 
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Following the preliminary results, fnsI mutants (fnsI/5, fnsI/6 and fnsI/8), chi mutant and wild-type 

plants were grown under excess white light conditions to induce higher flavonoid production. The 

phenotypes of these plants are shown in Figure 4.5. HPLC analysis shows that the wild-type Sey-1 

plants produced six main flavone compounds under excess white light conditions: 

luteolin-7,4'-di-O-glucuronide (1; lambda max 268, 337 nm), luteolin-7,3'-di-O-glucuronide 

(2; lambda max 267, 339 nm), luteolin-7-O-glucuronide (3; lambda max 265, 346 nm), a mixture of 

luteolin-3'-O-glucuronide and apigenin-mono-O-glucuronide (4; lambda max 266, 331 nm), 

apigenin-7-O-glucuronide (5; lambda max 266, 336 nm) and luteolin-4'-O-glucuronide (6; lambda 

max 267, 339 nm) (Figure 4.6A). The retention time of the flavone peaks cannot be compared to 

those in Figure 4.4 as the analysis was performed separately. These compounds were not detected 

in any of the fnsI mutants or the chi mutant. However, additional metabolites (likely to be phenolic 

compounds) with relatively similar retention times were detected, but their spectral properties are 

not consistent with flavones (an example flavone spectrum is shown on the figure). In chi, these had 

a lambda max of 397 nm (A) and in fnsI a lambda max of 283 nm (B) (spectra in Appendix 10.1). The 

wild-type Sey-1, fnsI and chi plants all produced the auronidin aglycone peaks (1 and 2; Figure 4.6B). 

Because all of the fnsI mutant lines displayed the same results, only one line was included in each of 

the chromatograms in Figure 4.6. 

Quantification of the excess white light HPLC results showed the wild-type Sey-1 plants contained an 

average flavone content of ~4 mg g-1 DW, while flavones were not detected in the fnsI and chi 

mutants (Figure 4.7A). Auronidin content in the wild-type Sey-1 and fnsI/5 plants was ~1 mg g-1 DW, 

the fnsI/8 and chi plants had ~0.7 mg g-1 DW and ~0.8 mg g-1 DW, respectively, and fnsI/6 had a 

lower content of 0.5 mg g-1 DW (Figure 4.7B). However, the differences in auronidin content were 

not statistically significant.  
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Figure 4.5. Phenotype of fnsI, chi and wild-type (WT) Sey-1 Marchantia polymorpha plants grown 
under excess white light conditions for three weeks. Scale bars represent 2 mm.   
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Figure 4.6. Flavonoid analysis of Marchantia polymorpha fnsI mutants grown under excess white 
light conditions. HPLC chromatograms of a fnsI mutant (blue), a chi mutant (orange) and a wild-type 
(WT) plant (green). mAU: absorbance units in nm; min: retention time. (A) Detection of flavone 
compounds at 340 nm. Peaks were identified by a previous mass-spectrometry analysis (unpublished 
data of Dr Tony McGhie, Plant and Food Research, New Zealand) and comparison to Markham et al. 
(1998) and Albert et al. (2018). (1) luteolin-7,4'-di-O-glucuronide; (2) luteolin-7,3'-di-O-glucuronide; 
(3) luteolin-7-O-glucuronide; (4) a mixture of luteolin-3'-O-glucuronide and apigenin-mono-O-
glucuronide; (5) apigenin-7-O-glucuronide and (6) luteolin-4'-O-glucuronide. Production of additional 
metabolites in chi (A) and fnsI (B) mutants are also indicated. (B) Detection of auronidin compounds 
at 484 nm. Peaks were identified by comparison to Albert et al. (2018) and Berland et al. (2019). 
Peaks (1) and (2) are different conformations of the auronidin aglycone. 

(A) 

(B) 
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Figure 4.7. Flavonoid content in Marchantia polymorpha fnsI mutants grown under excess white 
light conditions. High performance liquid chromatography (HPLC) quantification of flavones (A) and 
auronidin (B) in wild-type (WT) plants, fnsI mutants and a chi mutant. Error bars are the standard 
error of the means, n = 3. ND: not detected. Significantly different means are represented by 
different letters. 

(A) 

(B) 
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4.3.3 Transient MpFNSI expression in N. tabacum 

Tobacco produces flavonols as its primary flavonoid class in leaves and lacks flavones. Thus, 

A. tumefaciens-mediated infiltration of tobacco leaves and subsequent flavonoid analysis was used 

to determine whether transiently expressing MpFNSI could confer flavone production.  

Before infiltration was performed, stable Marchantia 35S:Venus-N7 plants were generated to 

confirm that fluorescence could be easily detected (Appendix 11). Infiltration was then tested by 

transiently expressing the 35S:Venus-N7 construct into tobacco leaves. An example of an infiltrated 

leaf is shown in Figure 4.8A and the fluorescence emission from 35S:Venus-N7 in Figure 4.8B. Strong 

fluorescence was observed from the infiltrated (right) side of the leaf , but not the un-infiltrated 

(left) side. Therefore, infiltration was successfully established. 

 

 

 
Figure 4.8. Transient expression of 35S:Venus-N7 in Nicotiana tabacum (tobacco). (A) Example of 
an infiltrated tobacco leaf, showing no infiltration on the left side of the leaf and infiltration on the 
right. Scale bar represents 1 cm. (B) 20× magnification of the same leaf with no filter (top panel) and 
a YELLOW FLUORESCENCE PROTEIN (YFP) microscope filter (bottom panel), showing fluorescence on 
the infiltrated (right) side of the leaf and no fluorescence on the un-infiltrated (left) side. Scale bars 
represent 200 µm. 

 

Un-infiltrated Infiltrated Un-infiltrated Infiltrated 

(A) (B) 
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Tobacco leaves were then infiltrated with 35S:AtMyb12 and 35S:FNSI constructs. AtMyb12 was 

infiltrated to upregulate the flavonoid biosynthetic pathway, making it easier to detect any flavones. 

Transient expression of AtMyb12 alone resulted in the production of two peaks (1 and 2; Figure 4.9). 

Two additional peaks (3 and 4; Figure 4.9) were identified in extracts from the 

35S:AtMyb12/35S:FNSI sample. Only one HPLC trace, which best represents the described results, is 

shown for each expression line. Based on spectral properties, peaks 1 and 2 matched closely to the 

flavonol standard and peaks 3 and 4 matched closely to the flavone standard (Figure 4.10).  

Subsequent analysis by LC-HRAM-MS/MS, performed by Dr John van Klink (University of Otago, New 

Zealand), confirmed the peak identities as flavonols and flavones, respectively (Appendix 10.2). 

Flavonol peak 1 was tentatively identified as quercetin-3-O-rutinoside (m/z 609.14) and peak 2 as 

kaempferol-3-O-rutinoside (m/z 593.15, lambda max 265, 348 nm). Peaks 3 and 4 were identified as 

flavones; peak 3 as apigenin-7-O-glucoside (m/z 431.0987, lambda max 267, 335 nm) and peak 4 

(m/z 461) closely matched chrysoeriol-7-O-glucoside and luteolin-7-O-glucuronide but could not be 

conclusively identified.  

 

Figure 4.9. Detection of flavonoids in Nicotiana tabacum (tobacco) plants expressing Flavone 
Synthase I (MpFNSI) and AtMyb12. High Performance Liquid Chromatography (HPLC) 
chromatogram of flavonol and flavone compounds detected at 340 nm in representative 
35S:FNSI/35S:AtMyb12 (orange) and 35S:AtMyb12 control (blue) tobacco plants. Based on spectral 
properties, peaks 1 and 2 are flavonols and peaks 3 and 4 are flavones. mAU: absorbance units in 
nm; min: retention time.   
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meaningfully interpreted. Significant attempts were made to replicate the conditions of Clayton et 

al. (2018), but the issues could not be resolved within the timeframe of this thesis.   

Exposure of fnsI mutants to excess white light stress also induced auronidin production. This was 

mainly visible on the ventral (bottom) surface of the plants prior to them being harvested for HPLC 

(data not shown), but two auronidin peaks (different conformations of the same compound) were 

identified in the wild-type, fnsI and chi plants (Figure 4.6B). Quantification revealed slight differences 

in auronidin production between plant lines (Figure 4.7B). However, these were not statistically 

significant, and may reflect the varied genetic backgrounds of lines produced by spore 

transformation. This may also explain the slight differences in growth morphology observed 

(Figure 4.5).  

Tobacco leaves were infiltrated with the MpFNSI candidate gene to examine whether flavone 

production was conferred. When leaves were infiltrated with just 35S:AtMyb12, only flavonols were 

produced. Whereas, the co-expression of 35S:AtMyb12 and 35S:FNSI resulted in the accumulation of 

two flavone peaks, showing MpFNSI was able to introduce flavone production into plants that do not 

naturally produce them. Similar results were observed when FNSI from mulberry (Morus notabilis), 

Chrysanthemum morifolium, Lonicera japonica or Lonicera macranthoides were transiently 

expressed in tobacco (Li et al., 2020b; Wang et al., 2021; Wu et al., 2016). This further established 

that Mapoly0002s0224 is the MpFNSI gene for flavone biosynthesis in Marchantia. 

Identifying and determining the function of the MpFNSI gene in Marchantia is a significant finding 

both with regard to understanding Marchantia biology and the evolution of flavone biosynthesis in 

land plants. FNS is also required for flavone biosynthesis in many angiosperm plants, which are 

significantly genetically diverged from Marchantia, so the function of FNS may be conserved among 

land plants. However, angiosperms have evolved to use either FNSI (2-OGD superfamily) or FNSII 

(CYP450 superfamily) enzymes for flavone biosynthesis (Yonekura-Sakakibara et al., 2019), whereas 

FNSII has not been identified in bryophytes. There has been some controversy over the evolution of 

FNS enzymes because it is hard to deduce enzyme function purely based on sequence; functional 

studies are required. Currently, the most logical explanation is that an ancestral gene in early land 

plants, that may or may not have been required for flavone biosynthesis, evolved into FNSI in 

bryophytes and F3H in the lineage that eventually gave rise to angiosperms (Li et al., 2020a). This is 

supported by Li et al. (2020a) and Wang et al. (2020) identifying that some liverworts (such as the 

Marchantia emarginata and Marchantia paleacea) have FNSI enzymes, other liverworts have 

enzymes with both FNSI and F2H activity (Plagiochasma appendiculatum and Conocephalum 

conicum and Conocephalum japonicum), and the moss P. patens and lycophyte S. moellendorffii 
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contain enzymes with FNSI and F3H activity. While this is based on in vitro enzymatic assays, 

functionally characterising MpFNSI in M. polymorpha in planta in my study demonstrates the 

presence of FNSI enzymes in bryophytes. Additionally, the Apiaceae family (and a few other related 

angiosperms) have FNSI enzymes, but these are not similar in sequence to those in bryophytes and 

phylogenetic analysis indicates that they evolved from F3H through tandem gene duplication and 

subsequent neofunctionalization. Thus, current evidence suggests that FNSI has evolved multiple 

times (Gebhardt et al., 2005; Li et al., 2020a; Martens et al., 2003; Pucker & Iorizzo, 2023). 

Comparatively, FNSII is phylogenetically much more widespread than FNSI. Phylogenetic analyses 

suggest that FNSII evolved from the ancestral CYP93 gene following the divergence of monocots and 

eudicots, as FNSII identified in these plants cluster within different CYP450 sub-groups: CYP93G 

(monocots) and CYP93B (eudicots) (Du et al., 2016; Jiang et al., 2016; Yonekura-Sakakibara et al., 

2019).  

The proposed evolution of FNS enzymes is further complicated by the evolution of F3H, allowing for 

the production of flavonols and anthocyanins in angiosperms (Li et al., 2020a). Given FNSII is 

theorised to have evolved after F3H, flavones may have only been produced in angiosperms 

following the evolution of flavonols and anthocyanins. This idea is supported by some (probably 

basal) angiosperms not producing flavones, instead accumulating flavonols that perform similar 

functions in protection against UV-B light (Agati & Tattini, 2010; Li et al., 2020a; Winkel-Shirley, 

2002). Furthermore, the evolution of FNSI in Apiaceae (a eudicot) poses the question of whether 

these plants gained FNSI for a different purpose, or whether FNSI was lost in other eudicots once 

similar functions could be performed by FNSII. Nevertheless, the fact that most angiosperms have 

either FNSI or FNSII suggests that the UV-B protection function of flavones must have remained 

important in angiosperms (Martens & Mithöfer, 2005). 

The MpFNSI candidate gene was functionally characterised in M. polymorpha by generation of fnsI 

mutants and transient expression of MpFNSI in tobacco. The results showed that the gene encodes a 

MpFNSI enzyme necessary for flavone biosynthesis in this liverwort. The similarities to known or 

candidate FNS enzymes in other bryophytes and angiosperms provides evidence that the origin and 

function of FNSI is conserved among land plants. This implies that the last common ancestor of these 

lineages, which may have existed relatively soon after plants first colonised land, may have also 

contained a similar FNSI gene. Therefore, the UV-B protective function of flavones may have been an 

important characteristic that these early land plants gained during land colonisation.  
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Chapter 5 
Functional characterisation of MpBT2 in 

M. polymorpha 
 

5.1 Introduction 

Auronidin is a red/orange-coloured flavonoid unique to liverworts that provides tolerance against 

several abiotic stresses, such as excess light and nutrient deprivation (Albert et al., 2018; Berland et 

al., 2019). Auronidin is predominantly accumulated on the ventral surface of the thallus and has two 

forms: the predominant form is the aglycone, which is cell wall-bound and water-insoluble; the 

other is auronidin 4-neohesperidoside, which is the auronidin aglycone with a rhamnose sugar 

attached that in turn has a glucose attached. This form is found in the vacuole and is water-soluble, 

but has only been detected in transgenic plants that have increased auronidin production (Berland 

et al., 2019). 

Because auronidin is a recently identified compound, the pathway to its biosynthesis is poorly 

understood. It is known that the precursors of auronidin, aurones, are synthesised from chalcones 

by POLYPHENOL OXIDASES (PPOs) such as AUREUSIDIN SYNTHASE (AUS) and AURONE SYNTHASE 

(AS) (Berland et al., 2019; Furudate et al., 2023). However, the enzyme(s) that converts aurones into 

auronidin is currently unknown. The only current information on the regulatory pathway for 

auronidins is that a R2R3-MYB transcription factor, MYB14, is required for auronidin biosynthesis - 

myb14 mutants lack auronidin and Myb14 over-expression plants have increased auronidin 

production (Albert et al., 2018; Kubo et al., 2018).  

The auronidins are analogous to anthocyanins produced by many angiosperm plants, having similar 

red pigmentation, being induced by abiotic stress (Berland et al., 2019) and regulated by similar 

classes of transcription factors (Albert et al 2018). In apple, a protein called BTB-TAZ DOMAIN 2 

(BT2) negatively regulates anthocyanin biosynthesis by promoting the ubiquitination and 

degradation of MdMYB1, a transcription factor required for anthocyanin biosynthesis (Wang et al., 

2018). BT proteins have also been identified in other land plants, such as in the lycophyte Selaginella 

tamariscina (Wang et al., 2018), suggesting their presence in land plants other than angiosperms. 

Currently, BT proteins have not been identified in bryophytes. However, because nitrogen 

deprivation induces auronidin production in Marchantia and this is regulated by an R2R3-MYB, 

similarly to anthocyanins (Albert et al., 2018; Davies et al., 2020), it would not be surprising if there 
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was a BT2 protein in Marchantia. Recently, the protein Mapoly0010s0173 was identified in the 

Marchantia genome that is a strong BLAST match to the apple and Arabidopsis BT2 proteins, with 

44% and 39% protein identity, respectively (Appendix 13). Furthermore, the next highest BLAST hit 

only had 20% protein identity with both the apple and Arabidopsis BT2 proteins, and is truncated so 

may lack certain domains. Thus, Mapoly0010s0173 seems to be the only homolog of angiosperm 

BT2 proteins. It is also a convincing candidate for a gene encoding a BTB-TAZ DOMAIN 2 (MpBT2) 

orthologue because it has all three domains usually present in BT2 proteins (BTB/POZ, BACK and 

TAZ) plus the nuclear localisation signal. This suggests MpBT2 could have a role comparable with 

that of MdBT2, negatively regulating auronidin biosynthesis by inducing the degradation of MYB14. 

The MpBT2 candidate gene was therefore functionally characterised by using CRISPR/Cas9 and 

A. tumefaciens-mediated spore transformation (optimised in Chapter 3) to generate loss-of-function 

mutants. Additionally, the MpBT2 gene was over-expressed in wild-type and 35S:Myb14 genetic 

backgrounds. In all cases, the transgenic plants were assessed for their ability to produce auronidin. 

5.2 Materials and methods 

5.2.1 CRISPR-Cas9 and over-expression constructs 

The MpBT2 CRISPR/Cas9 construct and over-expression construct (used in spore transformation; 

section 5.5.2) were designed and cloned into a binary vector as described in section 2.1 and 2.2 

(pRMY09 and pRMY27, respectively; Appendix 3.2 and 3.3 for plasmid map). The MpBT2 

over-expression construct used in thallus transformation (section 5.2.3) (pRMY30; Appendix 3.3 for 

plasmid map) was designed and cloned similarly, except that a pNWA99 destination vector (created 

by Dr Nick Albert) was used for LR gateway recombination to provide plant resistance to hygromycin 

instead of geneticin. For the CRISPR/Cas9 construct, three high quality sgRNAs were designed to 

target exon one and one to target exon two of the MpBT2 candidate Mapoly0010s0173 because 

exon 1 is an extended N terminal region that may not be conserved, but exon 2 is conserved. The 

position of these sgRNAs is shown in Figure 5.1 below.  

 
Figure 5.1. Position of the four single guide RNA (sgRNA) molecules designed to target exons one 
and two of Mapoly0010s0173, the BTB-TAZ Domain 2 (MpBT2) candidate gene in Marchantia 
polymorpha. 
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5.2.4 Plant material and growth conditions 

Nutrient stress was used to induce flavonoid production in bt2 mutants and 35S:BT2 plants. These 

conditions were provided by nutrient deprivation media, containing 1% (w/v) sucrose and 1% (w/v) 

agar. Control plants were chiL and Aud-2 female and Sey-1 male wild-type plants. A no-stress 

treatment was also included for all plant lines. Gemmae were grown on MCE membrane filters 

placed on 0.5× B5 media for three weeks. Plants were then transferred to nutrient deprivation 

media (nutrient stress treatment), or onto fresh 0.5× B5 media (no treatment) and grown for a 

further 13 d. Four gemmae per tub and at least four biological replicates, consisting of separate tubs, 

were grown per plant line and treatment.  

The 35S:Myb14/35S:BT2 plants were not exposed to nutrient deprivation stress. Instead, gemmae 

(four per tub and five tubs/biological replicates per plant line) were grown on MCE membrane filters 

placed on 0.5× B5 media for four weeks. Four of the biological replicates were used for chemical 

analysis. The fifth was grown for an extra four weeks to show auronidin saturation. 

Plants were imaged (section 2.5), then harvested and prepared for flavonoid analysis by HPLC as 

described for fnsI mutants in section 4.2.6. Auronidin and flavones were quantified as described. A 

peak for the bibenzyl precursor lunularic acid was also identified, based on a previous mass-

spectrometry analysis (unpublished data of Dr Christelle Andre, Plant and Food Research, New 

Zealand), and quantified. However, as a lunularic acid standard was not available, quantification was 

based on the integrated peak area at 310 nm (absorbance units multiplied by retention time; 

mAU.min), the extraction solvent volume and the weight of the ground tissue used for extraction.  
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5.3 Results 

5.3.1 Stable bt2 mutant and MpBT2 over-expression plants 

The Marchantia MpBT2 candidate gene was characterised by using CRISPR/Cas9 and 

A. tumefaciens-mediated spore transformation to generate bt2 mutants and both spore 

transformation and thallus transformation to generate plants over-expressing MpBT2.  

Once MpBT2 CRISPR/Cas9 plants were generated, the first 10 lines (G1 stage) were selected and 

screened for MpBT2 mutations using PCR-amplification of a target region (1,330 bp) followed by gel 

electrophoresis and DNA sequencing. PCR products of several transformed plant lines showed size 

differences to the wild-type product, suggesting that deletions may have occurred (Figure 5.2). The 

wild-type plant had a faint amplicon band of 1,330 bp, as well as a low molecular weight non-specific 

band. In comparison, bands with a size difference of ~800 bp, ~50-100 bp and ~10 bp were present 

in the samples from the bt2/8, bt2/9 and bt2/4 plant lines, respectively. PCR products from all other 

lines did not have noticeable size differences. The negative PCR control had one faint DNA band, but 

this did not correspond to the expected size of the amplicon. The PCR products of all 10 transformed 

plant lines were sequenced regardless of whether size differences were observed because even 1 bp 

mutations can be sufficient for loss of gene function.  

 

Figure 5.2. Screening Marchantia polymorpha plants generated using CRISPR/Cas9 for size 
differences in the BTB-TAZ Domain 2 (BT2) candidate gene. PCR-amplification of a MpBT2 target 
region (1,330 bp) in BT2 CRISPR/Cas9 plants compared to a wild-type (WT) plant, showing size 
differences. A negative PCR control (-ve) was also included.  
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Sequencing results revealed that mutations were present in five of the 10 CRISPR/Cas9 plants 

screened, most of which were deletions (Table 5.1). Thus, bt2 mutants were successfully generated. 

The mutations present in three bt2 mutants selected for further study are summarised in Figure 5.3. 

In comparison to the wild-type sequence, bt2/5 contains a 1 bp deletion at sgRNA #41 (which was 

not evident in the PCR product), bt2/9 contains an 87 bp deletion spanning sgRNAs #308 and #41 

and a 1 bp deletion at sgRNA #165, and bt2/8 contains an 822 bp deletion from sgRNAs #41 to #165 

(see Figure 5.1 for sgRNA positions in the MpBT2 coding sequence). Interestingly, bt2/8 also contains 

an 11 bp insertion at sgRNA #165, which is actually a duplication of a nearby sequence (underlined) 

rather than a random insertion of bases pairs. Another curious observation is that the deletions 

described in Figure 5.3 are further than 3 bp upstream of the PAM site as expected with the 

CRISPR/Cas9 system.  

 

 

Table 5.1. Summary of identified Marchantia polymorpha bt2 mutants generated using 
CRISPR/Cas9. DNA sequencing results of all 10 MpBT2 CRISPR/Cas9 plants, showing the types of 
mutations present and the single guide RNAs (sgRNAs) where they are located. 

Plant line ID Mutant? (Y/N) Mutation description sgRNA # 

bt2/1 Y 1 bp deletion 41 

bt2/2 N - - 

bt2/3 N - - 

bt2/4 Y 1 bp deletion, 8 bp deletion 41, 165 

bt2/5 Y 1 bp deletion 41 

bt2/6 N - - 

bt2/7 N - - 

bt2/8 Y 822 bp deletion, 11 bp insertion 41 and 165, 165 

bt2/9 Y 87 bp deletion, 1 bp deletion 308 and 41, 165 

bt2/10 N - - 
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5.3.2 Flavonoid analysis of bt2 mutant and 35S:BT2 plants 

To determine the function of the MpBT2 candidate gene in Marchantia, confirmed bt2 mutants and 

35S:BT2 plants were exposed to nutrient stress to induce flavonoid production, then characterised 

by HPLC for their ability to produce auronidin (and other phenolic compounds). 

Phenotypes of plants exposed to both nutrient stress and no-stress conditions are illustrated in 

Figure 5.5. A key observation is that the plants not exposed to nutrient stress had a normal 

appearance, whereas nutrient deprivation caused a visual increase in the production of auronidin 

(red pigment). Expectedly, the chiL mutant (known to have reduced flavone and auronidin 

production (Berland et al., 2019)), had no visible auronidin but had some brown colouration 

indicative of stress. This was particularly noticeable on the ventral side of the thallus. The no-stress 

treatment plants were not included in the HPLC analysis because auronidin cannot be reliably 

detected without stress-induction (Albert et al., 2018; Berland et al., 2019).  
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Figure 5.5. Representative phenotypes of bt2, 35S:BT2, chiL and wild-type (WT) Marchantia 
polymorpha plants under nutrient stress conditions. Phenotypes are shown for the dorsal (top) and 
ventral (bottom) sides of stressed plants (left and middle columns, respectively) and the dorsal side 
of non-stressed plants (right column). Plants were grown on 0.5× B5 media for three weeks, then 
stressed plants were transferred to a nutrient deprivation media and non-stress plants to fresh 0.5× 
B5 for two weeks. Scale bar represents 5 mm.  

Stress Dorsal Stress Ventral No-stress Dorsal 

bt2 / 5 

bt2 / 8 

bt2 / 9 

35S:BT2 / 9 

35S:BT2 / 10 

35S:BT2 / 12 

chiL / 19 

WT Sey-1 

WT Aud-2 
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5.3.3 Flavonoid analysis of 35S:Myb14/ 35S:BT2 plants 

The function of the MpBT2 gene was also characterised by using thallus transformation to 

over-express MpBT2 in a single 35S:Myb14 plant line (35S:Myb14/35S:BT2 plants). This was 

performed so that regenerated plants had a uniform genetic background, unlike those generated 

from spore transformation. Exposing plants to nutrient stress was not required to induce flavonoid 

production because 35S:Myb14 plants constitutively produce increased auronidin and flavone 

amounts. 

Representative phenotypes of 35S:Myb14/35S:BT2 and 35S:Myb14 control plants are shown in 

Figure 5.9A. The plants had abundant auronidin pigmentation (red/orange colour) on the dorsal and 

ventral surfaces. To illustrate why plants were sampled at this early developmental stage for HPLC 

analysis, the same plant lines were grown for an additional four weeks and phenotypes imaged again 

(Figure 5.9B). The auronidin content was visibly saturated, as the entire thallus was a deep 

red/orange colour and all of the plants appeared to have the same intensity of pigmentation.  

Flavonoid analysis revealed that representative 35S:Myb14 control and 35S:Myb14/35S:BT2 plants 

produced auronidin 4-neohesperidoside (1) and the two auronidin aglycone peaks 

(2 and 3; Figure 5.10A). Four flavone compounds were detected, and identified as 

luteolin-7,3'-di-O-glucuronide (1), luteolin-7-O-glucuronide (2), apigenin-7-O-glucuronide (3) and 

luteolin-4'-O-glucuronide (4) (Figure 5.11A). A single lunularic acid peak was also identified 

(Figure 5.12A). 

Quantification showed no significant difference in auronidin content between the plant lines 

(Figure 5.10B). There were few differences in flavone content, except that the 

35S:Myb14/35S:BT2/23 plants produced significantly more flavones than all other lines 

(Figure 5.11B). Interestingly, all of the 35S:Myb14/35S:BT2 plant lines had a significantly lower 

lunularic acid content than the 35S:Myb14 control (Figure 5.12B). 
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Figure 5.9. Phenotypes of 35S:Myb14/35S:BT2 and 35S:Myb14 control Marchantia polymorpha 
plants. The dorsal (top) side of the plants is shown in the top panels and ventral (bottom) side in the 
bottom panels. The 35S:Myb14/35S:BT2 lines examined were 21, 23 and 24. Scale bars represent 
2 mm. (A) Phenotypes of plants harvested for HPLC after four weeks of growth. (B) Phenotypes of 
plants grown for eight weeks, showing auronidin saturation.  
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Figure 5.10. Auronidin content in 35S:Myb14/ 35S:BT2 Marchantia polymorpha plants. (A) High 
performance liquid chromatography (HPLC) chromatograms of representative 35S:Myb14/35S:BT2 
(orange) and 35S:Myb14 control (red) plants. Auronidin was detected at 484 nm. Peaks were 
identified by comparison to Albert et al. (2018) and Berland et al. (2019). Peak 1 is 
auronidin 4-neohesperidoside and peaks 2 and 3 are different conformations of the auronidin 
aglycone. mAU: absorbance units in nm; min: retention time. (B) Quantification of auronidin content 
in 35S:Myb14/35S:BT2 (lines examined were 21, 23 and 24) and 35S:Myb14 control plants. Error 
bars are the standard error of the means, n = 4. Significantly different means are represented by 
different letters.                                                      

(B) 

(A) 
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Figure 5.11 Flavone content in 35S:Myb14/ 35S:BT2 Marchantia polymorpha plants. (A) High 
performance liquid chromatography (HPLC) chromatogram of representative 35S:Myb14/35S:BT2 
(orange) and 35S:Myb14 control (red) plants. Flavones were detected at 340 nm and peaks were 
identified by a previous mass-spectrometry analysis (unpublished data of Dr Tony McGhie, Plant and 
Food Research, New Zealand) and comparison to Markham et al. (1998) and Albert et al. (2018). 
(1) luteolin-7,3'-di-O-glucuronide; (2) luteolin-7-O-glucuronide; (3) apigenin-7-O-glucuronide and 
(4) luteolin-4'-O-glucuronide. mAU: absorbance units in nm; min: retention time. (B) Quantification 
of flavone content in 35S:Myb14/35S:BT2 (lines examined were 21, 23 and 24) and 35S:Myb14 
control plants. Error bars are the standard error of the means, n = 4. Significantly different means 
are represented by different letters (a and b).  

(B) 

(A) 
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Figure 5.12 Lunularic acid content in 35S:Myb14/ 35S:BT2 Marchantia polymorpha plants. (A) High 
performance liquid chromatography (HPLC) chromatogram of representative 35S:Myb14/35S:BT2 
(orange) and 35S:Myb14 control (red) plants. The lunularic acid peak detected at 310 nm was 
identified in a previous mass-spectrometry analysis (unpublished data of Dr Christelle Andre, Plant 
and Food Research, New Zealand). mAU: absorbance units in nm; min: retention time. 
(B) Quantification of lunularic acid content in 35S:Myb14/35S:BT2 (lines examined were 21, 23 and 
24) and 35S:Myb14 control plants. Error bars are the standard error of the means, n = 4. Significantly 
different means are represented by different letters (a and b). 

(B) 

(A) 
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5.4 Discussion 

The function of the MpBT2 candidate gene in Marchantia was initially examined by transforming 

spores with the MpBT2 CRISPR/Cas9 construct. PCR-amplification of the target region (Figure 5.2) 

and DNA sequencing (Table 5.1 and Figure 5.3) revealed that bt2 mutants were successfully 

generated. Plants over-expressing MpBT2 were also created using spore transformation and thallus 

transformation, as evident by PCR-amplification of the target sequence (Figure 5.4).  

Based on the results of my study, MpBT2 is not a key regulator of auronidin biosynthesis in 

Marchantia. Flavonoid analysis of bt2 mutants and 35S:BT2 plants grown under nutrient stress 

conditions showed them having an auronidin content within the range found for the wild-type male 

and female plants (Figure 5.6 B). The female wild-type plant contains a segregating quantitative trait 

locus (QTL) that results in reduced auronidin production (unpublished data of Dr Rubina Jibran, Plant 

and Food Research, New Zealand). Because spores for transformation were sexually produced from 

this female parent, the resultant plants segregate for the locus. However, the locus is not sex-linked; 

Marchantia plants have either a female (U) or male (V) sex chromosome, and it does not map to 

either of these. Currently, the only way to determine if plants have the low auronidin trait is by using 

gene mapping, which was not performed in this study. Therefore, it is not known whether the 

auronidin production of the bt2 mutants and 35S:BT2 plants should be compared to the male or 

female wild-type plants, so they were compared to both. Thus, plants would have to produce a 

significantly lower (e.g., the chiL mutant) or higher auronidin content than both wild-type plants to 

conclude that MpBT2 regulates auronidin in the study. In this context, it is reasonable to conclude 

that MpBT2 does not have a major effect on auronidin content, but a more subtle action could not 

be excluded.  

In functional studies, gene mutants are the most useful for determining gene function because they 

show the effect of a gene being non-functional. Thus, several lines of loss-of-function mutants 

targeting the same gene are expected to functional similarly. However, a surprising observation in 

this study was that the bt2/9 mutant had a significantly higher auronidin content than the bt2/5 and 

bt2/8 mutants (Figure 5.6 B). Sequencing results clearly showed that knock-out mutants were 

created (Table 5.1 and Figure 5.3). Thus, the best explanation for this result is that the bt2/5 and 

bt2/8 mutants had the low auronidin QTL, so the auronidin content was comparable to the female 

wild-type, and the bt2/9 mutant did not so was comparable to the male wild-type plant.  

Because the segregating QTL confounded the analysis, thallus transformation of a single genotype 

(35S:Myb14) was also performed so that regenerated plants would not contain the low auronidin 
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QTL. Flavonoid analysis of 35S:Myb14/35S:BT2 plants showed that MpBT2 over-expression did not 

cause any significant differences in auronidin production (Figure 5.10 B). This reiterates that MpBT2 

does not regulate auronidin biosynthesis.  

Several studies on apple used a similar approach to my project to determine the function of MdBT2 

(An et al., 2020a; Kang et al., 2022; Wang et al., 2018); stable MdBT2-OX (over-expression) and 

MdBT2-anti (antisense) lines were generated and characterised for their ability to produce 

anthocyanins. Plants over-expressing MdBT2 were consistently found to produce significantly less 

anthocyanins than the wild-type control, and antisense lines significantly more anthocyanins. Similar 

effects on auronidin production would have been expected for MpBT2 over-expression plants and 

bt2 mutants in my study if MpBT2 regulated auronidin biosynthesis, but this was not the case.    

Rather than an effect on auronidin production, my results suggest that MpBT2 may indirectly 

regulate the production of bibenzyls (as indicated by changes in the content of the bibenzyl 

precursor lunularic acid) and flavones. While the bt2 mutants had a similar flavone content to the 

wild-type plants, all three 35S:BT2 lines contained a significantly higher flavone content 

(Figure 5.7 B). However, there were no consistent significant differences in flavone production 

between the 35S:Myb14/35S:BT2 and 35S:Myb14 control lines (Figure 5.11 B). Moreover, all 

35S:Myb14/35S:BT2 lines had a significantly lower lunularic acid content than the 35S:Myb14 control 

(Figure 5.12 B), but there were no consistent significant differences in lunularic acid production in 

the bt2 mutants or 35S:BT2 plants (Figure 5.8 B). These opposing results suggest MpBT2 can 

influence flavone and bibenzyl content, but it is unclear exactly what the regulatory action of MpBT2 

is.  

Until now, MpBT2 had not been identified in bryophytes. However, extensive work has investigated 

the role of BT2 in angiosperms, particularly in apple. MdBT2 is a central regulator in apple that 

supresses stress-response pathways in the absence of stress by promoting the ubiquitination and 

degradation of the key regulators involved. A major pathway MdBT2 functions in is anthocyanin 

biosynthesis. In response to nitrogen deprivation, UV-B light, ABA, wounding and drought stresses, 

the transcription factors MYB1, bZIP44, WRKY40 and ERF38, respectively, are upregulated to 

promote anthocyanin accumulation. The function of MdBT2 is inhibited in these conditions. 

However, in the absence of these stresses, MdBT2 is activated and negatively regulates the 

transcription factors to prevent anthocyanin production (An et al., 2020b; An et al., 2019a; An et al., 

2018; An et al., 2019b; Linde et al., 2020; Wang et al., 2018). MdBT2 also functions in dark/low light 

conditions to prevent the self-ubiquitination of MdCOP1, an E3 ligase that ubiquitinates MdMYB1 

and presumably also MdTCP46 (a transcription factor that upregulates MdMYB1 expression in these 
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conditions), thereby suppressing anthocyanin biosynthesis (An et al., 2020a; Kang et al., 2022; Li et 

al., 2012). However, in high light conditions, MdBT2 (and MdCOP1)-mediated ubiquitination and 

degradation of MdMYB1 and MdTCP46 does not occur, so anthocyanin is produced (An et al., 

2020a). These findings are supported by Wang et al. (2018) and Mandadi et al. (2009) also 

demonstrating that MdBT2 is more highly expressed in the dark than the light.  

Functional characterisation of the apple BT2 protein suggests that it has a crucial function in 

regulating anthocyanin production in response to stress. Whereas, my study indicates that MpBT2 

does not regulate the production of auronidin, the equivalent red pigment in Marchantia. This 

suggests that the function of BT2 proteins in regulating flavonoids is not conserved in Marchantia. 

Although the production of auronidin is induced by stress and regulated by R2R3-MYBs similarly to 

anthocyanins, auronidin not being regulated by MpBT2 could be because its different chemical 

structure places it in a distinct class of flavonoids from anthocyanins that may be regulated 

differently. Therefore, the regulation of flavonoids by BT2 proteins could have been acquired with 

the evolution of anthocyanins in land plants, after the divergence of bryophytes. Despite MpBT2 not 

regulating auronidin production, it could still be regulating stress response. RT-qPCR analysis has 

demonstrated that the apple MdBT2 is expressed in the presence of nitrogen but not under nitrogen 

deprivation conditions (Wang et al., 2018). Comparatively, unpublished (Appendix 9.1; Dr Yanfei 

Zhou) and published (Marchantia eFP browser, University of Toronto, Canada; Appendix 9.2) RNA-

sequencing differential analysis has shown that the expression of MpBT2 is constitutive in 

Marchantia, meaning that it is not affected by nitrogen status. However, it is possible that MpBT2 is 

regulated by these conditions post-translationally. Thus, more work is required to determine 

whether MpBT2 is regulating plant response to nitrogen or other stress conditions.  

In this study, the M. polymorpha MdBT2 candidate gene was functionally characterised by 

generating bt2 mutants and over-expressing MdBT2 in different genetic backgrounds. Flavonoid 

analysis indicated that MpBT2 does not regulate auronidin biosynthesis, which suggests that some 

functions of BT2 proteins may not be conserved among land plants.  
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Chapter 6 
General discussion and future directions 

 

This project aimed to improve our understanding of how conserved the flavonoid biosynthetic 

pathway of Marchantia is with the well-characterised pathway of flowering plants. The particular 

focus was on determining the genetic requirements of the stress-induced biosynthesis of flavones 

and regulation of auronidin, the two key flavonoids produced by Marchantia. This research question 

was addressed by generating transgenic plants, including using CRISPR/Cas9-based technologies to 

create gene-edited mutant lines. However, a practical tissue culture regeneration efficiency could 

not be achieved by replicating published Marchantia spore transformation protocols and many 

chimeric mutant plants resulted, which added complexity to screening and handling of candidate 

transgenic plants. Thus, the first specific aim of the project was to optimise the efficiency of the 

CRISPR/Cas9 spore transformation system of Marchantia.  

My research achieved significant improvements to the existing methods for Marchantia spore 

transformation and gene editing. Results presented in this thesis suggest that the addition of 

200 µM acetosyringone to the pre-culture media during spore transformation enables the 

production of sufficient transgenic plants for downstream applications. Although the resulting 

system was adequate for my purposes, if desired, a future study could test a narrower range of 

acetosyringone concentrations (e.g., 100, 200, 300 and 400 µM) to determine if the transformation 

efficiency could be further optimised. Additionally, providing spores with a 37°C/16 h heat-shock at 

the beginning of the selection stage of transformation increased the Cas9 editing efficiency. This 

generated more mutant plants, fewer of which were chimeric, within the first two weeks of 

regeneration when transformed sporelings are usually taken through further analysis. Thus, this 

component of my study contributed to establishing a Marchantia CRISPR/Cas9 spore transformation 

protocol that is not only highly efficient but is also accessible because it uses the commonly available 

GV3101 A. tumefaciens strain.  

Because chimeras are common in Marchantia, scoring plants based on the size of mutant sectors 

they contained (which is determined by the amount of Cas9 activity) was necessary to accurately 

represent Cas9 editing efficiency, rather than simply noting which plants had a mutant phenotype. 

However, using this method made it hard to conclude which treatments produced a higher Cas9 

editing efficiency because reporting a single quantifiable percentage did not take into account the 

variable size of mutant sectors. Additionally, although the heat-shock improved the experimental 
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outcomes, a larger replicated experiment using several spore transformations would have been 

preferable to conclude the effects of heat-shock. However, this would be a large undertaking (and 

was impractical within the confines of my study). Thus, to enable generation of a larger, conclusive 

dataset, a screening method more suited to high throughput analysis should be developed. For 

example, because the mutant phenotype (pale green tissue) is distinctive, more plants could be 

grown per tub and an image analysis software that is able to distinguish and score different colours 

(e.g., ZEISS ZEN Microscopy Software) could be used to calculate the percentage of wild-type and 

mutant tissue per tub. This method would be less onerous and provide a quantifiable result while 

accounting for the size of mutant sectors. 

The second aim of this project was to characterise the function of the MpFNSI candidate gene 

hypothesised to be required for flavone biosynthesis. Results presented in this thesis clearly 

demonstrate that the hypothesis was correct; all three CRISPR/Cas9 fnsI mutants analysed lacked 

flavones and expressing MpFNSI in N. tabacum conferred flavone accumulation, providing both the 

loss- and gain-of-function evidence that is generally accepted as proof of gene function. Flavones 

provide protection against UV-B light (Agati & Tattini, 2010; Clayton et al., 2018; Winkel-Shirley, 

2002). Thus, future work could investigate whether fnsI mutants are susceptible to UV-B light 

damage. I tried to replicate the daily low fluence (DLF) UV-B conditions used for a similar purpose in 

Clayton et al. (2018). However, plants became more stressed than expected, so no differences in 

phenotype were observed between the fnsI mutant and wild-type plants. The reason for this severe 

phenotype is unknown, as the UV-B intensity used (1.24 W m-2) was similar to that of other 

Marchantia UV-B studies (~1.3 W m-2) (Kondou et al., 2019; Soriano et al., 2019). Thus, repeated 

experiments should ensure that the UV-B light spectral readings are accurate, and the intensity 

reduced if necessary. 

M. polymorpha requires MpFNSI for flavone biosynthesis. Wang et al. (2020) and Li et al. (2020a) 

used in vitro enzymatic assays to demonstrate that enzymes in other liverworts (Marchantia 

paleacea, Marchantia emarginata, Plagiochasma appendiculatum and Conocephalum japonicum), a 

moss (P. patens) and a lycophyte (S. moellendorffii) have at least partial FNSI function, being able to 

synthesise flavones from various substrates. This suggests that the function of FNSI is conserved 

within the bryophyte plant lineage. It would be useful to confirm the function of these genes by 

CRISPR/Cas9 characterisation. However, only some of these species have published transformation 

and CRISPR/Cas9-mediated mutation systems, and to develop those for additional species would be 

a large undertaking. 
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Given both bryophytes and angiosperms produce flavones, it is likely that using flavones to protect 

plants against UV-B light is a conserved characteristic that was probably gained early during land 

colonisation to facilitate plant survival. The importance of this function for liverworts is supported by 

Clayton et al. (2018) demonstrating that Marchantia plants lacking flavones are more susceptible to 

damage from UV-B light. While identifying that Marchantia has an FNSI enzyme required for flavone 

biosynthesis is a significant finding, the origin and evolution of flavones and FNS enzymes in land 

plants remains complicated because angiosperms can use either FNSI or FNSII for flavone 

biosynthesis. FNSI itself may have evolved on more than one occasion, and some plants instead 

produce flavonols for a similar function (Gebhardt et al., 2005; Pucker & Iorizzo, 2023; Yonekura-

Sakakibara et al., 2019). In general, there has been insufficient sampling of different lineages to 

present an overall theory for the evolution of flavone biosynthesis in land plants. However, the 

bryophyte and angiosperm FNSI enzymes are found in the same 2-OGD phylogenetic clade (DOXC28) 

(Bowman et al., 2017; Li et al., 2020a), so it is possible that they evolved from the same ancestral 

gene. Further data are required to support this proposal, such as comparing the exon/intron 

structure of the gene models and, when lineages are sufficiently closely related, determining the 

microsynteny (the conservation of gene order) around the FNS genes. Based on current knowledge, 

the occurrence of FNSI in both bryophytes and angiosperms is best explained by the common 

ancestor of these lineages containing a progenitor 2-OGD gene that evolved into FNSI multiple, 

independent times throughout land plant evolution. Alternatively, the ancestral gene could have 

been FNSI (if flavones were present in these plants) but given how few extant plants contain an FNSI 

gene, extensive loss of FNSI would have had to occur for this to be the case. How the origin of FNSII 

fits into this evolutionary model, as well as how it relates to the evolution of F3H for flavonol 

production, is still an open question. However, the absence of FNSII in bryophytes suggests that it 

evolved later than the bryophyte FNSI enzymes and it is likely to have an independent origin to FNSI 

as it is part of a different enzyme family (CYP450s) (Du et al., 2016; Yonekura-Sakakibara et al., 

2019). Nevertheless, the fact that FNS enzymes have evolved several times throughout land plant 

evolution signifies that the function of flavones in providing UV-B protection remained important 

during evolution towards angiosperms, not only in early diverging land plants.  

The last aim of the project was to characterise the function of the MpBT2 candidate gene in 

Marchantia. It was hypothesised that MpBT2 negatively regulates auronidin production. However, 

results presented in this thesis suggest that this is not the case as, under nutrient stress conditions, 

the CRISPR/Cas9 bt2 mutants and plants over-expressing MpBT2 in a wild-type background 

contained a similar auronidin content to the wild-type control plants. This aspect of the study was 

complicated by the fact that the spores used for transformation segregate for auronidin content (a 
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low auronidin QTL originated in the female wild-type parent). To eradicate this limitation, MpBT2 

was over-expressed in a single 35S:Myb14 background, which accumulates high amounts of 

auronidins, using thallus transformation. These 35S:Myb14/35S:BT2 plants did not contain 

significantly different auronidin content to the 35S:Myb14 control plants, which again indicates 

MpBT2 does not regulate auronidin production. This thesis did not determine whether MpBT2 

over-expression produced active MpBT2 protein. While this could explain the lack of differences in 

auronidin content observed, there is no reason to suspect that MpBT2 protein was not produced as 

the 35S promoter is effective in Marchantia and the expression system consistently delivers active 

transgenes. However, future work could confirm that the MpBT2 over-expression lines have 

increased mRNA transcript and protein abundance by using qPCR and western blots, respectively. 

The MpBT2 candidate gene was investigated in this study to determine if it had a similar function to 

angiosperm BT2 proteins in regulating the production of stress-induced flavonoids. In apple, MdBT2 

negatively regulates anthocyanin production in the presence of nitrogen by interacting with and 

promoting the degradation of MdMYB1, which is required for anthocyanin production (Wang et al., 

2018). Whereas during nitrogen deprivation, MdGRF11 (a 14-3-3 phosphopeptide-binding protein) 

destabilises MdBT2, thereby promoting its self-ubiquitination and degradation that allows MdMYB1 

to induce anthocyanin biosynthesis (Ren et al., 2021a). Although MpBT2 does not regulate auronidin 

biosynthesis, auronidin is an important flavonoid in Marchantia that provides tolerance against 

several abiotic stresses, such as excess white light and nutrient deprivation (Albert et al., 2018; 

Berland et al., 2019). Therefore, some abiotic stress signalling pathways are still expected to be 

conserved across land plants. In particular, auronidin biosynthesis is regulated by an R2R3-MYB 

(MYB14), so is controlled similarly to flavonoids in angiosperms that are predominantly regulated by 

different subgroups of R2R3-MYBs (e.g., the SG6 protein MdMYB1) (Cheynier et al., 2013; Feller et 

al., 2011). Albeit there are only two R2R3-MYBs known to regulate the phenylpropanoid pathway in 

Marchantia, the other being MYB02 (Albert et al., 2018; Berland et al., 2019; Kubo et al., 2018). 

Nevertheless, the use of R2R3-MYBs for regulating stress-induced flavonoid production is conserved 

among land plants. However, being unable to elucidate the function of MpBT2 means that none of 

the regulatory factors upstream of these MYBs have been identified. 

Angiosperm BT2 proteins also have nitrogen-responsive functions unrelated to regulating 

anthocyanin accumulation. In apple, MdBT2 reduces nitrogen use efficiency under low nitrogen 

conditions by promoting the ubiquitination and degradation of the MYB88 and MYB124 

transcription factors that positively regulate nitrogen transporters (NRTs) to increase nitrogen usage 

(Zhang et al., 2021). Conversely, MdBT2 promotes the ubiquitination of MdRGL3a (a DELLA protein) 
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under high nitrogen conditions to increase plant growth (Ren et al., 2021b), probably by increasing 

nitrogen use efficiency. The Arabidopsis BT2 (AtBT2) functions similarly in response to nitrogen 

status (Araus et al., 2016; Sato et al., 2017). However, Mandadi et al. (2009) additionally found that 

AtBT2 expression was reduced by high sugar (glucose), opposite to the effect of nitrate, and AtBT2 

over-expression increased germination rate by supressing the growth inhibition response to high 

sugar. This indicates that AtBT2 may regulate both nitrate and sugar signalling, probably by sensing 

the endogenous C:N ratio and controlling plant growth accordingly (Mandadi et al., 2009). Again, this 

is analogous to the induction of auronidin biosynthesis by a high C:N ratio (high carbon, low 

nitrogen), further supporting the initial rationale for the study. Similarly to angiosperm BT2 proteins, 

MpBT2 could be regulating nitrogen-responsive processes such as nitrogen uptake and plant growth 

or responding to changes in the C:N ratio in the plant. Such regulation may re-allocate carbon in the 

plant, and could have caused the significant changes in auronidin, flavone and lunularic acid 

accumulation observed in my study that could not be explained by direct regulation from MpBT2.  

Since MpBT2 does not appear to regulate auronidin biosynthesis, future work should investigate 

what its function may be. RNA-seq differential analysis suggests that MpBT2 gene expression is not 

regulated by nitrogen status. However, it is possible that the gene is only regulated post-

translationally under these conditions, so a function of MpBT2 in nitrogen signalling should not be 

ruled out. This could be investigated by using a western blot to quantify the abundance of the 

MpBT2 protein under different nutrient status conditions. Future work should also examine whether 

MpBT2 regulates any other abiotic or biotic stress responses, because angiosperm BT2 proteins also 

regulate stress conditions such as excess white and UV-B light, drought, wounding and the presence 

of ABA (An et al., 2020c). Additionally, there are four other classes of BT proteins in angiosperms 

(BT1, BT3, BT4 and BT5) that have stress-related functions, including in responding to drought, 

salinity and hydrogen peroxide, regulating the plant hormones ethylene, salicylic acid and jasmonic 

acid that are important in stress signalling, and providing resistance to plant diseases and pathogens 

(Du & Poovaiah, 2004; Fujita et al., 2007; Zheng et al., 2019; Zhou et al., 2022; Zhou et al., 2020). 

Given MpBT2 does not have the conserved function of angiosperm BT2 proteins in regulating 

flavonoid production, and was the only homolog of angiosperm BT proteins, it is possible that an 

angiosperm BT protein other than BT2 could be a better match for the function of MpBT2. This 

emphasises the importance of determining the actual function of MpBT2. Several methods could be 

used to investigate this. Performing RNA-sequencing analysis on the bt2 mutants and MpBT2 over-

expression plants may identify the pathways affected by changes in MpBT2 expression. Additionally, 

bindings assays such as the Yeast Two-hybrid (Y2H) and pulldown could be performed to investigate 
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which proteins MpBT2 may interact with, as it has a BTB domain that is known to mediate protein-

protein binding (Figueroa et al., 2005). 

The results presented in this thesis have improved our understanding of the conservation of the 

flavonoid biosynthetic pathway between Marchantia and flowering plants. Notably, it has added to 

the growing evidence for conservation of the pathway branch leading to production of flavones, but 

has informed that there are distinctions in the production and regulation of red flavonoid pigment 

pathways. The identification and functional characterisation of MpFNSI confirms that the same 

pathway operates from the first phenylpropanoid enzyme, PAL, to at least the flavone aglycone in 

land plants (Berland et al., 2019; Clayton et al., 2018; Davies et al., 2020; Yonekura-Sakakibara et al., 

2019). The activation of the flavone pathway through UVR8/HY5 is also conserved (Clayton et al., 

2018). However, with the exception of MYB14 (an R2R3-MYB) as the direct activator of auronidin 

biosynthesis, the fact that MpBT2 does not regulate auronidin biosynthesis means that differences in 

the regulatory pathways for auronidins and anthocyanins are now established.  

This thesis helped to establish a highly efficient Marchantia CRISPR/Cas9 spore transformation 

protocol that was utilised to characterise the function of candidate flavonoid-related genes in 

Marchantia. MpFNSI was identified to have a conserved function in flavone biosynthesis and it was 

established that MpBT2 does not regulate auronidin production. Thus, gene editing was 

demonstrated to be a powerful tool to improve our understanding of the conservation of flavonoid 

biosynthesis and regulation in Marchantia. This has provided invaluable insight into what 

characteristics plants may have gained to facilitate land colonisation, but also into how plants may 

respond to a changing climate in the future (Agati et al., 2012). 
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Appendices 
Appendix 1: sgRNA quality 

 

sgRNAs used to generate CRISPR/Cas9 mutants need to be high quality. Examples of good (MpFNSI 

sgRNA 5) and bad (MpFNSI sgRNA 11) quality sgRNAs are shown below. Red-coloured nucleotides 

represent a high binding probability and green a lower binding probability. 

 

 

 

MpFNSI sgRNA 5 is high quality because the 20-nucleotide crRNA (highlighted) is mostly unbound, so 

can easily bind to the target DNA. 

MpFNSI sgRNA 11 is bad quality because the 20-nucleotide crRNA (highlighted) is bound to itself, 

forming a hairpin, and is therefore not accessible. 
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Appendix 2: Chemicals, media and solutions 
 

2.1 Chemicals 

All chemicals were purchased from Roche, New England Biolabs (NEB), or Invitrogen, unless 

otherwise stated. 

2.2 Autoclaving 

All media and solutions that required sterilising were autoclaved at 120°C and 15 psi, for 20 min. 

Solutions that did not require sterilising were prepared with autoclaved milliQ water. 

2.3 Antibiotic stocks 
Gentamicin stock solution (25 mg mL-1) was made by dissolving 0.25 g of gentamicin sulfate salt in a 

final volume of 10 mL of milliQ water. The gentamycin solution was filter sterilised (0.2 µm) and 

stored at 4°C. 

Spectinomycin stock solution (100 mg mL-1) was made by dissolving 1 g of spectinomycin 

dihydrochloride pentahydrate in a final volume of 10 mL of milliQ water. The spectinomycin solution 

was filter sterilised (0.2 µm) and stored at 4°C. 

Ampicillin stock solution (100 mg mL-1) was made by dissolving 1 g of ampicillin in a final 

concentration of 10 mL of milliQ water. The ampicillin solution was filter sterilised (0.2 µm) and 

stored at -20°C. 

Kanamycin stock solution (50 mg mL-1) was made by dissolving 0.5 g of kanamycin sulfate in a final 

volume of 10 mL of milliQ water. The ampicillin solution was filter sterilised (0.2 µm) and stored at 

4°C. 

Geneticin stock solution (8 mg mL-1) was made by dissolving 0.08 g of G-418 sulfate in a final volume 

of 10 mL of milliQ water. The geneticin solution was filter sterilised (0.2 µm) and stored at -20°C. 

Hygromycin stock solution (8 mg mL-1) was made by dissolving 0.08 g of hygromycin B in a final 

volume of 10 mL of milliQ water. The hygromycin solution was filter sterilised (0.2 µm) and stored at 

-20°C. 
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Ticarcillin stock solution (100 mg mL-1) was made by dissolving 1 g of ticarcillin 2NA & clavulanate K 

in a final volume of 10 mL milliQ water. The ticarcillin solution was filter sterilised (0.2 µm) and 

stored at -20°C. 

Cefalexin stock solution (100 mg mL-1) was made by dissolving 1 g of cefalexin in a final volume of 

10 mL of milliQ water. The cefalexin solution was filter sterilised (0.2 µm) and stored at 4°C. 

2.4 Lysogeny broth (LB) and agar 

LB contains 10 g L-1 tryptone, 10 g L-1 sodium chloride and 5 g L-1 yeast extract dissolved in 900 mL 

sterile water, made up to 1 L with sterile water, and autoclaved.  

LB-agar is LB with 15 g L-1 agar added and autoclaved.  

All LB-agar was cooled to 50°C and LB-broth to room temperature before the addition of required 

antibiotics. 

2.5 Plasmid DNA Mini-prep extraction buffers 

Solution P1 contains 50 mM of Tris-Cl (pH 8.0), 10 mM of EDTA (pH 8.0), and 0.5 mg mL-1 RNase A, 

made up to 500 mL with milliQ water. Stored at 4°C. 

Solution P2 contains 0.2 M NaOH and 10 g L-1 SDS, made up to 250 mL with milliQ water, heated to 

dissolve. Stored at room temperature. 

Solution N3 contains 4 M Guanidine HCl and 0.5 M K-acetate dissolved in 250 mL milliQ water, made 

up to 500 mL with milli Q water, then pH adjusted to 4.2 with Glacial Acetic Acid. Stored at room 

temperature. 

Solution PB contains 5 M Guanidine HCl dissolved in 50 mL milliQ water, with 20 mM Tris-Cl pH 6.6 

and 66 mL 2-propanol added, made up to 200 mL with milliQ water, and pH adjusted to 6.6. Stored 

at room temperature. 

Solution PE contains 20 mM NaCl, 20 mM Tris-Cl pH 7.5, and 400 mL 100% (v/v) ethanol, made up to 

500 mL with milliQ water. Stored at room temperature. 

2.6 Gel electrophoresis solutions 
Standard 1% (w/v) Agarose gel was made by heat-dissolving 2 g Agarose in 200 mL 10× TBE buffer. 

The ratio of Agarose to 10× TBE changed depending on the required gel percentage (w/v).  



116 
 

10× TBE contains 0.89 M Tris Base, 0.89 M Boric Acid and 25 mM NaEDTA.2H20 dissolved in 800 mL 

sterile water, made up to 1 L with sterile water, and autoclaved. 

10× Bromophenol Blue dye stock was made by adding 50 mg Bromophenol Blue sodium salt (Sigma 

Aldrich) to 2.5 g Ficoll that has been dissolved in a few mL milliQ water. The final volume was 

brought up to 10 mL with milliQ water. 

10× Xylene Cyanol dye stock was made by adding 50 mg Xylene Cyanol F.F. (AJAX Chemicals) to 2.5 g 

Ficoll that has been dissolved in a few mL milliQ water. The final volume was brought up to 10 mL 

with milliQ water. 

1 kb Plus ladder contains 15 µg of 50 ng µL-1 Invitrogen 1 kb Plus DNA Ladder, 35 µL of each of the 

10× Bromophenol Blue and Xylene Cyanol dyes, and 20 mM NaCl, made up to 300 µL with sterile 

water.   

2.7 0.5x B5 spore transformation media 

0.5× B5 media was made by dissolving 1% (w/v) sucrose and 0.79% (w/v) Duchefa Gamborg B5 

medium including vitamins in milliQ water, bringing it up to 1 L, pH adjusting to 6.0 with NaOH and 

adding to 1% (w/v) Agar. Autoclaved before use. 

Acetosyringone and required antibiotics were added to the media once it had cooled down to 50°C.  

Acetosyringone solution (10 mg mL-1) was made by dissolving 0.1 g of 

3',5'-dimethoxy-4'-hydroxy-acetophenone powder in a final volume of 10 mL of milliQ water. The 

solution was filter sterilised (0.2 µm) and stored at 4°C. 

2.8 MgCl2 MES 

MgCl2 MES was made by dissolving 100 mM of both MgCl2 and MES in milliQ water, bringing it up to 

200 mL, and pH adjusting to 5.6 with NaOH. Autoclaved before use. 

 

2.9 Genomic DNA extraction buffers 

CTAB was made by dissolving 2% (w/v) Tris-HCl in 800 mL sterile water and adjusting the pH to 8.0 

with NaOH (100 mM), before the addition of the following components: 20 mM EDTA (pH 4.0), 

2% (w/v) CTAB, 1.42 M NaCl, 2% (w/v) PVP-40 and 5 mM ascorbic acid. The solution was made up to 
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3.2 Plasmid map for pRMY07 

 

From Geneious version 2022.0, created by Biomatters. 

Map is from cloning of the MpFNSI CRISPR/Cas9 construct (pRMY07). The same plasmid design was 

used for MpBT2 (pRMY09), MpGLK (pRMY32) and MpPDS (pRMY13) constructs. 

The attB1 and attB2 sites are a result of LR recombination and define the DNA transferred from 

pU6pro/pENTR (the sgRNA cassette and U6 promoter). 
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3.3 Plasmid map for pRMY27 
 

 
From Geneious version 2022.0, created by Biomatters. 

Map is from cloning of the MpBT2 over-expression construct for spore transformation (pRMY27). 

The same plasmid design was used for the MpFNSI (pRMY24) and Venus-N7 over-expression 

(pRMY21) constructs. A similar design was used for the MpBT2 over-expression construct for thallus 

transformation (pRMY30), except that it instead contained a plant hygromycin resistance gene 

(hptII). 

The attB1 and attB2 sites are a result of LR recombination and define the DNA transferred from 

pUC57 (the MpBT2 coding sequence).  
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Appendix 4: List of primers 
 

Primer 
name 

Target gene Purpose Primer sequence (5'-3')  

NAg176 

 

NAg177 

 

NA354 

 

NA355 

NA428 

 

NA585 

NA586 

NA711 

NA712 

 

NA713 

NA714 

NA717 

NA718 

Between 35S 

promoter and attB1 

Between OCS 

terminator and attB2 

CaMV35S promoter 

 

OCS terminator 

U6 promoter 

 

pU6pro/pENTR 

pU6pro/pENTR 

Mapoly0010s0173 

Mapoly0010s0173 

 

Mapoly0002s0224  

Mapoly0002s0224 

Venus-N7 CDS 

Venus-N7 CDS 

Sequencing LR gateway products 

 

Sequencing LR gateway products 

 

Screening LR gateway products and 

BT2 over-expression lines 

Sequencing LR gateway products 

Sequencing ligation and LR 

gateway products for CRISPR/Cas9 

35S:Venus-N7 cloning 

35S:Venus-N7 cloning 

Screening bt2 mutants 

Screening bt2 mutants and BT2 

over-expression lines 

Screening fnsI mutants 

Screening fnsI mutants 

Amplification from existing plasmid 

Amplification from existing plasmid 

GCTCGAGGAATTCGGTACC 

 

TCTAGAGGATCCAAGCTTATCGA 

 

CAGAACTCGCCGTGAAGACT 

 

CGGACGGCCAATACTCAACT 

GCTCAGAGTGACGCAACTG 

 

ATGTTTTCCCAGTCACGACG 

CAGAGCTGCCAGGAAACAG 

GTTAGTGGGTTCGAGTTCGTG 

ACAACGTACCGTGAAGAGTAC 

 

CGAGCTGAGTGTAGTGAGAG 

GGAAGTTGTACCTGTATGTGTCG 

CACCATGGTGAGCAAGGGCGAG 

GAGGATCCTTACTCTTCTTCTTGATCAGCT 
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Appendix 5: Hygromycin kill curve 
 

A hygromycin kill curve was performed to determine the optimal hygromycin concentration that 

should be used as a selection for M. polymorpha plants transformed with CRISPR/Cas9 constructs. 

Images of spore survival following treatment with 0, 5, 8 and 10 mg L-1 hygromycin were taken on 

day 0, 6, 8, 10 and 13 after treatment application (shown below). 

 

 

Scale bar represents 500 µm. 

 

The 5 mg L-1 hygromycin spores did not cause sufficient spore death as green spores were still 

present after 13 days. Whereas, the 10 mg L-1 hygromycin treatment caused complete spore death 

by day 13, meaning that some transformed spores that contain the hygromycin resistance gene 

could die. The 8 mg L-1 was chosen as the optimal hygromycin concentration because majority, but 

not all, of the spores died following the treatment. Thus, although some non-transformed escapes 

could be generated, none of the transformed spores will die.  
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Appendix 6: Conversion of M. polymorpha gene 
names 

 

The ID numbers of Marchantia polymorpha genes of interest used in this thesis were based on an 

earlier (but still good quality) version of the genome assembly (JGI3.1). The most recent version is 

MpTak_v6.1. Conversion of the gene names from the JGI3.1 genome version to the MpTak_v6.1 

version is shown below. 

 

Gene name Gene ID JGI3.1 (old version) Gene ID MpTak_v6.1 (new version) 

MpFNSI 

MpBT2 

MpGLK 

MpPDS 

Mapoly0002s0224 

Mapoly0010s0173 

Mapoly0156s0007 

Mapoly0108s0060 

Mp1g26540 

Mp5g22830 

Mp7g09740 

Mp8g14330 
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Appendix 7: Extra transformation efficiency 
data 

 

Addition of 200 µM acetosyringone to the pre-culture media during M. polymorpha spore 

transformation achieved a transformation efficiency of 11% and 6% for 35S:Myb14 and 35S:GFP 

lines, respectively. The transformation efficiency was additionally calculated for other spore 

transformations performed using 200 µM, including in the generation of fnsI mutants, MpBT2 over-

expression plants, and mutants in candidate genes for MpABC and MpUGT proteins (not discussed in 

this thesis). The fnsI and ugt mutants had a higher transformation efficiency than those reported for 

35S:Myb14 and 35S:GFP lines, at 20% and 14%, respectively.  

  

 
Error bars are the standard error of the means, n = 3.  
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Appendix 8: Phenotype of M. polymorpha pds 
mutants 

 

CRISPR/Cas9 mutants were made in the M. polymorpha Phytoene Desaturase (PDS) gene 

(Mapoly0108s0060) (using the pRMY13 plasmid; see Appendix 3.2 for plasmid map) to try to 

produce a visually distinct phenotype. However, the resulting plants (shown below) had mostly wild-

type (green) tissue, with white/translucent speckles present throughout the thallus that were 

assumed to be mutant tissue.  

 

 

Scale bars represent 500 µm. 
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Appendix 9: RNA-sequencing data 
 

9.1 MpFNSI and MpBT2 RNA-seq 

The MpFNSI candidate gene (Mapoly0002s0224) was of interest in this thesis because RNA-

sequencing data showed the expression of the gene being upregulated under UV-B light conditions 

(~2-fold difference in expression between the UV and no UV treatments) that also induced the 

prodcution of flavones.  

The MpBT2 candidate gene (Mapoly0010s0173) showed no significant differential expression under 

nutrient deprivation stress conditions, as the difference in expression between the stress and no 

stress treatments was only ~1-fold. 

The RNA-seq data (unpublished data of Dr Yanfei Zhou) for these genes are shown below.  
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LF UV = exposure to low fluence UV-B light. 

HF UV = exposure to high fluence UV-B light. 

35S:MYB14 = over-expression of the MpMYB14 gene required for auronidin biosynthesis. 

WT stress = wild-type plants exposed to nutrient deprivation stress. 

 

The log2 fold change indicates how much the gene expression changed between the presence and 

absence of the treatment. 

 

The base mean across the two paired treatments (in RPKM; Reads Per Kilobase per Million mapped 

reads) is shown above each bar, indicating the level of gene expression under the different 

conditions. The base means of the HF UV and no UV comparisons (4 h and 1 d) are the same because 

this is the mean between the 4 h and 1 d HF UV time points and the no UV. 
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9.2 Additional MpBT2 RNA-seq 

The Marchantia eFP Browser also shows RNA-sequencing data for the MpBT2 gene. 

The below figure and following graphical results show the transcript abundance for MpBT2 in many 

tissue types and under different abiotic stress conditions. The expression is highly constitutive under 

most of the abiotic stresses tested, including under nutrient deprivation, as the expression is similar 

between the treatments and the control. 

 

 

From Marchantia eFP Browser, University of Toronoto, Canada.  
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From Marchantia eFP Browser, University of Toronoto, Canada.  
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Appendix 10: Additional chemical data 
 

10.1 Stress-induced metabolites in fnsI and chi mutants 
 

HPLC analysis of M. polymorpha fnsI and chi mutants grown under excess white light conditions 

determined that several metaabolites detected in these plants (A in chi and B in fnsI) have similar 

retention times to certain flavone compounds (Figure 4.6A). Compound A matches closely to 

luteolin-7,3'-di-O-glucuronide and Compound B to apigenin-7-O-glucuronide. However, the spectral 

properties of these compounds (shown below) indicate that they are not flavones. 

 

  



131 
 

 

 

  












