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Abstract 

Plastids are subcellular organelles which perform photosynthesis in plants and 

algae. They are descended from free-living photosynthetic bacteria which were 

engulfed by early eukaryotes ~1.5 billion years ago. Nearly all plastids retain a 

small genome separate from the nuclear genome of the plants in which they 

reside, which is termed the plastome (plastid genome). This genome encodes 

many of the proteins required for photosynthesis, as well as bacteria-like 

transcriptional and translational machinery. Biotechnological techniques for 

making precise modifications to the plastome have been available for three 

decades, nearly as long as the equivalent techniques for the plant nuclear 

genome. However, while nuclear genetic engineering quickly moved from a 

laboratory novelty to a tool used for the improvement of crop plants planted on 

over a billion acres, plastome engineering remains largely confined to research 

use. The primary reasons for this lack of application are the species restrictions 

and technical difficulty of the transformation process, which until recently was only 

possible in a few species.  

 

In 2007, a protocol for plastid transformation was reported for ​Marchantia 

polymorpha​, a thalloid liverwort classically used as a model species. ​Marchantia 

offers rapid generation time, small size, simple genetics, and asexual reproduction 

by means of gemmae, small disks of tissue which provide a powerful platform for 

live-tissue microscopy. In this thesis, tools for ​Marchantia ​plastid transformation 

are systematically improved by the generation of the first plastome sequence 

assembly for a widely used laboratory strain of ​Marchantia​, optimisation of the 

transformation protocol itself, and a comparison of the ​in vivo​ activity of plastid 

regulatory elements through a fluorescent marker and quantitative microscopy. 

The highly conserved nature of the land plant plastome suggests the 

improvements to plastid transformation developed in ​Marchantia​ will translate to 

other species.  
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Chapter 1: Introduction 

The focus of this thesis is the development and improvement of techniques for 

directed modifications to the ~120 kb genome present within plant plastids, 

semi-autonomous intracellular organelles descended from free-living 

cyanobacteria. Plastids perform photosynthesis in plants and algae, and are 

therefore the foundation of nearly all terrestrial ecosystems. The plastome (plastid 

genome) encodes its own transcriptional and translational apparatus, as well as 

many of the genes essential for photosynthesis. The small size and bacteria-like 

properties of the plastome make it an interesting candidate for engineering, with 

potential applications in crop improvement and bioproduction. The development of 

improved plastid transformation techniques is here carried out in the model plant 

Marchantia polymorpha​.  

 

1.1 Plastids 

Plastids are subcellular organelles mainly found in plant and algal lineages. They 

are descended from photosynthetic bacteria which were engulfed by early 

eukaryotes. They replicate independently and possess their own prokaryote-like 

genome, transcriptional, and translational machinery, each of which are retained in 

most plastid lineages but have been lost in certain clades. 

 

1.1.1 Evolution 

The presence of plastids is the defining ancestral characteristic of Archaeplastida, 

though some lineages have subsequently lost their plastids ​[1]​. A substantial body 

of evidence points to monophyly of the extant Archaeplastida plastid lineages and 

thus a single ancient endosymbiotic event ​[2–4]​ but this remains in dispute ​[5,6]​. 

Whether it was a single event or several, this ancient endosymbiosis occurred 

approximately 1.5 billion years ago ​[4]​. This endosymbiosis event is called a 

primary endosymbiosis because a prokaryote was engulfed, generating double 

membraned plastid ​[3]​. Secondary and higher-order endosymbioses involve 

eukaryotes being engulfed leaving three or more membranes structures, and have 

occurred repeatedly in certain algal lineages (reviewed in ​[7]​). 
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The identity of the engulfed cyanobacteria in this endosymbiosis remains in 

dispute due to the erosion of relevant evidence over the extremely long timescales 

involved, but it is widely agreed to have been in the same lineage as the model 

species ​Synechococcus elongatus ​[8]​. ​The eukaryotic host in the ancient plastid 

endosymbiosis already contained mitochondria and a nuclear membrane as well 

as two flagella, the defining ancestral characteristic of the Bikonts ​[9]​. Rhizaria and 

Excavata are additional Bikont lineages which later acquired plastids through 

separate endosymbiotic events. A modern primary endosymbiosis has been 

detected in the Rhizarian ameboid ​Paulinella chromatophora​ ​[10]​. This 

endosymbiosis is more recent, between 90 and 140 million years ago, and has 

allowed for study of the early stages of endosymbiosis ​[11]​. Among Excavata, 

many euglena lineages contain photosynthetic plastids. However, these were not 

obtained through a primary endosymbiosis, but rather through a secondary 

symbiosis wherein a nonphotosynthetic ancestral member of clade Excavata 

engulfed an ancient green alga, resulting in complex plastids with three 

membranes ​[12]​. This surprising finding explains the presence of plastids 

Excavata and plant-like features in the classic model species ​Euglena gracilis​ ​[13]​. 

A partial phylogeny of plastids demonstrating endosymbiotic events is shown in 

Figure 1​. 
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Fi​gure 1​: Partial phylogeny showing plastid endosymbiosis events. ​A​ indicates the ancient 
primary endosymbiosis ~1.5 billion years ago which defines the ​Archaeplastida​. ​B 
indicates a more recent primary endosymbiosis in ​Paulinella chromatophora​. ​C​ indicates a 
secondary endosymbiosis of chlorophyte algae into euglena. Branch lengths are not 
proportional. 
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Three major algal lineages contain plastids nearly without exception, chlorophytes, 

charophytes, and embryophytes. Chlorophytes are a clade of green algae 

containing unicellular and multicellular species including the model species 

Chlamydomonas reinhardtii, ​which has been instrumental in understanding plastid 

biology (reviewed in ​[14]​). Charophytes are freshwater algae often studied in an 

evolutionary context as the closest relatives to land plants. This clade includes the 

model species ​Coleochaete orbicularis​. Embryophytes are the land plants, and 

include ​Marchantia polymorpha​, the model species used in this thesis. 

 

1.1.2 Plastome architecture 

The plastomes of photosynthetic land plants are 100 - 200 kb, whereas closely 

related free-living cyanobacteria, such as ​Synechococcus elongatus ​or 

Synechocystis sp. ​PCC6808, have genomes of 2-5 Megabase pairs ​[15,16]​. As 

plastids have been “domesticated” from free-living bacteria to intracellular 

organelles, the plastome has shrunk considerably, mostly as a result of the 

migration of genes to the nuclear genome ​[17]​. 

 

The plastome is well conserved among green algae and land plants ​[18]​. ​In most 

instances the plastome maps as a single circular chromosome ​[19]​, though in 

some cases additional smaller circular DNA molecules are present ​[20]​. 

Furthermore, some evidence suggests that plastome structure is linear ​in vivo​, at 

least for some plastome copies ​[21]​. From the several thousand genes originally 

present in the endosymbiont, land plant plastomes have been reduced to 100-130 

genes ​[19]​, and smaller plastomes have been found among non-photosynthetic 

plants. The plastome of the parasitic plant ​Epifagus virginiana​ has shrunk to 72 kb 

and contains only 42 genes ​[22]​. ​Polytomella​, a clade of nonphotosynthetic algae, 

retain plastids as a compartment but have entirely lost the plastome ​[23]​. Plastid 

genes are mostly organised into prokaryote-like operons ​[24]​.  

 

The plastome is classically comprised of a tetrapartite structure of two inverted 

repeats separating two single copy regions. The inverted repeats range between 

10 and 25 kilobases and code primarily for rRNA ​[25]​. These repeats are 

separated by the large and small single copy regions (LSC and SSC, respectively) 

[25]​. Notable exceptions to this genome organisation include legumes, many of 
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which have only a single copy of the inverted repeat ​[26]​, some ​Coniferophyta 

which have lost a single copy of the IR but generated short (200-500 bp) inverted 

repeats ​[27]​, and the genus ​Erodium,​ which lost one copy of the IR but 

subsequently regained it in some lineages ​[28]​. 

 

1.1.3 Transcription 

Plastid transcription occurs through two independent and overlapping systems, 

based on the eukaryotic nuclear-encoded polymerase (NEP) complex and the 

prokaryote-like plastid-encoded polymerase (PEP) complex ​[29]​. These two 

polymerase complexes are recruited by different classes of plastid promoters, yet 

many genes can be transcribed by both ​[30]​. The genes coding for NEP subunits 

are transcribed in the nucleus and translated in cytoplasm before being imported 

into the chloroplast as proteins and self-assembling into the functional complex. In 

a mutant barley (​Hordeum vulgare​) line deficient in plastid ribosomes and thus in 

PEP, many plastid genes ordinarily transcribed by PEP retained expression due to 

compensatory transcription by NEP ​[30]​. The same study used differential 

RNAseq to distinguish between primary and processed plastid transcripts, 

revealing 244 transcriptional start sites, more than double the 113 genes in the 

plastome. This indicates many genes have multiple transcriptional start sites, 

presumably each with a separate promoter. These results validate an earlier 

observation that the transcriptional start site for the ​atpB-E ​operon is shifted further 

upstream under PEP-deficient conditions, a finding explained by compensatory 

transcription by NEP from a different promoter ​[31]​. 

 

The promoter sequences recognised by NEP and PEP reflect their separate 

origins. NEP resembles the RNA polymerase present in plant mitochondria, and 

binds to promoters with the sequence motif 5’-YRTA-3’ near the site of 

transcription initiation ​[32]​. PEP resembles the eubacterial σ​70​ enzyme complex, 

and binds to promoters containing -10 (TATAAT) and -35 (TGACA) regions ​[33]​.  

 

1.1.4 RNA Processing 

Much like the transcription apparatus, mRNA processing and stability in plastids 

show characteristics of both classically prokaryotic and eukaryotic mechanisms 

[34]​. One of the early surprises in plastid research was the prevalence of introns, 
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which are extremely rare in prokaryotic genomes ​[35]​. The first plastid introns were 

discovered in ​Chlamydomonas reinhardtii​ ​[36]​, and land plant plastomes are now 

known to possess over 20 group I and group II introns ​[34]​. Both of these intron 

groups are mobile genetic elements with autocatalytic splicing ability, meaning 

they can spontaneously splice out of mRNA before translation. This allows them to 

propagate with minimal interference to the host genome, facilitating their spread 

[37]​. Group I introns require only guanosine triphosphate and magnesium in 

solution to complete splicing, whereas group II introns use the hydroxyl from an 

internal adenine, and thus are fully autocatalytic under appropriate salt and pH 

conditions ​[38]​. However, under physiological conditions within the plastid, kinetic 

traps prevent efficient folding of the autocatalytic ribozyme, necessitating 

intron-encoded maturases as a cofactor for splicing ​[39]​. The mobile nature of 

group II introns is dependent on a multifunctional intron-encoded reverse 

transcriptase/maturase which allows for RNA lariats spliced out of the host mRNA 

to re-integrate at similar sites in the genome ​[40]​. In land plant plastomes, most 

open reading frames within introns have degenerated, reducing intron mobility 

through elimination of reverse transcriptase function and necessitating 

nuclear-encoded splicing cofactors for intron excision ​[41]​. 

 

Distinct sets of introns exist in chlorophyta and streptophyta plastomes ​[25]​, 

consistent with the idea that the ancestral plastome had few introns ​[42]​. A single 

group I intron in the leucine UAA- anticodon tRNA gene has been found to be 

conserved in extant cyanobacteria and several algal plastomes, as well as 

Nicotiana tabacum​ ​[43]​.​ This intron is also present in the ​Marchantia ​plastome. 

This intron has been identified as an essential ncRNA for autotrophic growth in 

Synechococcus elongatus​ ​[44]​, demonstrating that in this case the autocatalytic 

splicing is intact and the tRNA gene is required for plastid translation.  

 

The endosymbiotic theory for the origin of mitochondria and plastids was first 

suggested by Konstantin Mereschkowski in 1905, and more fully developed and 

argued in 1967 by Lynn Margulis, at which time the bacterial nature of the plastid 

ribosome was among the strongest evidence available for the theory ​[45]​. In the 

years since, the endosymbiotic theory has accumulated overwhelming evidence, 

and is widely accepted (reviewed in ​[46]​). More recently, additional prokaryote-like 

aspects of plastid transcription have been uncovered, including polycistronic 
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transcription and translation ​[47]​. The presence of polyribosomes on plastid mRNA 

shows polycistronic translation can occur, but in many cases RNA processing into 

monocistronic transcripts has been shown to increase translation efficiency ​[48]​ or 

be required for translation ​[49]​. Fei Zhou ​et al.​ recently discovered several RNA 

sequences necessary and sufficient for post-transcriptional processing into 

monocistronic transcripts, dubbed intercistronic expression elements (IEEs). 

These sequences allow multiple transgenes to be efficiently expressed from 

synthetic operons ​[50]​.  

 

Post transcriptional single-base RNA editing is widespread in plant organelles. 

Arabidopsis thaliana ​has 43 edit sites in the plastid transcriptome, ​Anthoceros 

angustus ​has 942 ​[51]​. RNA editing has been discovered in the plastomes of most 

plants (reviewed in ​[52]​), but editing has not been reported in ​Marchantia ​despite 

extensive searches ​[53]​. Nuclear encoded pentatricopeptide repeat (PPR) proteins 

bind to plastid mRNA in a sequence specific manner and recruit 

as-yet-unidentified RNA editing enzymes, which deaminate cytosine (C) to uridine 

(U) ​[54]​. The reverse U to C editing has also been reported at lower frequency, 

and never among flowering plants ​[55]​. The lack of RNA editing makes ​Marchantia 

more tractable as an engineering chassis. 

 

1.1.5 Regulation 

In modern plants, the majority of plastidial proteins are encoded by nuclear genes 

and imported to the plastid after translation ​[56]​. The interconnected nature of 

protein pathways necessitates tight coordination of expression between the 

nuclear genome and plastome, which is accomplished through anterograde 

(nucleus to plastid) and retrograde (plastid to nucleus) signaling ​[57]​. Much 

remains to be elucidated about the details of these signalling pathways, but it is 

instructive to discuss PPR proteins as an example of anterograde signalling. 

 

PPR proteins are a large family of RNA binding proteins that has radiated within 

land plants - the family has single digit gene numbers in Animalia, 12 in 

Chlamydomonas reinhardtii, ​103 in ​Physcomitrella patens​, and 400-600 in 

angiosperms ​[58]​. Most are associated with plastids or mitochondria. The 

sequence-specific RNA binding capacity of these proteins makes them an 
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excellent candidate for RNA degradation and translational regulation, a function 

that has been confirmed for many specific cases ​[59]​. For example, PPR10 has 

been found to be necessary for chloroplast development. Its role is controlling 

translation of ATP synthase subunit C (atpH) transcripts by defining and stabilising 

the termini, protecting them from exonucleases ​[60]​. This allows for nuclear 

regulation of plastid protein expression, primarily at the post-transcriptional level 

[57]​. Coordination of protein expression between these two genomes is essential 

for maintaining homeostasis under changing environmental conditions. 

 

Nucleus-encoded factors and environmental conditions cause proplastids to 

differentiate into several distinct types dedicated to particular biochemical 

processes (reviewed in ​[61]​). Fully differentiated types include chloroplasts which 

carry out photosynthesis, etioplasts which are present in light-starved tissue and 

seeds, amyloplasts which store starch in tubers, and chromoplasts which are 

responsible for colouration in many fruits ​[62]​. Particular plastid types are often 

localised within certain plant tissues ​[63]​, though some tissues contain multiple 

plastid types, and plastids can transition from one differentiated form to another 

[64]​. 

 

1.2 ​Marchantia polymorpha 

Most research in plant engineering has focused on angiosperms due to their 

agricultural relevance and overall familiarity. However, even the simplest 

angiosperm models pose challenges, such as several month generation time, 

highly redundant genetics, and adult size >40 cm tall, making highly parallel tissue 

culture and prototyping difficult. To address these challenges, many research 

laboratories are turning to simpler model species such as bryophytes. ​[65–67]​. 

 

Bryophytes comprise three phyla of nonvascular plants united by the presence of 

an unbranched sporophyte with a single sporangium and a haploid-dominant life 

cycle: the mosses (Bryophyta), hornworts (Anthocerotophyta), and liverworts 

(Marchantiophyta). These lineages represent extant relatives of the earliest land 

plants, and have a stronger morphological resemblance to the early plant fossils 
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than angiosperms [68]. ​Figure 2​ shows the location of bryophyte lineages within 

the broader context of green algal and land plant clades. 

 

 

Fi​gure 2​: Partial phylogeny of green algae. Relationships as reported by Puttick ​et al​. ​[69]​. 
The position of hornworts is least certain, but is strongly supported by their model. Branch 
lengths are not proportional.  
 

The evolutionary relationships among bryophytes have been repeatedly revised 

throughout the last two decades (reviewed in ​[70]​). The precise topology is not 

central to this thesis, but this author is convinced by the systematic analysis 

published by Puttick​ et al​. in March 2018 ​[69]​. In their model, all bryophytes share 

a common ancestor which has already diverged from the tracheophyte lineage 

leading to gymnosperms and angiosperms. In this model, all three groups are 

equally basal with respect to land plant evolution. This model contrasts with the 

widely-held though contentious claim that liverworts are the most basal lineage, 

22 

https://paperpile.com/c/AFN5sX/yFVSd
https://paperpile.com/c/AFN5sX/mmTWd
https://paperpile.com/c/AFN5sX/yFVSd


with hornworts and mosses diverging later (as argued in ​[71,72]​). Regardless of 

the exact topology, bryophytes represent early-diverging lineages in the evolution 

of land plants. 

 

Fi​gure 3​: ​Marchantia polymorpha​, 
image courtesy Jim Haseloff. Note the 
circular gemma cups projecting above 
the thallus. Within these are gemma, 
discoidal clonal reproductive propagules.  
  

Marchantia polymorpha ​is a common 

and widely distributed thalloid 

liverwort that has been studied for 

nearly 200 years (eg ​[73–75]​). It is a 

classical example of the liverworts, a 

basal group in the evolution of land 

plants. ​Figure 3​ shows mature thallus 

tissue and gemma cups of 

Marchantia​ grown in laboratory 

conditions. The gemma cups are 

approximately 2 mm in diameter. 

 

1.2.1 Use as a model system 

Advantages as a model species 

The extensive literature from classical experiments generated interest in using 

Marchantia​ as a modern model species for molecular biology. The 2 cm ● 2 cm ● 

1 cm mature gametophyte size and 1-3 month generation time of these plants 

make them amenable to highly parallel tissue culture. Asexual reproduction 

through gemmae propagation provides a simple way to multiply and preserve a 

particular genotype, and can be accomplished in standard Petri dishes. Gemmae 

are small disk-shaped propagules whose growth can be visualised under confocal 

microscopy for several days, enabling studies of plant developmental biology. 

They are produced in a cup-shaped structure which develops out of the epithelium 

of adult thallus tissue. The induction of sexual organs is reliably obtained through a 

16:8 light:dark photoperiod and exposure to far-red light ​[76]​, which can be 

achieved in axenic conditions in pots just 15 cm high. A single sexual cross 

generates millions of spores, allowing for rapid generation of phenotypic diversity 

and amplification of biological material. Despite these physiological, taxonomic, 

and morphological differences between ​Marchantia​ and flowering plants, the 

plastomes are similar. The majority of plastome genes are shared between most 
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photosynthetic plants, and the intergenic regions are sufficiently similar that 

homologous regions cloned from one species have successfully been used to 

transform plastomes of other species ​[77]​.  

Tools available 

Marchantia polymorpha​ was reported to be the first land plant with a published 

plastome ​[78]​, just weeks ahead of ​Nicotiana tobacum​ ​[79]​. ​However​,​ that 

sequence is now known to belong to ​M. paleacea​, a morphologically and 

genetically similar plant. More recently, the nuclear genome has been published 

[80]​. ​Agrobacterium-​mediated transformation of the nuclear genome is routine 

[65]​, and faster and more efficient protocols have recently become available ​[81]​. 

Nuclear transformation has also been demonstrated through biolistic delivery ​[82]​. 

Plastid transformation has been established for suspension-cultured cells ​[83]​ and 

sporelings ​[84]​. 

 

Marchantia ​tissue culture is over 100 years old ​[85]​, and has been optimised 

throughout the last 80 years ​[86,87]​. ​Marchantia​ research has also benefited from 

the development of standardised conditions for liquid suspension cultures ​[87]​ as 

an alternative to growth on solid media. The combination of these two, in addition 

to ​Marchantia​’s small size, allow for high-throughput parallel growth in axenic 

conditions. Vegetative propagation through thallus fragments or gemmae is 

possible with plants as small as  cm, and is easily accomplished in.51 • 1 • 0  

standard 100 mm Petri dishes on simple nutrient media solidified with agar. Long 

term cryopreservation techniques originally developed by Takeuchi ​et al.​ ​[88]​ and 

improved and expanded by Tanaka ​et al.​ ​[89]​ allow for long-term maintenance and 

sharing of mutant plants. 

 

1.3 Plastome engineering 

Genetic manipulations of plants has accelerated scientific understanding of their 

basic biology and has facilitated the development of improved crop cultivars. The 

majority of genetic manipulations have been performed on the nuclear genome, 

which is more experimentally facile to modify. Plastome modification was first 

demonstrated in ​Chlamydomonas reinhardtii ​and ​Nicotiana tabacum ​three 

decades ago, and within the last decade plastid transformation protocols have 

24 

https://paperpile.com/c/AFN5sX/ZLMN
https://paperpile.com/c/AFN5sX/UBkn
https://paperpile.com/c/AFN5sX/cHmi
https://paperpile.com/c/AFN5sX/VIfEK
https://paperpile.com/c/AFN5sX/17Xv
https://paperpile.com/c/AFN5sX/KHge
https://paperpile.com/c/AFN5sX/LLeZ
https://paperpile.com/c/AFN5sX/jDSk
https://paperpile.com/c/AFN5sX/cSHx
https://paperpile.com/c/AFN5sX/6ktPO
https://paperpile.com/c/AFN5sX/Nzp8x+1AM1r
https://paperpile.com/c/AFN5sX/1AM1r
https://paperpile.com/c/AFN5sX/3rlGj
https://paperpile.com/c/AFN5sX/HKikj


become available for a diverse group of plants, including crop species. Plastome 

engineering offers several benefits compared to traditional nuclear genetic 

engineering (discussed in section 1.3.2), and has been used on its own or in 

combination with nuclear genetic engineering for a variety of applications 

(discussed in section 1.3.5). 

 

1.3.1 Basic principle 

Plastid transformation consists of four fundamental steps: transformation vector 

assembly, DNA delivery, transgene integration, and selection to homoplasmy. The 

defining characteristic of plastid transformation vectors is the presence of two DNA 

regions which are homologous to the plastome of the plant to be transformed. 

Genes of interest are cloned between these two homologous regions, and can be 

integrated at the corresponding locus in the plastome. Vector design is discussed 

in section 1.3.3. DNA delivery is accomplished via a variety of techniques 

discussed in section 1.3.4, and in principle only requires that a single copy of the 

transformation vector reach the stroma of a single plastid within a plant cell. 

Transgene integration is mediated by homologous recombination, and hence 

occurs in a particular genetic locus determined by the sequence of the 

transformation vector. Most plastid transformation vectors include the selectable 

marker ​aadA ​between the two targeting homologous regions. The antibiotic 

spectinomycin can then be used to eliminate untransformed cells and confer a 

selective advantage to those plastids which have been transformed. Over a period 

of months, untransformed plastomes will be eliminated by selection and 

segregation until only the transformed plastomes remain, a state termed 

homoplasmy. ​Marchantia​ selection conditions are explored and discussed in 

section 4.5. 

 

1.3.2 Comparison to nuclear genome engineering 

The most widely used DNA delivery method for plant nuclear genome 

transformation is ​Agrobacterium ​species such as ​A. tumefaciens, A. rhizogenes, 

and​ A. vitis.​ ​[90,91]​. This method is based on the tumor inducing (Ti) plasmid, 

which has a natural ability to integrate into the nuclear genome of plants. The gene 

of interest is cloned into the Ti plasmid along with a selectable marker, and this 

plasmid is transformed into a chosen strain of ​Agrobacterium​. Plants are then 
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infected with ​Agrobacterium​, allowing for the Ti-mediated transformation to take 

place (reviewed in ​[92]​). This technique is versatile, rapid (1-3 hours of labor per 

construct), reliable, and low cost. However, transgene integration occurs in 

unpredictable locations and variable copy numbers. Biolistic transformation of the 

plant nuclear genome is also well established ​[93]​, but the problem of complex and 

unpredictable genomic integration remains ​[94]​. The same obstacle affects more 

niche transformation methods such as electroporation, vacuum infiltration, silicon 

carbide fibres, laser microbeams, microinjection, and electrophoresis ​[95]​. This 

random integration leads to positional effects, gene silencing, and large variance 

in expression for the same transgene construct. By contrast, plastome 

transformation is mediated by homologous recombination, so integration copy 

number can be controlled (usually one or two) and positional effects can be used 

as a tool for modulation of expression levels rather than causing uncontrolled 

variance in transformant phenotype ​[96]​. 

 

The plastome is present in 100 - 50,000 copies per cell ​[97]​, so plastome 

transgenes have a much higher maximum transcription level than nuclear genome 

transgenes, despite lower copy number per genome. Nuclear expression of 

foreign proteins rarely exceeds 1% total soluble protein (TSP) ​[98,99]​, whereas 

plastome expression has repeatedly exceeded 5% TSP ​[100,101]​, and at the 

extreme has exceeded 70% TSP ​[102]​. These proteins are also intrinsically 

localised within a biochemical powerhouse with access to a pool of biosynthetic 

precursor molecules, making plastome transformation particularly attractive for 

metabolic engineering ​[103]​.  

 

In most crop species, the plastome inheritance is uniparental, usually through the 

maternal lineage ​[104,105]​, though this trend is not universal ​[106,107]​. In species 

with uniparental maternal inheritance, accidental parental inheritance has been 

reported but only at frequencies less than one in ten thousand under strict 

laboratory screening conditions where paternally inherited plastomes would a 

substantial selective advantage ​[108]​. Hence, transgenes in the plastome are less 

likely to escape to wild relatives of crop species than those in the nuclear genome 

[109]​. This partially mitigates a major criticism of the agricultural use of transgenic 

plants. However, stacking this containment method with methods of containment 

may still be desirable for some transgenic traits likely to confer a selective 
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advantage, such as herbicide resistance, drought tolerance, or improvements to 

photosynthesis ​[110]​. 

 

1.3.3 Vector design principles 

In the three decades since the first successful transformation of land plant 

plastomes, substantial progress has been made in optimising the design of vectors 

for foreign gene expression. The basic structure of the vector is two homologous 

regions which flank the genes to be inserted. Homologous regions are usually 1-3 

kb, and must match the sequence of the plastome to be transformed ​[96]​. This 

design is to facilitate the integration of transgenes through homologous 

recombination. In most circumstances, the adenyltransferase gene ​aadA​ is 

included between the homologous regions, which allows for selection with 

spectinomycin and streptomycin, the most widely used antibiotics for plastome 

engineering ​[111]​. Any other genes to be inserted, such as fluorescent markers, 

are adjacent, and often oriented in the opposite direction to ​aadA. ​The vector 

backbone contains a bacterial origin of replication for easy amplification, usually in 

E. coli​. Most published vectors also include a bacteria-optimised antibiotic 

resistance cassette in the backbone for ease of plasmid maintenance in bacteria. 

Some studies have included a unique restriction enzyme site on one or both sides 

of the backbone to allow for easy linearisation, including previous plastome 

transformation experiments in ​Marchantia polymorpha​ ​[112]​. However, 

optimisation studies have not shown an improvement in transformation efficiency 

from linearisation ​[113]​. 

 

Several additional selection systems have been implemented, including use of 

neomycin phosphotransferase (​NPTII​) in conjunction with kanamycin ​[114]​ and a 

mutant anthranilate synthase α-subunit gene (​ASA2​) conferring insensitivity to 

synthetic indole analogues ​[115]​. A variety of promoters and 5’ and 3’ untranslated 

regions (UTRs) have been tested for expression levels (reviewed in ​[116]​). The 

most commonly used promoter is from the plastid rRNA operon (​prrn​). A 

substantial amount of the reported variation in protein accumulation levels can be 

explained by the identity of the UTRs, which confer stability and protection from 

exonucleases by RNA hairpin structures in addition to providing binding sites for 

stabilising and translation-enhancing PPR proteins ​[117]​. The ribulose 
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bisphosphate carboxylase oxygenase (Rubisco) large chain precursor (​rbcL​) 3’ 

UTR has been frequently employed to stabilise foreign transcripts, and has been 

shown to generate mRNA accumulation levels ~50% higher than the ​psbA​ 3’ UTR, 

the most commonly used alternative ​[118]​.  

 

1.3.4 DNA Delivery Techniques 

Plastome transformation was first achieved in ​Chlamydomonas ​by JE Boynton ​et 

al​. using biolistic delivery in 1988 ​[119]​. This was quickly followed by successful 

transformation of ​Nicotiana tabacum, ​which remains the most widely used land 

plant model species in transplastomic studies ​[120,121]​. Since then, several new 

techniques have been developed ​[122]​. 

 

Biolistics, also known as particle bombardment or the "Gene Gun" approach, 

remains the most widely used technique ​[123]​. This method, once optimised, has 

an efficiency of 1-10 transformants per Petri dish, and has proven to function in the 

largest variety of species, including crops such as rice ​[124]​, tomato ​[125]​, potato 

[126]​, eggplant ​[127]​, soybean ​[128]​, and wheat ​[129]​. Recently an efficient 

transformation protocol was reported for the model species ​Arabidopsis thaliana 

[130]​. The technique has the additional benefit of requiring few specialised skills 

and having a low marginal cost once the required equipment purchases have been 

made. However, the purchase of a biolistic device such as the PDS 1000/He 

represents a substantial capital investment. 

 

Alternative methods of plastid transformation require removal of cell walls and the 

generation of ‘naked cells’ called protoplasts through enzymatic digestion. 

Protoplasts are contained only by a plasma membrane, and thus are extremely 

fragile to physical agitation and osmotic stress. For some model species, protocols 

have been developed allowing for the regeneration of plants from protoplasts, but 

for many plants this process is laborious or has not been developed (reviewed in 

[131]​). 

 

Polyethylene Glycol (PEG)-mediated transformation of protoplast plastids was first 

demonstrated by Timothy Golds ​et al.​ ​[132]​ and independently by Carmel O’Neill 

et al​.​[133]​ in 1993. It is routine in tobacco (​Nicotiana tabacum)​ ​[134]​, and has been 
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demonstrated in lettuce (​Lactuca sativa​) ​[135]​, ​Physcomitrella patens ​[136]​, and 

cauliflower (​Brassica oleracea​) ​[137]​. PEG-mediated transformation offers the 

benefit of substantially simpler equipment requirements at the cost of longer 

regeneration time and a need for more advanced tissue culture to recover plants 

from protoplasts.  

 

Transient expression of foreign genes has been accomplished through a highly 

specialised form of microinjection ​[138]​, but this technique has not been widely 

adopted due to costly equipment requirements and the specialised technical 

expertise needed for subcellular microinjection. Agitation in the presence of glass 

beads and DNA has been demonstrated for cell wall-deficient mutants of 

Chlamydomonas ​[139]​, but the low efficiency and incompatibility with cell walls has 

limited the application of this technique. 

 

1.3.5 Applications of transplastomic plants 

High expression levels, controlled insertion location, and genetic containment have 

made the plastome a promising target for modification of agronomic traits, 

large-scale protein production, and metabolic engineering. The two most 

widespread traits in genetically modified crop plants are glyphosate resistance, 

which allows for in-crop use of a potent herbicide, and Bt Cry toxins, which are a 

family of highly selective protein insecticides from ​Bacillus thuringiensis​ (reviewed 

in ​[140]​). To date, all commercially available genetically modified crops are 

nuclear-genome modified, but glyphosate resistance ​[141]​ and Bt toxin ​[142]​ have 

also been expressed from the plastome. Both of these traits warrant containment 

efforts because they confer a selective advantage to recipient plants and should 

not be allowed to escape into wild plants. Bt expression also benefited 

substantially from the high expression levels possible through plastome 

engineering - the plants generated contained Cry2Aa2 levels lethal even to 

Bt-resistant insects with toxin tolerance more than 20,000-fold higher than wild 

type ​[142]​. The high expression levels made possible by plastid expression should 

help delay the development of resistance, lengthening the useful life of these 

agronomic tools ​[143]​.  
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Plants have often been touted as potential bioreactors for large-scale protein 

production, but low expression levels have constrained application (reviewed in 

[144]​). They offer the potential for massive scaling, folding and post-translational 

modification conditions much better than microbes, and an existing production 

infrastructure. As such, plants have always been a promising candidate for edible 

vaccine production offering scale, low cost, and decentralised distribution of 

vaccines (reviewed in ​[145]​). Plastid expression of the ​Vibrio cholerae​ toxin B 

subunit as a vaccine antigens reached over 4% TSP in tobacco, a high-yield crop 

suitable for large-scale cultivation ​[146]​. Recently, a plastid-expressed vaccine for 

Bacillus anthracis ​(anthrax) toxin provided immunoprotection in a mouse study 

[147]​. 

 

Metabolic engineering is the usage of biotechnology to manipulate the flux and 

accumulation of metabolites, usually through modulating the expression levels of 

relevant enzymes in synthesis pathways ​[148]​. Recent major successes include 

the complete transfer of the opioid synthesis pathway from opium poppy (​Papaver 

somniferum)​ to both yeast (​Saccharomyces cerevisiae​) ​[149]​ and ​Escherichia coli 

[150]​, and the generation of large amounts of β-carotene in Golden Rice ​[151]​. 

Successful plastome engineering projects have included β-carotene biofortification 

[103]​ and expression of astaxanthin, a high-value nutraceutical ​[152]​. Plants are a 

highly desirable production chassis for these products due to the cheap inputs and 

simple scaling, and plastome engineering allowed for higher level production - in 

the case of astaxanthin, approximately 25 times higher than the best performing 

nuclear metabolic engineering biosynthesis plants ​[153]​. 

 

1.3.6 Basic research 

Elimination of a gene product and phenotypic study of the resulting organism is 

among the most common study designs in molecular biology. The most direct 

method to ‘knockout’ a gene is to disrupt the coding sequence. Plastid 

transformation generating knockout mutations is often used to study 

photosynthesis and other processes dependant on plastid-encoded gene products 

[154]​. For example, the plastid gene ​clpP1​, encoding the ClpP1 protease subunit, 

has been shown to be essential for shoot development ​[155]​. This finding led to 

the discovery that ClpP1 regulates isoprenoid levels in a plastid-specific manner 
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[156]​. Other plastid-encoded proteins have been shown to be essential for leaf 

development ​[157]​, or normal morphology ​[158]​. 

 

1.4 Project Aims 

1.4.1 ​Marchantia polymorpha ​Cam plastome sequencing 

The Cam strain of ​Marchantia polymorpha​ is used for the majority of plant 

engineering projects in the Haseloff laboratory. However, no plastome sequence 

assembly exists. As a result, previous experiments with plastid transformation 

have used homologous regions clones from a different strain. The use of 

homologous regions not entirely homologous to the plastome to be transformed is 

problematic for two reasons: lowered efficiency and introduction of mutations. 

Lowered efficiency is expected because the homologous recombination process is 

known to be highly sensitive to even small regions of non-homology, which reduce 

the probability of recombination ​[159]​. Introduction of mutations is especially 

troublesome due to the gene-dense nature of the plastome. The homologous 

regions used by Boehm ​et al​. ​[112]​ contain a deletion which could cause a 

frameshift mutation in the nearby gene ​psbC​. The plants were never sequenced, 

leaving open the possibility that this mutation was accidentally induced. The 

generation of a Cam plastome sequence will render the use of genetic parts 

cloned from different strains unnecessary. The Cam-1/2 plastome sequence has 

been submitted to Genbank for public use (accession MH635409). 

 

 

1.4.2 Optimisation of plastid transformation 

Previous projects involving plastid transformation in ​Marchantia ​have required the 

bombardment of a large number of samples to generate a small number of 

transformed plants. A more efficient transformation protocol would enable the 

screening of larger scale libraries such as those which can be assembled through 

combinatorial Type IIS assembly. An improved protocol for the generation and 

selection of transplastomic ​Marchantia ​will be developed through optimisation of 

microcarrier choice, bombardment distance, and selection conditions. 
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1.4.3 Generation and characterisation of plastid genetic parts 

One integration locus has been demonstrated in transplastomic ​Marchantia​, but 

more are required for super-transformation experiments of complex metabolic 

engineering. The requisite genetic parts for construction of transformation vectors 

targeted to different loci in the plastome will be developed. A fluorescent marker 

has been expressed previously from the ​Marchantia​ plastome, but only through a 

single construct. Here a series of transformation constructs containing different 

regulatory elements will be assembled, transformed into ​Marchantia​, and 

compared with quantitative confocal microscopy. 

  

32 



Chapter 2: Materials and Methods 

2.1 Genome Annotation 

Access to a high-quality next generation sequencing Illumina dataset was 

generously provided by Bernardo Pollack. All data analysis was performed with 

CLC Genomics Workbench version 11.0. The original dataset included 72,519,716 

100 bp single-end sequences from nuclear, mitochondrial, and plastid DNA. 

Reads were mapped to a reference genome provided by John Bowman, (Tak-1, 

personal communication) with strict parameters (required match length 75%, 

mismatch penalty = 2, gap penalty = 5). Nonspecific matches were mapped 

randomly to allow for good coverage of the inverted repeats. This resulted in a 

subset of 100,183,190 sequences, spanning the reference assembly at an 

average read depth of 83,480. Duplicate reads were eliminated, resulting in 9,432 

unique sequences spanning the plastome. This subset was assembled in two 

ways, first by ​de novo​ assembly, then by reference-based assembly with the Tak-1 

assembly. ​De novo​ assembly produced 25 contigs, which were aligned against the 

reference-based assembly to check for biases from reference use. 

Reference-based assembly was used to assemble the contigs and the resulting 

assembly was validated by Sanger sequencing, and comparison to the newly 

published Kit-2 assembly (Accession NC_037507) as described in section 3.5. 

Annotation cleaning for NCBI submission standardisation was performed in 

Geneious version 11, and the annotated assembly was designated Cam-1/2 and 

submitted to Genbank (Accession MH635409). 

2.2 ​Escherichia coli​ methods 

E. coli​ strain TOP10 (Genotype F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 Δ 

lacX74 recA1 araD139 Δ(araleu)7697 galU galK rpsL (StrR) endA1 nupG) was 

used for all experiments. 

2.2.1 Culturing Conditions 

Medium 

LB media (Sigma-Aldrich) was made into solution as according to manufacturer's 

instructions. Solid media Petri dishes were made by adding 1.2% (w/v) agar 

(Melford Biolaboratories Ltd). 
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Antibiotics 

The following were used for selection and plasmid maintenance. 

● 25 μg mL​-1​ chloramphenicol (Duchefa Biochemie) 

● 50​ μg mL​-1 ​kanamycin (Sigma-Aldrich) 

● 100 μg mL​-1 ​spectinomycin (Sigma-Aldrich) 

2.2.2 Preparation of chemically competent cells 

SOB Medium 

● 0.5% (w/v) yeast extract 

● 2% (w/v) tryptone 

● 10 mM NaCl 

● 2.5 mM KCl 

● 20 mM MgSO​4 

● Add 1.2% (w/v) agar for solid media Petri dishes 

CCMB80 Buffer ​[160] 

● 10 mM KOAc (potassium acetate)  

● 80 mM CaCl​2 

● 20 mM MnCl​2 

● 10% (v/v) glycerol 

● Made fresh day of use 

Bacterial seed stock preparation 

1. TOP10 cells were streaked onto a SOB Petri dish and grown overnight 

2. A single colony was used to inoculate 2 mL SOB liquid media and 

incubated at 23°C 130 RPM overnight. 

3. 500 µL cells and 500 µL 50% (v/v) glycerol were mixed in pre-chilled 1.5 

mL microcentrifuge tubes, which were stored at -80°C until needed 

Competent Cell Preparation 

1. 1 mL of seed stock was used to inoculate 10 mL LB in a 50 mL centrifuge 

tube and incubated overnight at 37°C 130 RPM 

2. 5 mL of the overnight culture was used to inoculate 500 mL SOB and 

grown at 20°C 200 RPM 
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3. Cells were grown until they reached OD​600nm​= 0.2, split into 50 mL aliquots, 

and centrifuged at 4°C 1500 g for 10 minutes  

4. -80°C freezer racks were filled with 1.5 mL microcentrifuge tubes and 

chilled in a -20°C freezer 

5. Keeping pellets on ice, 3 mL ice cold CCMB80 buffer was added per 50 mL 

pellet and gently resuspended 

6. Cells were incubated on ice a further 30 minutes, then combined into one 

50 mL centrifuge tube and centrifuged at 4°C 15000 g for 10 minutes, then 

resuspended in 20 mL CCMB80 and incubated on ice a further 10 minutes 

7.  Bacteria were aliquoted into prechilled 1.5 mL microcentrifuge tubes on ice 

and flash frozen with liquid nitrogen, then stored at -80°C until needed 

2.2.3 Transformation of chemically competent cells 

Previously prepared TOP10 competent cells were removed from -80°C freezer 

and thawed on ice, then aliquoted into 1.5 mL microcentrifuge tubes, 25​ µL per 

tube. 3 µL plasmid DNA were mixed into bacteria and allowed to incubate on ice 

for 5 minutes. Transformation was accomplished by heat shock at 42° C for 30-60 

seconds, followed by 2 minutes incubation on ice. 500 µL LB broth was added and 

the bacteria were allowed to grow for 1-3 hours at 37° C in an incubator shaking at 

130 RPM. 100 µL of liquid bacteria was then spread onto agar Petri dishes 

containing the appropriate antibiotic to select for the plasmid of interest and grown 

overnight at 37° C. 

2.2.4 Plasmid DNA isolation 

Plasmids were purified from bacteria using the QIAprep spin miniprep kit 

according to manufacturer's instructions. Protocol was partially automated through 

the use of a Qiacube robot, an automated benchtop platform for molecular biology 

reactions (both products from Qiagen, USA). 

2.2.5 Sanger Sequencing 

Sanger sequencing was carried out by Genewiz UK. DNA samples were prepared 

in water and the primer of interest was added. Plasmid DNA concentration was 

30-50 ng μL​-1​, PCR product concentration was determined by the formula below.

oncentration needed ( )750
length (bp) = c ng

µL  

In all cases, a single primer at concentration 1.7 µM was included, and 15 µL of 

sample was sent for analysis. 
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2.3 DNA assembly 

Plasmids in this work were assembled with Loop Assembly, a recently developed 

Type IIS DNA assembly standard developed by Bernardo Pollack and Fernan 

Federici ​[161]​. Loop Assembly is discussed further in section 5.1.2. 

2.3.1 Overview and credit 

Loop assembly alternates between two sets of enzymes, buffers, and acceptor 

plasmids. These levels are designated as even and odd. In general, level 0 parts 

contain parts smaller than a transcriptional unit, level 1 parts contain a single 

transcriptional unit, and level 2 parts contain four transcriptional units.  

2.3.2 Buffers and thermocycling conditions 

Even Level Master Mix (1 reaction) 

● 3 ​μL nuclease-free H​2​O 

● 1 μL 10x T4 DNA Ligase buffer (New England Biolabs (NEB)) 

● 0.5 μL 1​ mg mL​-1​ ​Bovine Serum Albumin (NEB) 

● 0.25 μL T4 DNA Ligase at 400​ U μL​-1 ​(NEB) 

● 0.25 μL BsaI at 10​ U μL​-1 ​(NEB) 

 

Odd Level Master Mix (1 reaction) 

● 2 μL nuclease-free ​H​2​0 

● 1 ​μL 10x Tango Buffer (Thermo Fisher) 

● 0.5 μL mg mL​-1 ​Bovine Serum Albumin (NEB) 

● 0.25 μL T4 DNA Ligase at 5​ U μL​-1 ​(Thermo Fisher) 

● 1 μL 10 mM ATP (Sigma Aldrich) 

● 0.25 μL LguI/SapI at 5​ U μL​-1​ ​(Thermo Fisher) 

 

Loop thermocycling program 

● Assembly 

○ 37​°C for 3 minutes 

○ 16°C for 4 minutes 
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● Termination & enzyme denaturation 

○ 50°C for 5 minutes 

○ 80°C for 10 minutes 

Procedure 

1. DNA parts were prepared at a concentration of 15 nM. This was 

calculated from the more frequently used unit of ng/​μL ​through the 

formula 

oncentration needed ( ) 100
length (bp) = c μL

ng  

which was used as an approximation of the more accurate formula 

5 0  bp 000 concentration ( )1 • 1 −9
L
mol • mol•bp

(607.4N  + 157.9) g • N • 1 =  μL
ng   

where  is the length of the DNA part of interest. Prepare a N  

universal receiver plasmid at concentration 7.5 nM. 

2. Master mix was prepared, 5 μL per reaction 

3. 1 μL of each DNA part was added to receiver plasmid in a thin wall 

PCR tube 

4. Nuclease free H​2​O to 5 μL was added 

5. 5 μL even level master mix was added 

6. Samples were thermocycled according to the Loop thermocycling 

program (shown above) 

2.3.3 Loop plasmids used 

All primers, level 0, and level 1 parts used in this research are available in a 

communal registry of parts at the Haseloff lab, University of Cambridge. They have 

been assembled only with parts available under the Open Materials Transfer 

Agreement ​[162]​. ​Table 1​ summarises level 2 plasmids used in this work. 
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Table 1​: Level 2 plasmids successfully transformed into plants and discussed in this 
thesis. 1: Homologous Region (HR) contains significant mismatches with the Cam 
plastome because it was assembled before a high-quality plastome assembly was 
available. May have introduced mutations into the homologous region upon transformation. 
2: Not Loop-compatible, construct used in ​[112]​ and was the only validated fluorescent 
protein synthetic plastid DNA construct in ​Marchantia ​at the beginning of this project. 
Assembled by Christian Boehm. 3: Assembled by Eftychios Frangedakis. 4: Nuclear 
transformation plasmid. 5: Successfully transformed recently, data too preliminary to be 
included here. 35S promoter sequence taken from ​[163]​. 

Name Position 1 Position 2  Position 3 Position 4 Notes 

pCS Clo*B tRNA-G​ HR​1 Ntprrn::aadA::Ntpsb

A_term 

NtpsbA::mturq2cp::BBa_

B0012::rps16_term 

 

tRNA-M​ HR 2 

L2_352 tRNA-G​ HR Ntprrn::aadA::Ntpsb

A_term 

MppsbA::mTurq2cp::BBa

_B0012::rps16_term  

tRNA-M​ HR 3 

L2_354 tRNA-G​ HR Ntprrn::aadA::Ntpsb

A_term 

Mpprrn::mTurq2cp::BBa_

B0012::rps16_term 

tRNA-M​ HR 3 

L2_355 tRNA-G​ HR Ntprrn::aadA::Ntpsb

A_term 

NtpsbA::mturq2cp::BBa_

B0012::rps16_term 

 

tRNA-M​ HR 3 

L2_360 RNA pol HR Ntprrn::aadA::Ntpsb

A_term 

Nt PsbA::mturq2cp - 

BBa_B0012::rps16_term 

atpH​ HR 5 

L2_361 RNA pol HR Ntprrn::aadA::Ntpsb

A_term 

Mp PsbA::mturq2cp - 

BBa_B0012::rps16_term 

 

atpH​ HR 5 

L2_103 spacer 35S::mturq2-N7 - 

35S term 

35S::mVenus::N7::35S_te

rm 

EF1α:HygR1- 

35S term 

4 

 

2.4 Molecular biology methods 

2.4.1 Primer design 

Primers were designed ​in silico ​with Benchling ​[164]​, using both manual design 

and the primer designer tool. Multiple Primer Analyzer (Thermo Fisher ​[165]​, 

based on the algorithm from ​[166]​) was used to check for primer dimerisation. 
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Primers for generation of standardised DNA parts included SapI restriction site 

and the four base pair overhangs in the 5’ overhang. The general design was 

35′ NNNN
binding overhang SapI

GGTCTC N
spacer

NNNN
standardised overhang

18−30 bp
homologous to part cloned ′  

 

Special primer tails were used to generate fragments capable of Loop Type IIS 

assembly, with a combination of restriction enzyme sites designed by Eftychios 

Frangedakis. This allowed for insertion into the universal receiver plasmid pUAP4 

(provided by Eftychios Frangedakis) with shorter primers, and caused integration 

direction to be random. 

35′ NN
binding overhang SapI

GCTCTTC GTCTC
partial BsaI

N
spacer

NNNN
standardised overhang

18−30 bp
homologous to part cloned ′  

2.4.2 Polymerase Chain Reaction 

Polymerase chain reaction (PCR) was performed using Phusion High-Fidelity DNA 

polymerase (Thermo Fisher). Master mix buffer was prepared on ice.  

 

Phusion buffer - 50 ​μL reactions 

● Nuclease-free H​2​0 to 50 ​μL 

● 10 ​μL ​5x Phusion HF buffer 

● 1 ​μL 10 mM dNTPs 

● 2.5 μL 10 μM forward primer 

● 2.5 μL 10 μM reverse primer 

● 1 μL template DNA 

● 0.5 μL Phusion DNA polymerase 

Once primers and DNA were added to all reaction tubes (200 μL thin-wall PCR 

tubes), samples were moved to thermocycler for reaction. 

Thermocycling conditions 

● Initial denaturation 

○ 98°C for 30 seconds 

● Elongation - repeat 35 times 

○ 98°C for 10 seconds 

○ 52-62°C (based on predicted melting temperature) for 20 seconds 

○ 72°C for 30 seconds per kb 
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● Final extension 

○ 72°C for 5 minutes 

○ Hold at 4°C 

2.4.3 Gel electrophoresis 

1-4% (w/v) agarose was prepared by adding the appropriate amount of agarose 

into Tris acetate buffer, pH EDTA buffer and bringing the solution to a boil. This 

solution was held at 55​°C until needed, at which point it was poured into molds 

and mixed with 1x SYBR Safe (Thermo Fisher) to create gels. Depending on 

application, gels consisted of 8-32 wells, with fewer wells used when DNA was to 

be extracted and purified. Gels were run at 90 Volts for 30-90 minutes and imaged 

with blue light or UV excitation. 

2.4.4 Gel DNA purification 

Was performed with the MinElute kit (Qiagen) according to manufacturer 

recommendations. 

2.5 Plant transformation methods 

2.5.1 ​Agrobacterium-​mediated transformation 

Materials 

● Wild type ​M. polymorpha ​Cam1 spore heads bearing sporangia 

● 1.5 mL microcentrifuge tubes 

● Milton solution (sodium troclosene)- dissolve 1 tablet in 25 mL H​2​O 

● 40 ​μm Falcon filter 

● 50 mL centrifuge tubes 

● Sterile hood 

● Benchtop centrifuge 

● Agar Petri dishes with 0.5x Gamborg growth medium ​[167] 

● Sterile cellophane disks 

● Aluminium foil 

Antibiotics 

● Rifampicin 10 μg mL​-1 

● Carbenicillin 50 μg mL​-1 

● Tetracycline 5 μg mL​-1 
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● Spectinomycin 100 μg mL​-1 

● Cefotaxime 100 μg mL​-1 

● Hygromycin 25 μg mL​-1 

Sporeling preparation 

1. 1 sporangia per Petri dish desired was placed into a 1.5 mL 

microcentrifuge tube and crushed with forceps 

2. 500 ​μL Milton solution was added 

3. Pour through filter into 50 mL tube, washing once 

4. Spores were incubated for 10 minutes in Milton 

5. Spores were transferred from 50 mL tube to 2 microcentrifuge tubes 

6. Spores were centrifuged at 16,200 g for 2 minutes, pour off supernatant 

7. Pellets were resuspended in 30 ​μL Milton solution per Petri dish desired 

8. Spores were spread onto Petri dishes and grown at 21-23°C constant light 

at 150-200 μE for 5-8 days until visibly green 

Agrobacterium ​growth 

1. 50 μL highly concentrated ​Agrobacterium tumefaciens ​strain​ ​GV2260 cells 

was removed from -80°C freezer and thawed​ ​in pre-chilled 2 cm electro 

cuvette 

2. 100 ng plasmid DNA was added 

3. Bacteria were electroporated at 12.5 kV cm​-1​ for 1 second and 500 μL LB 

both was immediately added. 

4. Bacteria were incubated at 28°C 120 rpm for 2 hours 

5. 100 μL transformed bacteria were spread on a LB agar Petri dish 

containing rifampicin, carbenicillin, tetracycline, and spectinomycin and 

incubated at 30°C for 2 days 

6. Use a single colony to inoculate 5 mL LB media containing rifampicin, 

carbenicillin, tetracycline, and spectinomycin in a 50 mL centrifuge tube 

covered in foil to ensure darkness. Incubate at 28°C 150 RPM for 2 days. 

Liquid ​Marchantia​ Growth Media 

● 0.5x Gamborg B5 with vitamins 

● 0.1% (w/v) N-Z amine A (Sigma Aldrich) 

● 0.03% (w/v) L-Glutamine 
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● pH 5.8 

Agrobacterium induction and co-cultivation 

1. Agrobacterium cultures were centrifuged for 15 minutes at 3000 g, the 

supernatant discarded, and resuspended in 5 mL liquid ​Marchantia growth 

media 

2. Acetosyringone was added to a final concentration of 100 μM 

3. Samples were incubated 6 hours at 28°C 150 RPM in darkness 

4. Sporelings were removed from solid media and suspended in liquid 

Marchantia ​growth media 

5. 4 mL of sporelings + liquid media were pipetted into each well of 6 well 

culture Petri dishes, 100 μM acetosyringone was added, 180 μL 

Agrobacterium ​culture was added 

6. Sporelings and bacteria were co-cultivated for 2 days  

7. Sporelings were transferred onto a 40 μm cell strainer, then washed with 

25 mL 

2.5.2 Biolistic transformation 

2.5.2.1 Preparation of microcarriers 

BioRad Tungsten / gold microparticles - Adapted from Chiyoda ​et al.​ 2007 
[83] 

1. 20 mg microparticles were added - either 0.7 ​μm tungsten or 0.6 μm gold - 

to 1 mL EtOH in a 1.5 mL microfuge tube 

2. Particles were sonicated 2 minutes, centrifuged the least amount possible 

to achieve pellet, supernatant removed. Wash step repeated 3 times 

3. 1 mL sterile water was added, sonicated for 2 minutes, centrifuged, 

supernatant removed, repeated 2 times 

4. Pellet was resuspended by vortexing in 1 mL sterile H​2​O. 50 μL aliquots 

were stored in sterile 1.5 mL tubes, vortexing between each to ensure 

equal distribution of particles and stored at -20°C until needed 

5. On the day of bombardment, particles were thawed, 50 μL for 10 shots 

6. 230 μL H​2​O was added, vortexed to mix 

7. 25 μg plasmid DNA was added, vortexed to mix 

8. 250 μL 2.5 M CaCL​2 ​was added, vortexed to mix 
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9. 50 μL 1 M spermidine was added, vortexed to mix 

10. Microcarriers were incubated for 10 minutes on ice, vortexing 10 seconds 

every minute 

11. Microcarriers were centrifuged at 2000 g for 3 seconds, supernatant 

removed 

12. 500 μL ice-cold absolute EtOH was added, vortexed briefly, centrifuged at 

2000 g for 3 seconds, repeated 3 times 

13. Final pellet was resuspended in 60 μL absolute EtOH 

Seashell nanoparticles 

DNAdel 550 nm (Seashell technology) nanoparticles were loaded with DNA 

according to manufacturer recommendations. Particles are sold with proprietary 

buffers ‘binding buffer’ and ‘precipitation buffer’. 

1. DNAdel particles are supplied in solution at 50 mg mL​-1​, 0.5 mg are used 

per bombardment 

2. DNAdel nanoparticles were diluted to 30 mg mL​-1​ with binding buffer and 

sonicated 

3. 5 μg DNA per mg particles was added and vortexed to mix 

4. A volume of precipitation buffer equal to the total volume of DNAdel 

particles and DNA was added, vortexed and incubated at 22°C for three 

minutes 

5. Samples were centrifuged at 8000 g for 10 seconds, the supernatant 

discarded, and 500 μL 4°C EtOH added. 

6. Samples were centrifuged again, supernatant discarded, and resuspended 

in 7 μL per bombardment 

Sporeling preparation 

Sporeling preparation was the same as for ​Agrobacterium-​mediated 

transformations (see 2.5.1), except sterile cellophane disks were placed on the 

surface of 0.5x Gamborg Petri dishes during the sodium troclosene sterilisation 

period. These disks facilitate sporeling transfer following bombardment. 

2.5.2.2 Bombardment 

Biolistic bombardment was carried out with the Bio Rad PDS 1000/He device 

according to manufacturer's directions. Rupture pressures of 900 and 1100 

pounds per square inch (PSI) were used at a range of distances as described in 
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chapter 4. Bombarded plants were transferred onto 0.5x Gamborg Petri dishes 

containing Spectinomycin 50 μg mL​-1 ​for selection 72 hours after bombardment. 

 

2.6 Microscopy 

2.6.1 Image Acquisition 

Stereo microscopy 

Stereomicroscopy was performed with a Leica M205 FA fluorescence microscope 

with default configurations. Planapo 1.6x objective and 10x ocular lenses were 

used with the variable magnification internal lens. ​Table 2​ lists the excitation and 

emission wavebands of fluorescence filters used. Transmitted light and LED side 

lighting were used for finding areas of interest. 

 

Table 2​: Fluorescence filters used in stereomicroscopy. All filters produced by Leica. CFP, 
GFP, and YFP are intended for use with cyan, green, and yellow fluorescent proteins, 
respectively. 

Filtercube name Excitation Band Emission Band 

CFP 426-446 nm 460-500 nm 

GFP 450-490 nm 500-550 nm 

Chlorophyll land plant 460-500 nm 610+ nm Long Pass 

YFP 490-510 nm 520-550 nm 

 
 

Antibiotic tolerance assays 

Growth and antibiotic tolerance was assessed with a Keyence VHX-5000 

microscope using the 100-500x objective and ring illumination. Focal plane stacks 

were generated with the extended depth of focus “Depth-up” feature using 

standard settings. 

 

Transient Nuclear Expression Assays 
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48 hours after bombardment, Petri dishes of cells were directly imaged using 

stereomicroscopy. Each entire dish was scanned at moderate magnification 

(50-70x) using the YFP channel for bright dots, candidate fluorescent nuclei. 

Candidates were then viewed under the CFP filter before being counted. Plants 

that had not been bombarded and plants that had been bombarded with 

microcarriers not coated with DNA were imaged first, and fluorescent nuclei were 

never observed in these control cases.  

 

Confocal microscopy 

Confocal microscopy was performed on a Leica SP5 laser scanning confocal 

microscope (LSCM) using Leica Application Suite Advanced Fluorescence (LAS 

AF) software version 2.7.3.9723. ​Table 3​ lists objectives used. ​Table 4​ lists 

excitation and collection wavelengths used. 

Table 3​: ​Objectives used for confocal microscopy.  

Name Magnification Optical 
Specifications 

Immersion Application 

PL FLUOTAR 2.5x 0.07, ​∞ Air Screening 

HC PL Apo 10x 0.40 CS ∞/0.17  Air Screening, analysis 
of microcarriers 
(see section 4.2) 

HC Pl Apo 20x 0.7 ∞/0.17 Air Nuclear 
fluorescence 
quantification, all 
images except 
plastid expression 
quantification 

PL Apo 63x 1.2 ∞ 0.14/0.18 Water Plastid expression 
quantification 
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Table 4​: LS​CM excitation and collection information. Excitation illumination generated by 
Argon laser and UV laser diode. 

Fluorophore Excitation wavelength Collection band 

mTurquoise2 458 462-479 

SYBR Safe 405 520-540 nm 

mVenus 514 520-560 nm 

Chlorophyll 458 or 514 680-720 nm 

 

For quantitative experiments, Z stack range was limited to the epidermal cell layer, 

40-80 ​μm deep. This was to minimise the effects of absorption and scattering of 

the excitation laser and the fluorescent signal. Images not for quantification were 

generally acquired through the entirety of the useful signal, usually 80-150 μm. 

2.6.2 Image Processing 

Maximum Projection 

Maximum projection images were generated from confocal Z stacks using LAS AF 

with s scaling factor of 1 and threshold of 10. 

 

Macrocarrier loading 

These images were collected using a fluorescent channel and a transmitted laser 

channel which records light that passes through the sample to a detector in the 

normal location of the brightfield illumination source. Transmitted light images 

were inverted to generate bright spots at the location of microcarriers where light 

was occluded, and the colocalisation was assessed by eye during microscopy and 

post-imaging using Fiji version 2.0.0-rc-64/1.51S ​[168]​. 

 

Thresholding 

Various local thresholding algorithms were implemented using Fiji, as described in 

section 4.4.2 and 5.3.1. After the implementation of a thresholding algorithm, 

Lookup Table (LUT) was inverted, and the analyze particles function was 

implemented. For nuclear fluorescence, particle size was limited to 30-200 μm​2​, 

circularity 0.2-1.0. For plastid fluorescence, particle size was limited to 10-50 μm​2​. 

In all cases, particles on edge were excluded.  
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Region of interest measurement 

Regions of interest (ROIs) were measured with the native Fiji function. Area, 

minimum intensity, maximum intensity, and mean intensity values were captured 

in all relevant color channels. 

 

Figure composition 

Figure arrangement was performed in Fiji, Google slides, and Inkscape version 

0.92.1, XQuartz version 2.7.11 running on macOS 10.13.4. All images were 

maintained either uncompressed or in lossless compression, either lif, png, or tiff 

file formats. 

 

2.7 Statistics 

Unless stated otherwise, statistical analysis was performed with Rstudio version R 

version 3.5.0 (2018-04-23) and ggplot2 version 3.0.0. Example instances of 

commands used are shown in Appendix A. Where stated, statistics were 

generated with Graphpad Instat Version 3.10 
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Chapter 3: Plastid Genome Annotation 

3.1 History and existing assemblies 

There is a history of confusion with the ​Marchantia polymorpha​ plastome, because the 

original sequence published in 1986 actually belonged to a related species, ​Marchantia 

paleacea​ ​[169]​. ​Table 5​ is provided as a guide to plastome assemblies discussed in this 

chapter. 

 

Table 5​: Summary table of plastome assemblies discussed in this chapter. NC_001319 was 
originally misannotated as ​polymorpha​, leading to confusion. Length can be used to confirm 
assembly identity. 

Assembly Name Description Length Genbank 

Accession 

M. paleacea Is actually from ​M. paleacea 121024 NC_001319 ​and  

X04465 

Cam-1/2 Assembled in this project 120314 MH635409 

Kit-2 ​subsp. 

ruderalis 

Assembly uploaded April 24, 

2018, by John Bowman ​et al. 

120304 NC_037507 

 

Tak-1 Sequence identical to Kit-2, 

unannotated 

120304 Personal 

correspondence with 

John Bowman 

 
At the beginning of this project only the ​M. paleacea​ plastome, at the time mislabelled as 

M. polymorpha​, was publicly available. However, a large ​M. polymorpha ​Cam total DNA 

NGS dataset which contained ~10% plastid reads was available from a previous project. 

Comparison of a preliminary Cam plastome assembly by Bernardo Pollack showed 

substantial differences to the ​M. paleacea ​genome, which led to doubt on the species 

identity and eventually to the discovery of the ​M. paleacea​ genome’s mistaken identity, 

which had been mentioned in the literature but remained uncorrected in Genbank until 

recently ​[169]​. The ​M. paleacea​ genome will remain useful for comparative genetics, but is 
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not appropriate for designing homologous regions for ​M. polymorpha​, necessitating 

generation of a new plastome assembly. 

 

3.2 Cam-1/2 Plastome Assembly 

Our laboratory uses two accessions of ​Marchantia polymorpha ​for our research, 

Takaragaike (Tak), collected in a park in Kyoto, Japan, and Cambridge (Cam), collected in 

Cambridge, UK. The sexes are denoted as a number appended to the accession name, 

with 1 signifying male plants and 2 signifying female plants (this nomenclature is widely 

accepted in the ​Marchantia ​community). The maternal inheritance of the plastome means 

it is plausible that there are no sequence differences between the sexes, but to test this 

hypothesis an assembly was made of Cam1 and Cam2 DNA short reads separately, and 

the final assemblies were compared to each other and found to be identical in sequence. 

 

The assembly process is described in detail in section 2.1. In brief, Illumina short reads of 

Cam-1 nuclear, mitochondrial, and plastid DNA were mapped against a Tak draft 

assembly generously provided by John Bowman, and the reads that matched were 

assembled ​de novo​ using CLC Genomics workbench. ​De novo​ assembly generated 25 

contigs spanning the entire plastome, which were assembled using the reference to 

generate the complete plastome. The resulting assembly was compared to an assembly 

produced by Jim Haseloff, which differed in 4 locations. These minor differences were 

resolved by manual inspection of the Illumina dataset and the resulting assembly was 

designated Cam-1/2 Plastome. The assembly process was then repeated with Illumina 

reads from Cam-2, and the assembled sequences were identical. The Cam-1/2 plastome 

differs more from the ​M. paleacea ​plastome, an unsurprising find since these sequences 

are derived from different species (see ​Table 6​). 
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Table 6​: Comparison of the Cam-1/2 sequence and NC001319, the ​M. paleacea​ plastome. They 
align well, but have significant amounts of small-scale variation. The longest string of mismatches is 
7 bp, the longest gap is 24 bp. Mismatches and gaps are here grouped by length. 

Cam-1/2 vs 

M. paleacea 

Length=1 Length=2 Length=3 Length=4 Length=5 Length>5 

Mismatches 2306 105 18 7 1 3 

Gaps 191 43 22 4 9 40 

 
 

3.3 Validation 

The Cam-1/2 plastome assembly was validated in two ways. It was first compared 

to Sanger sequencing data covering ~10% of the plastome, then later compared to 

the newly published Kit-2 plastome assembly ​[80]​. In both cases, validation 

supports a highly accurate assembly process. 

 

3.3.1 Sanger Sequencing 

The primary thrust of this project is plastid transformation, which requires 1.5 kb 

homologous regions for construct assembly to facilitate integration by homologous 

integration (see section 1.3.3). ​Figure 4​ shows the location of insertion loci selected.  
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Fi​gure 4​: Map of the ​Marchantia polymorpha ​plastome, Cam-1/2 assembly. Numbers on the 
assembly indicate the transgene insertion locations used in this work. The inner circle shows a GC 
map, and shows the tetrapartite structure of LSC, SSC, and inverted repeats (IRA and IRB). 1: 
tRNA-G - tRNA-M intergenic region, the insertion location used in ​[112]​. ​2: RNA Polymerase 
Operon 3’ end intergenic region, successfully transformed in this work. 3:​ rbcL-tRNA-R​ intergenic 
region, ​Marchantia ​constructs prepared, demonstrated in ​N. tabacum​ ​[170]​. 4: ​petA-psbJ ​intergenic 
region, ​Marchantia ​constructs prepared, demonstrated in ​N tabacum​ ​[171]​. Produced from the 
Cam-1/2 assembly with OrganellarGenomeDRAW ​[172]​. 
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In each case, two homologous regions were cloned from the wild type plastome and 

analysed with Sanger sequencing. In addition to the previously used ​Marchantia ​insertion 

locus in the intergenic region between tRNA-G and tRNA-M, three additional insertion loci 

were selected based on locations that had resulted in high expression levels in other 

species (see ​Figure 4​ legend). The Sanger sequencing data which totalled just over 12 kb 

in 4 locations throughout the plastome also served as a method for assembly validation. 

No differences were observed between the Cam-1/2 plastome assembly and the Sanger 

data, whereas the data showed 16 bp of disagreement with the Kit-2 assembly, split over 8 

loci and 303 loci of disagreement with the ​M. paleacea​ genome. 

 

3.3.2 Comparison to Kit-2 Assembly 

After the Cam-1/2 plastome was assembled, a new ​M. polymorpha ​genome was published 

as the Kitashirakawa-2 strain of subspecies ​ruderalis​ (​[80]​, plastome assembly available 

10 April 2018). This assembly is similar to the Cam-1/2 assembly. A complete list of 

differences is provided in ​Table 7​. The similarity between these two makes any large-scale 

assembly errors unlikely. 

 

Table 7​: Complete list of the 16 differences between Cam-1/2 plastome and Kit-2. SNP: single 
nucleotide polymorphism. RLP: repeat length polymorphism. Location numbers taken from Kit-2. 

Location  Difference type Cam-1/2 sequence Kit-2 Sequence 

17737 SNP T A 

22552 RLP AT 23•  AT  ​24•  

23968 SNP T C 

26870 SNP C T 

30893 SNP A T 

40980 SNP A T 

40982 SNP G A 

40983 Gap T _ 
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41009 RLP TTGTTTTTTTAC  3•  TTGTTTTTTTAC  ​2•  

49005 Mismatch TT AA 

55636 RLP Polymorphism - AT  12 or 13•  AT  13•  

80466 SNP C T 

90906 SNP C A 

94602 Gap T _ 

106453 SNP G T 

111912 SNP A C 

 

3.4 Discussion 

I have generated the first full assembly of ​Marchantia polymorpha​ strain Cam, and 

demonstrated that the plastome is identical for Cam1 and Cam2. This plastome 

has been annotated and submitted to Genbank to serve as a resource for future 

engineering projects. In particular, this assembly allows for the accurate design of 

homologous regions for transgene insertion. In addition to the single previously 

available insertion locus, genetic parts for three more insertion loci have been 

generated, and more could easily be generated through cloning or synthesis aided 

by an accurate plastome assembly. 
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Chapter 4 - Optimisation of transformation 

4.1 Introduction 

The systematic optimisation of the physical and biological parameters included 

testing choice and preparation protocol of microcarrier, firing distance, tissue type 

bombarded, and recovery/selection conditions. Transient nuclear transformation 

with genes encoding fluorescent proteins was developed as a rapid assay of DNA 

delivery efficiency. 

 

The Bio-Rad PDS 1000/He device (diagrammed in ​Figure 5​) was used for biolistic 

transformation. It functions by accelerating microcarriers into the sample tissue. A 

shock wave of Helium is generated when the rupture disk is broken, which 

accelerates the macrocarrier into the stopping mesh. Microcarriers initially placed 

on the bottom of the macrocarrier continue downwards towards the sample at high 

velocity. The distance between the stopping mesh and the sample can be varied 

by selecting which shelf the sample is placed on (see section 4.3). 
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Fi​gure 5​: Schematic diagram of PDS 1000/He biolistic device. The three shelves indicated 
correspond to the short, medium, and long conditions discussed in section 4.3. 
 

4.2 Microcarrier selection 

4.2.1 Overview and experimental design 

Microcarriers comprise the core of the DNA delivery mechanism, and therefore 

macrocarrier choice and DNA loading protocol is essential to successful 

transformation. Gold and tungsten particles 0.6 - 3.0 μm in diameter are generally 

used for transformation ​[90]​. For plastid transformation, particles 0.6 - 1.0 μm are 

most frequently used ​[173]​.  

 

To visually assess efficiency of DNA binding, DNA was mixed with a fluorescent 

stain, bound to microcarriers, then imaged with confocal microscopy. The images 
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were composed of two channels, transmitted light to localise the microcarriers and 

SYBR Safe fluorescence to localise DNA. The colocalisation of the two was then 

assessed, as demonstrated in ​Figure 6​. To test whether the stain altered DNA 

binding, the opposite order of the staining and binding procedures was also tested, 

which did not affect the results. Additional controls are shown in appendix B, 

Figure 33​. 

 

Fi​gure 6​: Example of confocal microscopy used to assess DNA binding onto 
microcarriers. Top row shows minimal SYBR safe fluorescence in the absence of DNA. 
Bottom row shows colocalisation of SYBR fluorescence and DNAdel beads. Left column 
shows transmitted light channel with lookup table inverted so particles show up as white 
spots, right column shows SYBR safe channel. Central column is a composite with 
transmitted light pseudocoloured red and SYBR safe pseudocoloured green. Scale = 40 
μm  
 
4.2.2 Results 

Three microcarriers and a wide selection of binding protocols were tested in a 

rapid-prototyping regime, and the results are summarised in ​Table 8​. The 

microcarriers tested were Biorad 0.6 μm gold, Bio-Rad 0.7 μm Tungsten, and 

Seashell DNAdel 0.55 μm gold with proprietary functionalisation. For Bio-Rad 

microcarriers, two binding protocol variables were tested where discrepancies 
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existed in published protocols, spermidine concentration and binding reagent 

order. DNAdel 550 nm nanoparticles (SeaShell technology) are frequently used for 

algal plastid transformation ​[174,175]​, are here tested for land plant plastid 

transformation. 

 

Table 8​: Summary of findings across different microcarriers and binding protocols. After 
review of protocols, the most variable aspect was the concentrations of spermidine used 
and the order of adding DNA, spermidine, and CaCl​2​. Single, double, and triple asterisks 
represent minor, moderate, and high levels of fluorescence colocalisation, as an indicator 
of DNA binding efficiency. ​Figure 6​ demonstrates the degree of colocalization awarded 
three asterisks, double and single asterisks show approximately three and ten times less 
colocalisation, respectively. 

Microcarrier type Binding protocol DNA Colocalisation 

0.6 μm gold As described (see section 2.5.2.1) ** 

0.6 μm gold Standard order, spermidine concentration 0.1 M  * 

0.6 μm gold Standard order, spermidine concentration 1 mM  Negligible 

0.6 μm gold Binding order DNA, spermidine, CaCl​2 Negligible 

0.6 μm gold Binding order DNA, spermidine, CaCl​2​, 

spermidine concentration 0.1 M  

Negligible 

0.6 μm gold Binding order DNA, spermidine, CaCl​2​, 

spermidine concentration 1 mM  

Negligible 

0.7 μm Tungsten As described * 

0.7 μm Tungsten Standard order, spermidine concentration 0.1 M * 

0.7 μm Tungsten Standard order, spermidine concentration 1 mM  Negligible 

0.7 μm Tungsten Binding order DNA, spermidine, CaCl​2 Negligible 

0.7 μm Tungsten Binding order DNA, spermidine, CaCl​2​, 

spermidine concentration 0.1 M 

Negligible 

0.7 μm Tungsten Binding order DNA, spermidine, CaCl​2​, Negligible 
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spermidine concentration 1 mM 

Seashell 550 nm 

(0.55 μm) 

As described (Manufacturer recommendations) *** 

 

The protocol in the laboratory, provided by Christian Boehm, used 1 mM 

spermidine, whereas most published protocols use 1 M or 0.1 M. These higher 

concentrations of spermidine were substantially improved DNA binding on Bio Rad 

microcarriers. However, even the best protocols for Bio-Rad particles were 

substantially outperformed by DNAdel particles, which also have a simpler 

preparation protocol (see section 2.5.2.1). To the author’s knowledge, this is the 

first use of DNAdel particles for ​Marchantia​ plastid transformation. As can be seen 

from ​Table 8​, these particles bound DNA much more efficiently, and were 

thereafter used. 

 

4.3 Nuclear transformation as a rapid assay 

4.3.1 Rationale 

Transient nuclear expression of foreign DNA has been demonstrated in many 

species of plants, and requires only that foreign DNA of organism-appropriate 

regulatory elements and codon usage be delivered to the cytoplasm ​[176]​. 

Transient expression occurs on the timescale of hours to days, rather than the 

weeks to months required to achieve homoplasmic plastid 

transformation.Transient nuclear transformation is here developed as a rapid 

assay for DNA delivery. Plasmid L2_103 (see ​Table 1​) encodes two fluorescent 

proteins, mTurquoise2 and mVenus, both driven by the ​CaMV 35S​ promoter. Both 

proteins are localised in the nucleus by N7 targeting domains, resulting in clear 

punctate fluorescence expression upon successful DNA delivery.  

 

4.3.2 Results 

Transient expression was visible in stereo microscopy by the bright dots visible 

with both the eYFP and eCFP filter sets (see ​Table 2​ for filter details), as shown in 

Figure 7​. In most cases, single nuclei were fluorescent, but occasionally two or 

more adjacent nuclei showed fluorescence. Given the low frequency of 
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transiently-expressing cells compared to the total number of cells, the most likely 

explanation is the division of a single transformed cell. As such, these instances 

were counted as a single transformation event for DNA delivery quantification 

purposes. 

 

 

Fi​gure 7​: Transient expression of L2_103 visualised with stereomicroscopy for DNA 
delivery assays. Yellow box shows YFP channel, red box shows Chloroplast Land Plant 
channel, cyan box shows CFP channel. Bright, punctate fluorescence co-localising in the 
CFP and YFP channels was clearly seen and used as an assay of DNA delivery. Scale bar 
corresponds to 50 ​μm. 
 

Transient nuclear transformation allowed for rapid feedback on DNA loading and 

microparticle delivery, shortening the testing cycle from the 6-12 weeks required 

for plastid transformation and selection to roughly 72 hours, allowing for a rapid 

prototyping process. To the author’s knowledge, transient nuclear transformation 
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is reported here for the first time for two tissue types, 30 day old sporelings and 

0-3 day old gemmae (see Appendix C, ​Table 10​). 

 
Firing distance optimisation 

The PDS 1000/He has several adjustable parameters, and the parameter the 

manufacturer recommends as the most important to optimise is the distance from the 

topping disk to the tissue, the flight distance for the microcarrier. As the particles descend 

from the stopping mesh, their distribution of velocities and distance from the center 

increase, resulting in different patterns of microcarrier penetration and DNA delivery. DNA 

delivery was assessed through transient nuclear fluorescent protein expression, and the 

results are shown in ​Table 9​. 

Table 9​: Transient nuclear expression for several firing distances. The distance indicated is 
between the macrocarrier stopping mesh and the plant tissue, and is varied by placing the plant 
tissue on one of three shelves within the PDS-1000/He device (see ​Figure 5​). Numbers reported 
are transiently transformed cell per 10 cm petri dish coated in sporelings. This optimisation shows 9 
cm is the optimal target distance 5-8 day sporelings, though this may vary by tissue type. 

 6 cm - Top shelf 9 cm - Middle shelf 12 cm - Bottom shelf 

Replicate 1 27 >50 3 

Replicate 2 25 31 4 

Average 26 >40 4 

 
 

4.4 Stable Biolistic nuclear transformation 

The relatively high efficiency of transient expression of the nucleus-expressed 

construct L2_103 suggested it would be possible to generate stable nuclear 

transformants with biolistic transformation. Transformation was attempted through 

both methods in parallel, and the resulting plants are shown in ​Figure 8​. Biolistic 

transformation of the ​MarchantiaI​ nuclear genome was first reported by Chiyoda ​et 

al.​ in 2008 ​[82]​. The timeline and efficiency of both methods is comparable, but 

biolistic nuclear transformation has the advantage of being entirely axenic and 

potentially functional outside the species restrictions dictated by ​Agrobacterium 

host range, which may be approaching the limit to its biotechnological expansion 

[177]​.  
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Fi​gure 8​: Biolistic nuclear transformation. Top row shows thallus tissue of plants stably 
transformed with L2_103 via ​Agrobacterium​-mediated transformation. Bottom row shows 
thallus tissue of plants stably transformed with L2_103 via biolistic transformation. 
Hygromycin 25 ​μ​g mL​-1​ to establish stable transformants. Excitation and gain settings were 
kept constant between images. Scale bar corresponds to 20 ​μm. 
 

Successful application of two distinct methods of DNA delivery for nuclear 

transformation invited a comparison of relative levels of fluorescence intensity 

achieved by these two methods. In order to do so, micrographs of plants 

transformed with each technique were generated, and a segmentation pipeline for 

their analysis was developed. 

 

4.4.1 Strategy 

Fluorescence intensity is measured through a three step process: microscopy, 

segmentation, and digital measurement. Segmentation is the process of grouping 

local regions of an image into discrete sets which can be digitally measured ​[178]​. 
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This can be achieved manually (for example, by circling nuclei by hand in a 

micrograph, then measuring their characteristics) or automatically. Automated 

segmentation was chosen to allow for larger sample size. The central challenge of 

automated segmentation is design of an image analysis pipeline that results in 

segmented regions that correspond appropriately to the biological features to be 

measured. 

 

Automated segmentation is achieved by first duplicating the channel to be 

segmented, in this case the nuclear fluorescence channel, creating a ‘mask’ 

channel that can be manipulated without altering the original data. A series of 

mathematical transformations and algorithms are then executed on the mask 

channel, ending with a thresholding algorithm. Thresholding converts an image 

from a high bit depth (in this case 8-bit, for a total of 256 possible pixel intensity 

values) to a binary image (1 bit, so all pixels are either on or off). A simple 

example thresholding algorithm would be to convert all pixels with intensity higher 

than a particular ‘threshold’ value to 1, and all pixels with intensity lower than the 

threshold to 0. A variety of thresholding algorithms have been developed, many of 

which set different threshold values for different image regions according to the 

composition of local features. Which thresholding algorithm performs best, as well 

as which pre-processing is necessary, varies by image composition and properties 

[179]​. In section 4.4.2, processing steps and thresholding algorithm are selected 

empirically by comparing the output images on the basis of segmentation quality. 

High quality segmentation is achieved when regions containing the object of 

interest have a pixel value of one and all other regions have a pixel value of zero.  

 

This binary image is then scanned for contiguous regions of value one that match 

the spatial criteria for the biological object of interest. These regions of interest 

(ROIs) are then identified in Fiji by encirclement with a yellow line. Regions of 

interest can then be mapped back to the original eight bit image, whose values 

remain undistorted by the algorithms and binarisation. The properties of the 

original image within the boundaries of these ROIs can then be measured 

automatically. The average fluorescence intensity of more than one thousand 

nuclei was measured in this section, and fluorescence intensity of more than ten 

thousand plastids was measured in section 3.5. These sample sizes are 
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impractical for manual measurement, but can be analysed in under an hour with 

an automated segmentation pipeline once optimisation is complete. 

 

The nuclear segmentation pipeline developed here consists of duplicating the 

nuclear fluorescence channel, applying a local contrast enhancement algorithm, 

applying a thresholding algorithm to generate a binary image, and ROI 

identification using the “Analyze particles” feature in Fiji. ROIs are then mapped 

back to the raw image nuclear channel for nuclear fluorescence intensity 

measurement. The workflow is diagrammed in ​Figure 9​. 

 

Fi​gure 9​: Schematic showing nuclear fluorescence analysis pipeline. Green circle in step 
2 corresponds to the high magnification image in step 5. Step 5 is shown at higher 
magnification for illustrative purposes only to show yellow lines demarcating ROIs.  
 

A segmentation-based workflow was selected to characterise the fluorescent 

behaviour of the transgenic mutants generated in this project. Once optimised, an 

automated segmentation pipeline is used to measure the fluorescence intensity of 

a large number of fluorescently labeled nuclei to compare the expression levels of 

the same fluorescent marker transformed through two methods: 
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Agrobacterium​-mediated and biolistic DNA delivery. A similar method is used to 

assess plastid fluorescence in section 5.3.  

 

4.4.2 Image pipeline optimisation 

The pipeline is first optimised using a single maximum projection test image of 

thallus tissue stably transformed with L2_103 through biolistics. The test image is 

a two channel maximum intensity projection of 15 Z slices acquired on a Leica 

SP5. The image is 1024 by 1024 pixels at 8 bits per channel, and channels are 

pseudocoloured green and red for nuclear CFP and chlorophyll autofluorescence, 

respectively. A total of 27 such projections were acquired and are analysed in 

section 4.4.3.  

 

Local contrast enhancement has been shown to improve segmentation accuracy 

[180]​, and was selected as a pre-processing step (step 3 in ​Figure 9​). The 

Enhance Local Contrast function in Fiji was used for this purpose, based on the 

contrast limited adaptive histogram equalisation (CLAHE) algorithm ​[181]​. The 

algorithm examines small spatial regions (blocks) of the image in series, and 

enhances contrast by transforming histogram shape, redistributing pixel intensity 

across the full range 0-255. There are three parameters in the program, block size, 

maximum slope, and histogram bin number. Block size is the size of the local 

region for which the histogram is equalised. Chloroplasts are 10-20 pixels across 

in the test image, and nuclei are 25-45 pixels. Candidate values selected were 10, 

25, and 50 pixels. Maximum slope is the contrast stretch the algorithm is allowed, 

value of 1 results in unchanged images, high values cause substantial increases in 

contrast. Candidate values of 2, 3, and 4 were selected based on the examples 

included with the Fiji documentation. Histogram bin number is the number of input 

value bins used in the algorithm, where two bins would treat the image as binary 

and 256 bins applies no transformation. 

 

Block size and maximum slope were first varied. Several values each were used 

and all permutations tested, as shown in ​Figure 10​. At this stage, histogram bin 

number was held constant at 256, which applies no binning to the 8-bit data. From 

visual inspection of the output images, maximum slope = 3, block size = 25 was 

selected as a good compromise between high levels of contrast enhancement and 
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minimal distortion of the image. Next, histogram bin number was varied widely 

from 8 bins to 256 bins (see Appendix B, ​Figure 36​). ​Low values for histogram bin 

number result in higher levels of contrast in the output image, but also cause 

distortion. As such, histogram bin number of 256 was selected and used for further 

applications. 

Fi​gure 10​: Slope and block size optimisation of CLAHE algorithm. Leftmost column shows 
raw image. Remaining columns show images after application of CLAHE algorithm with 
parameter permutations of maximum slope of 2, 3, and 4, and block sizes of 10, 25, and 
50. Blue outline indicates parameters selected. Scale bar corresponds to 20 ​μm. 
 

After CLAHE processing, a local thresholding algorithm was employed to identify 

nuclei (step 4 in ​Figure 9​). A two-tiered breadth-first search was employed, where 

many algorithms were initially screened, three candidates were selected for further 

analysis, and one was chosen for the final pipeline. All local thresholding 

algorithms available in Fiji were examined, and the resulting thresholded images 

are shown in ​Figure 11​. 
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Fi​gure 11​: Thresholded images produced by various thresholding algorithms. Algorithm 
names correspond to the image above. Blue outlines indicate algorithms selected for 
further analysis. Scale bar corresponds to ​20 ​μm and applies to all images. 
 

Mean, Median, and Otsu algorithms were selected as the most promising local 

thresholding algorithms, and were further compared by generating ROIs from binary 

images and overlaying the original image to assess segmentation accuracy. After 

thresholding and binarisation, lookup table was inverted, and particles were measured with 
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Analyse Particles to segment ROIs. ​Figure 12​ shows the ROIs generated by using each of 

these three local thresholding methods overlaid against the raw image (step 5 in ​Figure 9​). 

 

 

Fi​gure 12​: Segmented ROIs overlaid against original image. White triangles highlight 
missing objects which were identified with other algorithms, circle crosses show 
problematic segmentation, either by mismatching the underlying shape or segmenting an 
area not visible in the raw image. Labels correspond to the image above them. Blue outline 
indicates algorithm selected. Scale bar corresponds to ​20 ​μm. 
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Of these three algorithms, each had strengths and weaknesses. The Mean algorithm 

highlighted multiple ROIs not visible in the original image, Median failed to segment ~12% 

nuclei clearly visible in the original image, and Otsu missed ~2% of nuclei in the original. 

Mean and Median also often segmented boundaries for nuclei extending beyond the 

boundary visible in the original image, which could distort mean fluorescence intensity 

values for segmented ROIs. The Otsu algorithm was selected on the basis of having the 

fewest mis-segmented ROIs. Otsu thresholding uses the characteristic bimodal distribution 

of pixel intensity to classify each pixel as a foreground or background pixel, then calculates 

an ideal threshold that minimises variance within the two classes ​[182]​. Furthermore, it was 

reasoned that failing to capture a small percentage of the nuclei would bias the results of 

analysis less than improperly segmenting nuclei. Otsu fails to segment the nuclei with the 

lowest fluorescence intensity reaching the detector, which may cause this pipeline to 

overestimate average nuclear fluorescence intensity. However, this effect should apply 

equally to all transformed plants, and plants should still be comparable relative to each 

other. 

 

4.4.3 Fluorescence intensity comparison 

Once the segmentation pipeline was established, it was performed on images of thallus 

tissue from stably transformed plants from five independent transformation events each for 

Agrobacterium​-mediated and biolistic transformation. ROIs generated by the pipeline 

described in the previous section were mapped back to the raw images and the mean 

intensity of each was measured. Images were acquired in one imaging session under 

identical conditions. 476 nuclei were measured from biolistic transformation, 568 from 

Agrobacterium​-mediated transformation.  

 

Data pooled by transformation type 

Results are initially compared between two groups: plants transformed with biolistics and 

plants transformed with ​Agrobacterium​. The mean of mean intensities was 43.8 (of 256, 

arbitrary units) for ​Agrobacterium​-mediated transformants and 102.1 for biolistic 

transformants. The 25th and 75th percentiles for ​Agrobacterium​-mediated transformants 

were 24.4 and 58.5 respectively, compared to 32.3 and 175.5 for biolistic transformants. 

Violin plots were used to visualise the distribution of mean intensity for the two methods of 

transformants, and the results are shown in ​Figure 13​. 
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Fi​gure 13​: 8-bit mean intensity for nuclei transformed with two different methods. Blue 
diamond shows the mean of all points, the width of the plot shows a model of the 
underlying distribution based off a kernel density algorithm. The model distribution is 
truncated at the most extreme data points actually observed. In the raw data, microscope 
settings were established such that all values lie above 0 and below 255, preventing signal 
clipping. 
 

Visual assessment of the violin plots suggests the data are not normally distributed, which 

was confirmed with the Shapiro-Wilk test of normality (  for each) ​[183]​. The 2.2 0  p <  • 1 −22  

data are not normally distributed, hence , the Wilcoxon signed-rank test was used, a 

nonparametric method of comparing means of distributions ​[184]​. The means differed 

significantly ( ). 2.2 0  p <  • 1 −22  

Data for individual transformants 

Results are here analysed by each individual independently transformed line, designated 

Bio1-5 and Agro1-5 after rank-ordering by median fluorescence intensity. Box plots for 

these are shown in ​Figure 14​. The bimodal density distribution of Biolistic nuclei in ​Figure 

13​ is shown to be a result of differing mean fluorescence intensity in independently 

transformed plants. 
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Fi​gure 14​: Distribution of mean nuclear intensities for 5 independently transformed plants 
of ​Marchantia​ transformed by biolistics and ​Agrobacterium​ with the plasmid L2_103, 
shown in red and blue, respectively. Line name designations were chosen in rank order by 
median mean nuclear intensity. Number in parentheses for each line shows the number of 
segmented nuclei. Fluorescence intensity is measured at 8-bit depth for a total of 256 
relative values. 
 

As can be seen from ​Figure 14​, the higher average fluorescence intensity seen in biolistic 

transformation is mostly due to two transformant plants which had exceptionally high 

fluorescence intensity rather than a general trend towards higher expression. Data from 7 

of the 10 transformants imaged failed Shapiro-Wilks normality test, so nonparametric 

methods were used to compare groups. Because a large number of groups are compared, 

Kruskal-Wallis test ​[185]​ was implemented with InStat, which showed significant 

differences between transformants (p < 0.0001). Dunn’s post test ​[186]​ was used to 

calculate which transformants differed significantly from each other, results are shown in 

Appendix C, ​Table 11​. 

 

4.4.4 Discussion 

These data show that average fluorescence intensity and therefore average fluorescent 

protein expression is higher with biolistic transformation than ​Agrobacterium- ​mediated 

transformation, at least for plasmid L2_103 (see ​Table 1​) in thallus tissue of ​Marchantia 
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polymorpha​. However, there is also higher variability between different transformation 

events. Biolistic nuclear transformation is recommended for applications in which a large 

space of transgene expression levels is useful, and ​Agrobacterium​-mediated 

transformation is recommended for reliable generation of a particular expression level. 

 

4.5 Post-bombardment selection 

To the author’s knowledge, all experiments with transplastomic ​Marchantia​ have 

used Spectinomycin at a concentration of 500​ ​μg mL​-1​, but there are no published 

reports comparing tolerance of wild type and transformed spectinomycin resistant 

plants, raising the possibility that a different concentration might be more useful for 

selection. In particular, a higher concentration was desired to reduce the time 

required to differentiate transformants and to achieve homoplasmy. A wide range 

of concentrations was tested for several ​Marchantia ​tissue types for wild type and 

homoplasmic transplastomic plants obtained from Christian Boehm. Because the 

normal timeline for initial selection is 4-5 weeks, plants were maintained on 

selection under constant light for 34 days then imaged.  

4.5.1 Selection results 

Wild type 5-10 day sporelings are the normal input tissue for plastid 

transformation, and growth after 34 days on selection is shown in ​Figure 15​. 
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Fi​gure 15​: WT sporelings spectinomycin resistance. Growth of Wild type Cam1 sporelings 
after 34 days on selection. Numbers in the bottom left indicate the concentration of 
Spectinomycin in​ μg mL​-1​. The default selection concentration is 500 μg mL​-1​. However, 
sporelings were efficiently bleached by concentrations as low as 50​ ​μg mL​-1​. Scale bar 
corresponds to 50 μm. 
 

Gemmae (see section 1.2.1) are an appealing target for transformation due to their 

isogenic nature and relatively consistent shape, and ​Agrobacterium-​mediated 

nuclear transformation of gemma is now possible ​[187]​. Gemmae were transiently 

nuclear-genome transformed via biolistics in this project, suggesting that plastid 

transformation of gemmae may be possible in the future. These data may also be 

useful for the development of Spectinomycin as a nuclear selectable marker. Wild 

type gemmae were completely bleached by 50​ ​μg mL​-1​ spectinomycin (see 

Appendix B, ​Figure 34​) whereas pCS Clo*B gemmae grew at concentrations up 

250 μg mL​-1​, and one of three gemmae survived and grew slightly at 500 μg mL​-1 

(see Appendix B, ​Figure 35​). 
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Agrobacterium​-mediated transformation of ​Marchantia​ thallus has also been 

demonstrated, so thallus Spectinomycin tolerance was assessed for wild type and 

pCS Clo*B plants. In all cases, a thallus fragment approximately 3 mm across was 

cut from a healthy plant and grown on selection for 34 days before imaging. The 

results for wild type plants are shown in ​Figure 16​. PCS Clo*B plants are 

homoplasmic, and no longer require selection to be maintained. Hence, some 

were available for transfer from Petri dishes containing Spectinomycin 500 ​μg mL​-1 

while others were taken from Petri dishes without antibiotic. This allows for a 

comparison of plants with the same genetic levels of resistance but different 

degrees of antibiotic acclimation. pCS Clo*B thallus maintained on spectinomycin 

is shown in ​Figure 17​, pCS Clo*B thallus maintained without antibiotics is shown in 

Figure 18​. 

 

Fi​gure 16​: WT thallus spectinomycin resistance. Some green tissue is present at 50​ μg 
mL​-1​ ​and 100​ μg mL​-1​. ​Numbers in lower-left of each image represent concentration of 
spectinomycin in ​μg mL​-1​. Images taken after 34 days of selection. Scale bar corresponds 
to 100 ​μm. 
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Fi​gure 17​: pCS Clo*B thallus maintained without selection.Numbers in lower-left of each 
image represent concentration of spectinomycin in​ μg mL​-1​. Plants transformed by 
Christian Boehm. Images taken after 34 days of selection. Scale bar corresponds to 1000 
μm. 
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Fi​gure 18​: pCS Clo*B thallus from plants maintained on spectinomycin 500 ​μg mL​-1​. 
There is growth up to 1000​ μg mL​-1​, and even at 5000 μg mL​-1​ small sections of living 
tissue remain.​ Numbers in lower-left of each image represent concentration of 
spectinomycin in ​μg mL​-1​. Transformed by Christian Boehm. Images taken after 34 days of 
selection. Scale bar corresponds to 1000 ​μm. 
 

4.5.2 Discussion 

Selection was very efficient on gemmae and sporelings even at 50​ ​μg mL​-1 

spectinomycin, the lowest concentration tested. Resistant plants from previous 

experiments demonstrate good resistance at 500​ ​μg mL​-1​, and those which were 

maintained on selection show resistance at much higher concentrations. Among 

the thallus experiments, the difference observed between pCS Clo*B thallus 

fragments maintained on Spectinomycin and those maintained without antibiotics 

is interesting. Plants which had been maintained on Spectinomycin demonstrated 

tolerance at more than three times the highest concentration of plants maintained 

without antibiotics. This is a surprising find in light of the fact that the plants were 
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previously confirmed to be homoplasmic. These data indicate some degree of 

environmentally-mediated acclimation in addition to the genetic component of 

spectinomycin resistance mediated by ​aadA​. 

 

For sporelings, these validate 500​ ​μg mL​-1​ ​as a reasonable selection concentration 

- resistant transformants are still recovered at an acceptable frequency, but plants 

are being exposed to at least ten times the lethal concentration, minimising the 

odds of false positives. However, the complete bleaching of wild type sporelings at 

much lower concentrations suggests less stringent selection could be used. A 

tiered approach could also be adopted where a low concentration is used initially 

to eliminate untransformed plants, then a higher concentration is used to 

encourage homoplasmy during the later stages of the selection process. 

 

The data generated for thallus and gemmae may prove useful for determining 

selection conditions for transformations of these tissue types, either through 

Agrobacterium-​mediated transformation or biolistic transformation of the nuclear or 

plastid genome. Because nuclear transformation usually results in lower 

expression of foreign protein (as discussed in section 1.3.2), a lower concentration 

spectinomycin selection is advised. 
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Chapter 5: Transplastomic gene expression 

At the beginning of this project, the only available construct for fluorescent protein 

expression from the ​Marchantia ​plastome was pCS Clo*B, the construct used in 

Boehm ​et al.​ 2016 ​[112]​. However, upon the assembly of the Cam-1/2 plastome, it 

became clear that the homologous regions used in this plasmid lacked complete 

homology to the wild type ​M. polymorpha​ plastome, which may have contributed to 

the irreproducibility of previous transformations protocols in the laboratory and the 

lower efficiencies. In particular, the homologous regions used included 4 small 

insertions or deletions. Of these, one would cause a frameshift mutation in ​psbC,​ a 

gene critical for photosystem function. Transformed plants were never sequenced, 

but this possible mutation could explain the lower fluorescence intensity shown by 

this construct compared to L2_355, a nearly equivalent construct produced in this 

project with corrected homologous regions. 

 

A modular toolkit of parts with characterised properties is essential for practical 

applications of plastid transformation technology. This project focused on the 

development and characterisation of promoter 5’ UTR combinations that result in a 

range of protein accumulation levels. Such genetic parts are a necessary 

prerequisite to metabolic engineering applications, and the high degree of 

plastome conservation among land plants suggests the knowledge gained will 

readily transfer to crop species. 

 

5.1 Loop Assembly 

Type IIS assembly is a relatively new method of DNA assembly that offers 

substantial benefits over traditional restriction enzyme cloning. The two principal 

benefits are the use of a one-pot digestion-ligation reaction and the ability to 

generate arbitrary ‘sticky overhangs’. The digestion-ligation reaction eliminates 

many of the fragment purification steps required in traditional cloning, and the 

arbitrary nature of the overhangs makes the technique ‘quasi-scarless’ and has 

facilitated the proliferation of DNA assembly standards that allow for simple 

sharing and reuse of parts. Loop Assembly is a particular Type IIS assembly 

system developed by Bernardo Pollack and Fernan Federici which was used in 

this project. 
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5.1.1 Type IIS assembly systems 

Restriction enzymes are endonucleases that cleave both pentose phosphate 

backbone strands of dsDNA in a predictable, sequence-specific fashion. They 

form the basis for most forms of cloning and DNA assembly (reviewed in ​[188]​). 

Some cleave each backbone at the same location, resulting in ‘blunt ends’, 

whereas others cleave one backbone several base pairs offset from the other 

backbone, resulting in ‘sticky overhangs’. In traditional cloning, these sticky 

overhangs are comprised of a characteristic sequence, such as for theTAAT  

enzyme EcoRI ​[189]​. Two DNA sequences cut with the same enzyme have 

complementary sticky overhangs, which allows for hybridisation by hydrogen 

bonding if they are mixed under the proper conditions. A ligase can then join the 

pentose phosphate backbones, resulting in a new sequence comprised of the two 

sequences joined in series, with a small ‘cloning scar’ whose sequence is 

determined by the restriction enzyme used. Traditional cloning workflow to join two 

sequences usually consists of using PCR to add the same restriction enzyme 

recognition site to each sequence, digestion of both sequences in separate 

reactions, fragment purification in separate reactions, and mixing the appropriate 

fragments for ligation. Because only a limited number of restriction enzymes are 

known, design is constrained by cleavage sequence, resulting in cloning scars. 

 

Fi​gure 19​: Schematic of a Type IIS 
restriction enzyme. Here BsaI is used as 
an example. It binds the sequence 
underlined in red, and hydrolises both 
strands of the pentose phosphate 
backbone along the line shown in blue. 
  

 
Type IIS restriction enzymes have 

the special property that their 

recognition sequence doesn’t overlap 

with their endonucleolytic function. 

Instead, they consist of a 

sequence-specific binding domain 

and a non sequence-specific 

nucleolytic domain, which always 

digests DNA a fixed nucleotide 

distance from the binding domain 

recognition sequence, as shown in 

Figure 19​. 
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In contrast to traditional cloning methods, Type IIS assembly allows for the 

generation of arbitrary ‘sticky overhangs’, the sequence composition of which is 

not determined by the restriction enzyme used. As a result, DNA fragments can be 

joined in a specific order using a simple three step workflow diagrammed in ​Figure 

20​: type IIS primer design, traditional PCR and purification, and the one-pot, 

one-step, digestion-ligation reaction. 

 

Fi​gure 20​: Overview of Type IIS assembly. Here sequence A and sequence B are joined 
in the order AB.Each sequence is amplified by PCR with primers that contain two extra 
regions on the 5’ end: a Type IIS enzyme recognition site (here BsaI, recognition sequence 
shown as red underline) and an arbitrary 4 base ‘sticky overhang’ (here GGAG, blue 
underline). Standard PCR and PCR product purification is then performed, resulting in 
dsDNA with these additional regions, designated α and β. Finally, a one-pot, one-step, 
digestion-ligation reaction is performed. Ligation is thermodynamically favored, and all 
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undesired ligation products are re-digested, resulting in efficient yield of the desired 
product.  
 

The use of Type IIS restriction enzymes eliminates the sequence specificity of 

sticky overhangs, which allows for the design of any cloning scar. Because any 

scar can be used, Type IIS assembly is called “quasi-scarless.” Many Type IIS 

enzymes generate 3 or 4 base pair sticky overhangs, for a total of 64 or 256 

possible overhangs which can be used. Efficient Type IIS modular cloning systems 

include Golden Gate ​[190]​, MoClo ​[191]​, Golden Braid ​[192]​, and Loop Assembly 

[161]​. 

 

Type IIS assembly systems have facilitated creation of a common standard of 

sticky overhangs used for particular types of genetic parts, referred to as common 

syntax ​[193]​. Common syntax means the overhangs used in DNA assembly are 

determined by the biological function of the DNA. For example, promoters are 

always cloned with a 5’ overhang of . The common syntax is illustrated inGAGG  

the top three lines of ​Figure 21​. The benefit of such standards is that parts can be 

easily exchanged and reused. They can also be assembled in a combinatorial 

fashion - for example, with two promoters, two 5’ UTRs, two coding sequences, 

and two 3’ UTR/terminators, 16 unique synthetic constructs can be rapidly 

assembled because parts are natively cross-compatible with each other. This 

proliferation of standards for exchange of parts is an integral component of the 

Synthetic Biology movement, which is bringing concepts like standardisation and 

modularity from engineering disciplines to molecular biology ​[194]​. 

 

5.1.2 Loop Assembly 

Loop Assembly is a recursive Type IIS assembly system that alternates between 

two restriction enzymes and two classes of vectors ​[161]​. The restriction enzymes 

are BsaI which generates four base 5’ overhangs (as shown in ​Figure 19​) and 

SapI which generates three base 5’ overhangs. Vectors are numbered 

sequentially starting from 0 by complexity, and are divided into two classes, even 

and odd. Level 0 parts (line 1 or 2 in ​Figure 21​) are created by digestion with SapI 

with BsaI recognition sites flanking the part. BsaI can then be used to bring a 

complete set of level 0 parts (spanning the entirety of line 1 or 2 in ​Figure 21​) into 

80 

https://paperpile.com/c/AFN5sX/yzirX
https://paperpile.com/c/AFN5sX/GzWvM
https://paperpile.com/c/AFN5sX/5CZd
https://paperpile.com/c/AFN5sX/gAUyy
https://paperpile.com/c/AFN5sX/MFgjG
https://paperpile.com/c/AFN5sX/tKCX
https://paperpile.com/c/AFN5sX/gAUyy


a Level 1 part, termed a transcriptional unit (line 3 in ​Figure 21​). SapI is used to 

bring four Level 1 parts into a Level 2 part, the largest used in this work.  

 

Fi​gure 21​: ​Common syntax and loop overview. Line 1 shows common syntax overhangs 
as defined in ​[193]​, overlaid with Synthetic Biology Open Language Visual symbols for 
promoter, ribosome binding site, coding sequence, and terminator ​[195]​. Line 2 shows the 
same with compound parts to reduce complexity. Parts of the size of either of these lines 
are designated Level 0 parts. Line 3 shows a Level 1 part, or full transcriptional unit. Line 4 
shows how four transcriptional units are combined in an ordered fashion to construct a 
Level 2 part TU 1-4 here correspond to positions 1-4 in ​Table 1​. The backbone pUAP_Chlo 
was designed and assembled by Eftychios Frangedakis. 
 
The recursive nature of Loop Assembly means that Level 2 parts can be digested 

with BsaI to combine 16 transcriptional units in a Level 3 part, which could be 

digested again with SapI to create a Level 4 part with 64 transcriptional units. 

 

5.2 Construct design  

A focus of this project was laying a scalable foundation for future engineering 

efforts, which began with a modular and reconfigurable genetic toolbox. In 

preparation for possible future experiments with super-transformation, four 

intergenic regions for insertion were selected based on what had been 

successfully used in other land plant species (see ​Figure 4​). For each insertion 

location, two 1.5 kb homologous regions were cloned from the wild type Cam1 

plastome, one on each side of the insertion site. These homologous regions were 

then standardised as transcriptional units 1 and 4 for level 2 assembly based on 
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the Loop Assembly standards (see ​Figure 21​ for overhang standards and ​Table 1 

for construct details) ​[161]​. Level two plasmids contain four transcriptional units, 

leaving two open spaces for transgene insertion. Hybrid level vectors would allow 

for a higher number of transcriptional units to be inserted if desired.  

 

Two ​M. polymorpha ​plastome codon optimised fluorescent proteins were prepared 

as Loop-compatible parts, ​mturq2cp ​and ​mVenuscp​, coding for the fluorescent 

proteins mTurquoise2 ​[196]​ and mVenus ​[197]​. These fluorescent markers were 

selected for their spectral separation, which allows for accurate analysis of each 

individually in future experiments where both might be integrated. For this project, 

only constructs expressing ​mturq2cp​ were used. The final position in the level 2 

plasmids is filled with the selectable marker ​aadA​, which confers resistance to 

Spectinomycin. The tRNA-G/tRNA-M intergenic insertion site and the RNA 

polymerase operon insertion site were prioritised for level 2 construct assembly. 

For the tRNA-G/tRNA-M insertion site, a variety of promotor/5’ UTR constructs 

were assembled in the ​mturq2cp​ transcriptional unit. RNA operon insertion site 

was chosen in an effort to obtain expression of transgenes from a polycistronic 

mRNA comprised primarily of the native RNA operon, but as proof of principle for 

that insertion location constructs using the same promoter and 5’ UTR elements 

as were used in the tRNA-G/tRNA-M constructs. 

 

L2_360 and L2_361 (see ​Table 1​) were generated and successfully transformed 

recently and are not included in the primary analysis. However, preliminary 

analysis with LSCM indicated that L2_360 produces high levels of cyan 

fluorescence, as shown in ​Figure 22​. 
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Fi​gure 22​: ​Preliminary demonstration of fluorescence in L2_360 as compared to WT plants 
and L2_355. Instrument settings held constant for all images. Scale bar corresponds to 20 
μm. 
 

5.3 Fluorescent protein expression 

Fluorescent proteins derived from GFP have been a mainstay of molecular biology 

research since discovery of the protein in 1962 ​[198]​ , and have proven to be 

useful for a wide variety of experimental techniques ​[199]​. The generation of 

plastome-expressed fluorescent markers of various strengths was a major focus of 
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this thesis, both for their instrumental value as markers and for insight into the 

genetic requirements for high and low protein accumulation in transplastomic 

Marchantia​. Here three new promotor-5’ UTR combinations are compared against 

wild type plants and homoplastic PCS Clo*B plants, the fluorescently labeled 

plants first generated by Boehm ​et al.​ ​[112]​. 

 

Transplastomic plants were grown without selection until the generation of gemma 

(see section 1.2.1). Three gemmae each per gemma cup were imaged with LSCM 

for quantification of the fluorescent reporter gene expression. The overall rationale 

and strategy is the same as outlined in section 4.4.1, though the specific details of 

the image analysis pipeline are slightly different. 

 

5.3.1 Image analysis optimisation 

The pipeline optimised for nuclear fluorescence was initially attempted on these 

images, but produced unsatisfactory results. In particular, the process failed to 

segment the majority of the plastids, whether attempted with the chlorophyll 

autofluorescence channel or the cyan channel, as shown in ​Figure 23​. 
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Fi​gure 23​: Results of nuclear segmentation pipeline applied to plastid fluorescence 
images. Top row shows the raw images, middle row shows the chlorophyll 
autofluorescence channel after local contrast enhancement, local thresholding, and ROIs 
mapped against the raw image. Bottom row shows cyan fluorescent channel after local 
contrast enhancement, local thresholding, and ROIs mapped against the original image. 
Red outline indicates segmented images, neither of which was seen as acceptable. Scale 
bar corresponds to 20 ​μm. 
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This micrograph is of a plant transformed with L2_355, and will serve as the 

example image for optimising the pipeline. All images in this dataset image are 

maximum projection LSCM micrographs comprised of two 8-bit channels 

corresponding to cyan fluorescence and chlorophyll autofluorescence, 

pseudocoloured blue and red, respectively. They have a resolution of 1024 by 

1024 pixels, 15 Z slices, ΔΖ < 0.8 μm. ​The poor performance of the nuclear 

segmentation pipeline on the plastid fluorescence test image necessitated 

development of a new pipeline, diagrammed in ​Figure 24​. The optimised pipeline 

consists of image acquisition, channel separation, image smoothing, local 

thresholding, Watershed, mapping ROIs back to raw image, and measurement 

and analysis of ROI characteristics. 

 

 

Fi​gure 24​: Schematic of plastid segmentation pipeline. Steps 4-6 occur on a duplicate 
channel which is only used for segmentation and is not directly measured. Step 7 is shown 
at higher magnification for illustration purposes only, region shown corresponds to the blue 
circle in step 3. 
 

Experimentation with a variety of segmentation pipelines available through ImageJ 

functions and plugins revealed the noise in the dataset to be a major limiting factor 

in analysis, and as such the CLAHE algorithm which increases local noise was 

eliminated from the pipeline. The signal to noise ratio was higher for the 
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chlorophyll autofluorescence channel than the cyan channel, so it was used for all 

further segmentation attempts. The binary outputs of the nine auto local 

thresholding algorithms in available in Fiji are shown in ​Figure 25​. 

 

 

Fi​gure 25​: Local thresholding algorithms on the plastid fluorescence micrographs, 
chlorophyll channel. The ‘salt and pepper’ thresholding problem is apparent for most 
algorithms, including Otsu. Blue outline indicates algorithms selected for further analysis. 
 
Thresholded images from every algorithm except Sauvola have a substantial 

number of blank pixels within plastids, which prevented automatic particle 
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detection with “Analyze particles”.​ This prevents successful segmentation because 

each region of interest is broken into multiple areas. Edge definition and hole-filling 

functions were explored, but did not resolve the issue. Global thresholding 

algorithms were also attempted, but none generated improved results.  

 

Sauvola and Phansalkar local thresholding algorithms were selected as the most 

promising candidate algorithms for plastid segmentation. Sauvola thresholding 

was originally designed to threshold scanned text documents for archival purposes 

[200]​. It functions by tiling small windows across the image to classify the image 

into regions of sharply defined edges (text, in the original implementation) and 

regions of poorly defined edges (non-text, in the original implementation). Areas 

identified as text have thresholds set in a small local region whereas regions 

identified as non-text are thresholded based on a global algorithm. Phansalkar 

thresholding is a modification of Sauvola thresholding that has higher sensitivity for 

low values of local pixel intensity standard deviation, and was developed 

specifically for segmentation of fluorescence micrographs ​[201]​. 

 

Using these thresholds on raw images for ROI selection resulted in problems due 

to the small scale spatial noise, so images were pre-filtered with the Smooth 

function and thresholded with the two candidate algorithms, as shown in ​Figure 

26​.  
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Fi​gure 26​: Effects of smoothing on thresholding. Images were smoothed zero, one, two, or 
three times, then thresholded with either Phansalkar or Sauvola auto local thresholding 
algorithms. Blue outline indicates parameters selected. ​Scale bar corresponds to 20 ​μm. 
 

The Smooth function replaces each pixel with the average value of its pixel 3 • 3  

neighborhood, effectively blurring the image. This processing can be useful for 

segmentation as long as the pixel neighborhood is smaller than the objects of 3 • 3  

interest, and results in more accurate segmentation. From inspection and 

comparison to the raw images, two iterations of Smoothing and the Phansalkar 

algorithm was selected as the most accurate method of segmentation. However, 

some plastids are merged by this algorithm, necessitating some form of splitting of 

separate plastids. This was achieved with Watershed segmentation and restriction 

of possible ROI shapes, as shown in ​Figure 27​. Watershed segmentation 

functions by seeding local minima of pixel intensity with “water” which is then 

slowly raised ‘up’ the surrounding values of pixel intensity until all watersheds 

meet. The lines where different watersheds meet each other are then used for 
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segmentation ​[202]​. Here it is applied on binary images, which causes the division 

of regions based on the location of narrow points and inlets, many of which are the 

locations of two plastids being segmented one hourglass-shaped region. 

 

Fi​gure 27​: Effect of Watershed algorithm and shape restrictions on ROI generation. Arrows 
show problematic segmentation, circles prominent plastids not selected as ROIs, triangles 
show multiple plastids segmented as one ROI. Blue outline indicates parameters selected. 
Scale bar corresponds to 20 ​μm. 
 

ROI limits of 10-50 μm​2​ and circularity 0.5 - 1.0 were selected for analysis of the 

whole dataset. Analysis was executed with a custom Fiji macro included in 

Appendix A. The finalised pipeline is shown in ​Figure 28​, with an example image 

demonstrating accuracy of segmentation. 
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Fi​gure 28​: Steps of finalised plastid fluorescence quantification pipeline with example 
image of step 8. Steps 4-7 are performed on a mask channel generated by duplication of 
the chlorophyll channel, mask channel is then discarded and raw images used for 
measurement. Image is a larger version of panel with blue outline in ​Figure 27​. ​Scale bar 
corresponds to 20 ​μm. 
 

5.3.2 Transplastomic construct comparison 

Mean cyan fluorescence intensity for all segmented ROIs shown in ​Figure 29​. 
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Fi​gure 29​: Plastid cyan fluorescence. This is the primary dataset, where for each column 
three gemmae were imaged from each line, two per construct except in the case of pCS 
Clo*B, where only one was available. Dark grey, light blue, green, grey, and purple 
correspond to wild type, L2_352, pCS Clo*B, L2_354, and L2_355 transplastomic plants, 
respectively. Numbers in parentheses indicate number of ROIs analysed. 
 

The distribution of cyan fluorescence data within each line failed normalcy tests 

(see appendix C, ​Table 12​ for Shapiro-Wilks normality test statistics ​[183]​ and 

Figure 38​ quantile-quantile plots to visually assess normality). Therefore 

nonparametric statistical tests were used to compare between transformants. 

Kruskal-Wallis test ​[185]​ across all transformants was significant (p < 0.0001), so 

Dunn’s post test ​[186]​ was implemented using Graphpad InStat. Post test showed 

statistically significant differences between each construct transformed (all p < 
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0.001, see Appendix C, ​Table 13​). The analysis was repeated with a new set of 

micrographs generated from plants still on selection with spectinomycin 100 μg 

mL​-1​, with comparable results (for raw fluorescence dataset from plants maintained 

on spectinomycin 100 μg mL​-1​, see ​Figure 40​, for box and whisker plot similar to 

Figure 29​, see ​Figure 39​, for table of confidence intervals, see ​Table 14​).  

 

5.3.3 Correlation between chlorophyll and cyan fluorescence 

 

Fi​gure 30​: Correlation between chlorophyll 
intensity and cyan intensity in pCS Clo*B. Each 
point represents a single segmented plastid. See 
Appendix B, ​Figure 37​ for similar plots 
representing other genotypes. 

  

 
In each individual field of view and 

each line, there was a positive 

correlation between chlorophyll 

autofluorescence and cyan 

fluorescence, as shown in ​Figure 30​. 

One explanation is that plastids 

nearest the objective suffer less 

attenuation of light through 

absorption and scattering for both the 

excitation and emission light, 

resulting in the plastids in the highest 

Z planes being imaged with the 

highest intensity. Alternatively, the 

correlation could be caused by ROIs 

that exceed the boundaries of the 

plastid, artificially decreasing mean 

intensity for chlorophyll and cyan 

channels in tandem. 

 

As an exploratory test between these hypotheses, Z stacks of image chlorophyll 

channels were loaded into Fiji and the lookup table coded to depth using 

Hyperstack using temporal colour-code. Plastid chlorophyll intensity was then 

measured and the 10 ROIs with the highest fluorescence intensity and 10 ROIs 

with the lowest fluorescence intensity were marked. The results are shown in 

Figure 31​. 
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Fi​gure 31​: Depth-mapped Z stack with ‘fire’ lookup table, shown on right. Purple indicates 
highest Z slices closest to the objective, yellow-white indicates the lowest slices furthest 
from the objective. White circles mark the 10 ROIs with the highest fluorescence intensity 
as measured by mean pixel intensity, triangles mark the 10 ROIs with the lowest 
fluorescence intensity. Image is of L2_354, and was selected by eye as having the flattest 
epithelial surface of the available images. Scale bar corresponds to 20 ​μm. 
 

The plastids measured as having the highest fluorescence intensity all stand out 

by having the highest Z position of plastids in their immediate region, indicating 

these plastids are on the epithelial surface of the sample. The plastids with the 

lowest measured fluorescence intensity have the opposite tendency, and cluster 

towards the bottom of the Z stack. This analysis suggests the pipeline could be 
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improved by either imaging only plastids closest to the surface or by correcting for 

plastid depth within the sample. This could be accomplished by generating a 

model for sample depth-associated signal attenuation, which could be derived 

empirically from studies of average fluorescence by depth, as demonstrated in a 

proof of principle here. 

 

5.3.4 Discussion 

Fluorescence intensity in transplastomic plants with the same fluorescent protein 

regulatory elements shows some variance between independently transformed 

plants, and significant variance within a single image. Some of this variance is no 

doubt biological in nature, and some arises from the process of image acquisition. 

Comparison of a larger number of independently transformed plants is the best 

solution to the former, and normalisation for the depth of each plastid within the 

sample may reduce the latter. Despite the variance, the large sample size enabled 

by automated image processing allows for strong statistical conclusions to be 

drawn regarding the relative fluorescence intensities.  

 

L2_355 has the highest fluorescence intensity, markedly higher than pCS Clo*B. 

This is surprising given that both are driven by the ​NtpsbA​ promoter and 5’ UTR. 

In light of the discovery of substantial biological variance between transplastomic 

plants, it is possible that the line of homoplastic pCS Clo*B plants imaged were on 

the low end of said variance. It is also possible that the mismatches in the 

homologous regions of pCS Clo*B caused mutations in the plastome which are 

causing an additional phenotype or compromising plastid transcriptional or 

translational function. L2_354 consistently shows comparable expression to PCS 

Clo*B, validating ​Mpprrn​ promoter 5’ UTR combination as the first native 

regulatory elements reported to be used in transplastomic ​Marchantia​. L2_352 

results in the lowest expression levels, demonstrating only slightly higher 

fluorescence than background. ​MppsbA ​promoter and 5’ UTR result in low but 

detectable protein accumulation, which may be useful for reducing metabolic strain 

in engineering applications. 
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Chapter 6: Conclusions 

The primary accomplishments of this thesis are the generation of a better ​M. 

polymorpha​ plastome assembly, optimisation of plastid transformation protocols, 

and the ​in vivo​ analysis of several novel constructs. Each of these will prove useful 

for future plastome engineering work in the model chassis ​M. polymorpha​, and 

should also have a high degree of transferability to plastid engineering in other 

plants due to the high levels of plastome conservation. 

 

6.1 Plastome assembly 

This project resulted in the first ​Marchantia polymorpha​ strain Cam plastome 

assembly, which is annotated, complete, and circular. The assembly has been 

partially validated by Sanger sequencing, and is closely mirrored by the recently 

published Kit-2 plastome assembly. This resource is necessary for future efforts to 

engineer the plastome of the Cam strain of ​Marchantia polymorpha​, and has been 

submitted to GenBank. Due to the gene-dense nature of the plastome, correct 

genome assemblies are important to prevent the accidental introduction of 

mutations. Furthermore, the efficiency of homologous recombination is sensitive to 

even small amounts of non-homology between donor and recipient DNA ​[159]​. 

Accordingly, homologous regions used in plastid transformation vector design 

must be prepared from an accurate plastome assembly for the specific strain in 

question. The plastome assembly validation process also resulted in the cloning of 

several homologous regions which are now available as Loop-compatible parts, 

allowing for the generation of plastid transformation vectors which integrate foreign 

DNA in new loci never reported in ​Marchantia​.  

 

6.2 Transformation optimisation 

6.2.1 Plastid Transformation 

This work presents the most systematic optimisation of ​Marchantia​ plastid 

transformation published to date. The result is a simpler and faster protocol, which 

has already been demonstrated to work both in my hands and in the hands of my 

colleague Dr. Eftychios Frangedakis, whereas the prior laboratory protocol had not 

worked for either of us. I developed transient nuclear transformation as a rapid 
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assay for DNA delivery, and have demonstrated transient transformation of 

several tissue types which have never been reported to be transformed. The 

optimised protocol is also substantially faster than the initial protocol taken from 

Boehm ​et al. ​2016 ​[112]​, as shown in ​Figure 32​. 

 

Fi​gure 32​: Comparison of initial (left column) and optimised (right column) protocols for 
Marchantia​ plastid transformation.  
 

6.2.2 Biolistic nuclear transformation 

I have compared the phenotypes of ​Marchantia​ transformed via different 

techniques in the nuclear genome. The results obtained here suggest that biolistic 

nuclear transformation results in substantially higher variance in expression levels 

compared to ​Agrobacterium-​mediated transformation. This finding should guide 

the transformation technique used in future projects, with ​Agrobacterium​ used 
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when consistency is desired between independently transformed plants, and 

biolistic nuclear transformation used to explore a larger phenotypic space. 

  

6.3 Transplastomic gene expression 

In collaboration with Eftychios Frangedakis, I generated a toolkit of ​Marchantia 

plastome-specific genetic Level 0 parts using Type IIS assembly which can be 

reused and recombined in a combinatorial manner. Included among these parts 

are two fluorescent markers, one selectable marker, sixteen promoters, three 

terminators, and homologous regions for four integration loci in the wild type 

Marchantia​ plastome. From these I assembled twelve Level 2 plastid 

transformation vectors, of which seven were successfully integrated into 

Marchantia​ sporelings. Included among these successfully transformed constructs 

are three which integrate in a new locus in the plastome, which have 

demonstrated fluorescence but not have been extensively quantified.  

 

I generated a family of constructs that insert at the same locus, and phenotypically 

characterised the constructs by means of a semi-automated image analysis 

pipeline. This image analysis pipeline was extensively optimised, and allows for 

comparison of fluorescent protein expression levels, which can be used in relative 

terms as a proxy for arbitrary foreign protein accumulation levels for 

transplastomic genes. Compared to pCS Clo*B, the only previously reported 

plastome-expressed fluorescent marker in ​Marchantia​, new constructs were 

generated with both higher and lower fluorescence intensity. 

 

6.4 Potential applications 

The work described here primarily consists of improving available tools. With the 

products of this thesis available, ​Marchantia​ should become a more attractive 

chassis for chloroplast genetic engineering. ​Marchantia​ is useful both as a rapid 

testbed for plastid engineering of higher plants and as a production platform. 

 

Despite the technical feasibility of plastid transformation for nearly three decades, 

no transplastomic crops have yet become commercially available ​[203]​. The 

primary reason for this was the recalcitrance to plastid transformation in many crop 
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species, a limitation that is beginning to be broken down with recent successes in 

transforming the plastids of maize ​[204]​ and rice ​[205]​. These new protocols open 

the door to commercialisation of transplastomic crops, which may be more 

acceptable to the public than current transgenic crops due to the transgene 

containment offered by plastid transformation. However, the transformation 

protocols for crop species remain technically difficult, low efficiency, and very slow 

- usually requiring several months of selection. ​Marchantia ​offers a faster testbed 

for the analysis of synthetic gene circuit behaviour before investing the time and 

effort of plastid transformation in crop species. The high degree of plastome 

sequence conservation suggests insight gained from ​Marchantia​ plastid 

engineering will be applicable to higher plant plastid engineering. 

 

Marchantia​ itself may provide a useful platform for biosynthesis of high value 

products. The most promising high value compounds to commercially synthesise 

in ​Marchantia​ or related plants is terpenoids. Terpenoids comprise a highly diverse 

group of chemicals primarily synthesised by plants, and have applications as 

flavours, medicines, fragrances, and renewable polymers (reviewed in ​[206]​). 

Terpenoids tend to include many chiral carbons, and their stereochemistry is 

highly specific in nature ​[207]​. The structural variety and stereo-specificity of 

terpenoids makes them difficult and inefficient to produce with organic chemistry 

methods ​[208]​. As a result, many commercially available terpenoids such as 

artemisinin are extracted from wild plants, leading to high and volatile prices ​[209]​. 

In particular, many valuable terpenoids can be produced through the 

non-mevalonate pathway, which takes place in plastids ​[210]​. Production of high 

value products through transplastomic plants is therefore of considerable 

commercial interest ​[211]​. 

 

The methods developed in this thesis simplify the process and increase the 

efficiency of plastid transformation in ​Marchantia, ​which will facilitate its use as a 

rapid-prototyping chassis. Furthermore, this project generated the required genetic 

components to integrate transgenes in several novel locations, and demonstrated 

successful transgene integration in one of those. This opens the possibility of 

stacking multiple transgenic constructs through co-bombardment with a transiently 

expressed resistance marker ​[212]​, co-bombardment with multiple synthetic 

constructs and selection ​[213]​, or selectable marker removal and bombardment of 
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transplastomic marker-free plants ​[214]​. These techniques are only possible with 

the availability of homologous regions for multiple insertion locations. To the 

author’s knowledge this is the first report of the generation or use of a genetic 

toolkit with multiple homologous regions in ​Marchantia​. 

 

6.5 Closing remarks 

The work described here laid the foundations for plastome engineering in 

Marchantia polymorpha​ by generating a high-quality plastid genome assembly, 

optimising a transformation protocol, and developing novel constructs that confer 

higher expression levels than previously reported. Taken together, these results 

comprise a significant contribution to the field of plastid engineering in nonvascular 

plants, a historically neglected taxonomic group with several interesting 

applications for synthetic biology research. 
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Appendix A: Selected code 

This appendix contains a minimal set of code that should be sufficient to recreate 
the analyses in this thesis.  
R code 
read.delim(file.choose(), header=T) 
 
#determine quantiles 
quantile(data) 
 
# T test to compare samples 
t-test(data1, data2) 
 
#generate violin plots 
ggplot2.violinplot(data, plot parameters) 
 
# boxplot generation 
boxplot(data1,data2, plot parameters) 
 
#variance of data 
var(data) 
# standard deviation is sqrt of variance 
# Shapiro-Wilks test to assess normality 
shapiro.test(data) 
 
#Pearson's product-moment correlation 
cor.test(data1, data2) 
 
#qqnorm plot matrix 
# used to visually assess normality of data 
graphics.off() 
par(mfrow=c(3,3), mar=c(1,1,1,1), mai = c(0.35, 0.28, 0.2, 0.2)) 
qqnorm(san[,1], main = 'WT Plant 1', pch= 20, xlab=NA, cex.main=1.5, 
cex.lab=1.5) 
# repeat above line with other data to fill the remaining 8 plots 
 
#density plot matrix 
# kernel density plot combines a histogram with a model of the population 
distribution 
# it is a model of histogram shape with arbitrarily large sample and arbitrarily small 
bins 
graphics.off() 
par(mfrow=c(3,3), mar=c(1,1,1,1), mai = c(0.35, 0.28, 0.2, 0.2)) 
plot(density(san$WT_Plant1, na.rm=TRUE), main='WT Plant 1', xlim = c(0,8), 
cex.main=2) 
#repeat above line with other data to fill the remaining 8 plots 
 
#correlation of cyan and chlorophyll fluorescence intensity paired by plastid 
imaged 
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# axis limits are not specified, so don't compare between plots too much 
graphics.off() 
par(mfrow=c(3,3), mar=c(1,1,1,1), mai = c(0.35, 0.28, 0.2, 0.2)) 
plot(scatters$WT.1.turq, scatters$WT.1.chl, main = 'WT Plant 1', pch=16) 
# 
repeat above line with other data to fill the remaining 8 plots 
Fiji Macro for plastid segmentation 
run("Duplicate...", " "); 
run("Smooth"); 
run("Smooth"); 
run("Auto Local Threshold", "method=Phansalkar radius=15 parameter_1=0 
parameter_2=0 white"); 
run("Invert LUT"); 
# LUT = lookup table 
run("Watershed"); 
run("Analyze Particles...", "size=10-50 circularity=0.50-1.00 display exclude clear 
add"); 
run("Clear Results"); 
close(); 
roiManager("Measure"); 
String.copyResults(); 
run("Clear Results");  
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Appendix B: Supplemental micrographs 

 
Fi​gure 33​: Additional controls for ​Figure 6​, not shown in the main document to allow for 
better comparison of DNAdel + SYBR and DNAdel + SYBR + DNA. Transmitted light 
channel is inverted. Where pseudocolouring is used, Glass indicates an empty slide, note 
the patch of transmitted light in the top left corner which is reproduced in all images and 
must come from the instrument itself. DNAdel DNA indicates DNAdel particles loaded with 
DNA. DNAdel DNA SYBR is included in ​Figure 6​, and indicates DNAdel particles loaded 
with DNA loaded with SYBR safe. The rightmost column shows the two channels 
separately, with a red outline indicating transmitted light and green outline indicating SYBR 
safe fluorescence. SYBR indicates SYBR safe stain added to slide alone. DNAdel 
indicates DNAdel beads added to slide alone. DNAdel SYBR indicates DNADel beads with 
SYBR safe, its composite channels are shown separately in ​Figure 6​. 
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Fi​gure 34​: WT gemmae spectinomycin resistance. Numbers in lower-left of each image 
represent concentration of spectinomycin in ​μg mL​-1​. Scale bar corresponds to 50 μm. 
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Fi​gure 35​: pCS Clo*B gemmae spectinomycin resistance. pCS Clo*B gemmae (generated 
by Christian R Boehm) after 34 days on selection. Numbers in lower-left of each image 
represent concentration of spectinomycin in ​μg mL​-1​.​ Images taken after 34 days of 
selection. Three gemmae were tested at each concentration. At 500 ​μg mL​-1​, two died but 
one grew at a low rate. Plants exhibit a “crunched” phenotype when agitated by 
Spectinomycin, which is most apparent in the live plant at 500 μg mL​-1​. ​Plants vary 
significantly in size, so different magnifications are present in different panels. For 
concentrations 0-250 ​μg mL​-1​, scale bar corresponds to 1000 μm. For 500 ​μg mL​-1​, left 
scale bar corresponds to 200 μm. All other scale bars correspond to 50 μm. 
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Fi​gure 36​: Output images of CLAHE algorithm with a range of histogram bin numbers. Blue outline 
indicated parameters selected. Scale bar corresponds to 20 ​μm. 
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Appendix C: Supplemental data and tables 
Table 10​: Summary of tissue types transformable with biolistic and 
Agrobacterium-​mediated DNA delivery. Single, double, and triple asterisks indicate low, 
medium, and high efficiency, respectively. Letters indicate first report of transformation 
type. A = ​[65]​, B = ​[82]​, C = ​[84]​, D = ​[187]​, E = ​[81]​, F = ​[215]​, G = this thesis, transient 
transformation. 

Tissue Type Nuclear 
Agrobacterium​-mediated 
transformation 

Nuclear Biolistic 
transformation 

Plastid 
transformation 

5-8 day sporelings ***A ***B **C 

30 day sporelings No **G No 

0-3 day gemmae **D *G No 

14 + day thallus ***E *F No 

 
 
 
Table 11​: Statistical differences between fluorescence intensity of individual nuclear 
transformants. All plants transformed with L2_103, transformants designated Bio1-5 were 
transformed with biolistics, transformants designated Agro1-5 were transformed with 
Agrobacterium​. Significance testing with Dunn’s post-test is shown. NS indicates 
nonsignificant difference, * indicates p < 0.05, *** indicates p < 0.001.  

Versus Bio1 Bio2 Bio3 Bio4 Bio5 Agro1 Agro2 Agro3 Agro4 Agro5 

Bio1 1          

Bio2 NS 1         

Bio3 *** NS 1        

Bio4 *** *** NS 1       

Bio5 *** *** *** *** 1      

Agro1 *** NS NS NS *** 1     

Agro2 *** *** NS NS *** * 1    

Agro3 *** *** *** *** NS *** *** 1   

Agro4 *** *** *** *** NS *** *** NS 1  

Agro5 *** *** *** *** NS *** *** NS NS 1 
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Table 12​: Supplemental statistics for the unselected plastid fluorescence dataset. 
Coefficient of variance is standard deviation divided by mean, and allows for normalised 
comparison of the variance between samples. Shapiro-Wilks normality statistic represents 
the probability of getting a distribution this skewed with random sampling from a normal 
distribution. 

 
Sample 
size Min Mean Median Max 

Standard 
Deviation 

Coefficient 
of Variance 

Shapiro-Wilks 
normality 

WT Plant 1 796 1.779 3.394 3.442 5.106 0.555 0.1635 0.0006075 

WT Plant 2 833 0.861 3.86 4.093 5.652 0.958 0.2481 2.20E-16 

L2 352 Line 1 785 0.73 2.231 2.171 3.961 0.598 0.2680 2.20E-06 

L2 352 Line 2 719 3.349 6.987 6.731 11.297 1.502 0.2149 1.58E-09 

PCS Clo*B 466 8.03 30.16 30.68 48.8 7.078 0.2346 7.95E-05 

L2 354 Line 1 664 8.729 34.2 35.739 56.6 9.833 0.2875 1.46E-09 

L2 354 Line 2 771 19.95 37.35 37.67 54.36 6.109 0.1635 0.06511 

L2 355 Line 1 859 12.03 50.4 44.86 102.03 19.403 0.3849 2.20E-16 

L2 355 Line 2 887 14.93 45.99 44.99 76.11 11.677 0.2539 2.89E-09 
 

108 



 

Fi​gure 37​: Raw plastid fluorescence data. Each dot on the graphs represents a single 
plastid, the abscissa shows signal intensity in the chlorophyll autofluorescence channel, 
the ordinate shows signal intensity in cyan channel. The center panel of this figure is 
shown on its own as ​Figure 30​. 
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Fi​gure 38​: Quantile-quantile plots of cyan fluorescence from the plastid fluorescence 
dataset. Each line imaged is shown in a different panel. Data from a normal distribution is a 
straight line. While all distributions except L2 354 line2 fail a standard test of normality (see 
Table 12​), most are not far from a normal distribution. 
 

 

  

110 



Table 13​: Summary statistics for plastid fluorescence data maintained without selection 
95% confidence intervals (CIs) were generated using Graphpad InStat, the results are 
shown in ​Table 13​. 

 Mean Sample size 

Standard 

deviation 

95% CI Lower 

limit 

95% CI Upper 

limit 

WT Plant 1 3.86 

833 

 0.96 3.8 3.93 

WT Plant 2 3.2 796 0.78 3.14 3.25 

L2 352 

Line1 6.84 770 1.56 6.73 6.7 

L2 352 

Line2 2.23 784 0.60 2.19 2.27 

PCS Clo*B 30.16 466 7.08 29.5 30.81 

L2 354 

Line1 37.35 771 6.11 36.9 37.79 

L2 354 

Line2 33.59 439 11.65 32.5 34.68 

L2 355 

Line1 50.4 859 19.40 49.1 51.7 

L2 355 

Line2 44.65 887 14.52 43.69 45.6 

 

 
 

111 



 

Fi​gure 39​: Plastid cyan fluorescence maintained on spectinomycin 100 ​μg mL​-1​. Chart on 
the right is a smaller independent dataset from plants maintained on spectinomycin 100 ​μg 
mL​-1​. Light blue, green, grey, and purple correspond to wild type, L2_352, pCS Clo*B, 
L2_354, and L2_355 transplastomic plants, respectively. Numbers in parentheses indicate 
number of ROIs analysed. 
 
Table 14​: Summary statistics for the selection plastid fluorescence dataset of plants 
maintained on spectinomycin 100 μg mL​-1 
 

 Mean Sample size 
Standard 
deviation 

95% CI lower 
limit 

95% CI 
upper limit 

L2 352 3 11.14 307 3.32 10.77 11.51 

L2 352 4 15.88 348 3.27 15.54 16.23 

PCS Clo*B 3 44.28 402 5.36 43.76 44.81 
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PCS Clo*B 4 35.57 437 5 35.1 36.04 

L2 354 3 35.11 341 5.28 34.69 35.81 

L2 354 4 36.11 406 5.28 35.6 36.63 

L2 355 3 88.96 206 14.36 87 90.92 

L2 355 4 79.61 410 12.95 78.36 80.87 
 
 

 
Fi​gure 40​: Raw plastid fluorescence data for the plants maintained on spectinomycin 100 
μg mL​-1​. Each dot on the graphs represents a single plastid, the abscissa shows signal 
intensity in the chlorophyll autofluorescence channel, the ordinate shows signal intensity in 
cyan channel. Each plot is from a single gemma. The central plot is randomly generated 
data drawn from two normal distributions for comparison purposes. 
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