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ABSTRACT 

Lignin is a complex, highly aromatic and heterogenous plant polymer present in 

lignocellulosic biomass, and is second only to cellulose as the most abundant biopolymer on 

earth 1, representing the largest naturally occuring renewable source of aromatics 2. 

However, the remarkable recalcitrance of lignin to economically feasible (bio)degradation, 

with the exception of a handful of microbial species, has meant that the latent potential of 

this biopolymer for applied uses has largely remained untapped. The natural degradation of 

lignin contained in lignocellulosic biomass is carried out almost exclusively by a sub-

kingdom of fungi, known as basidiomycetes (white-rot fungi), which secrete different 

enzymes acting both separately, and in synergy, to degrade lignin signifcantly enough for 

these organisms to mineralize it to CO2 
3

 and thus gain access to the plants energy rich 

cellulose. Though these enzymes are known to degrade lignin when secreted by fungi and 

when applied in vitro, what is not known is whether they can be expressed in vivo by the 

lignocellulosic plant itself for auto-lignin degradation, a novel strategy which would 

circumvent the need for whole fungi or standalone enzyme treatment to biologically 

degrade lignin. The benefits of a such a novel auto-pretreatment strategy in lignocellulosic 

plants would fill a pressing need for cost effective lignin degradation in the production of 

renewable chemicals and biofuels. Lignin plays vital roles in living plants, making it 

detrimental to reduce lignin content constitutively. Therefore it would be much more 

feasible to reduce lignin just before harvest of the biomass in a controlled manner. The 

main focus of the research presented in this thesis is the development and validation of 

transgenic approaches to chemically induce the overexpression of lignin degradation 

enzymes in planta within the model organism Arabidopsis thaliana and deliver them to the 

cell wall for controlled lignin degradation in a proof-of-concept study.   

Keywords: Lignin, Plant cell wall, Arabidopsis, Manganese peroxidase, Trametes 

versicolor. Author’s address: Shane Houston, Queens University Belfast, School of 

Biological Sciences, Department of Plant Biochemistry, 1-33 Chlorine Gardens, 

Belfast, BT9 5AJ, Northern Ireland. E-mail: shouston21@qub.ac.uk 
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Chapter 1 

 

1 Introduction  
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1.1 Biosynthesis and structure of Lignin 

Lignin is a complex, highly aromatic and heterogenous plant polymer present in 

lignocellulosic biomass, and is second only to cellulose as the most abundant biopolymer on 

earth 1. Lignin represents the largest naturally occuring renewable source of aromatics 2 

and is also the major precursor of coal 4.  However, the remarkable recalcitrance of lignin to 

economically feasible (bio)degradation, with the exception of a handful of microbial 

species, has meant that the latent potential of this biopolymer for applied uses has largely 

remained untapped. Lignin is primarily composed of three cinnamic alcohols known as 

‘monolignols’. These 6-carbon aromatic phytochemicals each possess a 4-carbon cinnamic 

aldehyde tail which extends from the C’1 carbon of the aromatic ring structure and which 

terminates in an -OH group (Fig. 1.1) 5. Monolignols are synthesized from the aromatic 

amino acid phenylalanine through the phenylpropanoid biosynthetic pathway. 

Phenylalanine enters the phenylpropanoid biosynthetic pathway directly from the 

shikimate pathway, which generates aromatic amino acids in plants 6,7.  

After deamination by phenylalanine ammonia lyase (PAL), a phenylpropanoid pathway 

entry enzyme, phenylalanine subsequently undergoes hydroxylation and methoxylation 

modifications to the aromatic-ring within the plant cell cytoplasm 7. These cinnamyl alcohol 

pre-cursors are then translocated to the plant cell wall by ATP-dependent ABC transporters 

for subsequent polymerisation 8,9. Prior to polymerisation, the cinnamyl alcohol pre-cursors 

to monolignols are given the nomenclature; p-coumaryl alcohol, coniferyl alcohol and 

sinapyl alcohol, as seen in Fig. 1. 1 5,10. Upon incorporation, monolignols are subsequently 

known as p-hydroxyphenyl (H), guaiacyl (G) and syringl (S) units respectively, and can be 

characterized based on their methoxylation status ortho to the phenol 11, Fig. 1. 1  5. Lignin 

polymers can also be characterised based on their relative proportions of each of the three 

monolignols, these include; G-type lignin found in hardwood, GS type lignin found in 

softwood and GSH type lignin which occurs in herbaceous plants 10,12. Native lignin is 

comprised of 80-90% non-phenolic subunits, whilst the remaining 10-20% is phenolic 

subunits 13. Oxidative radicalization of monolignols allows them to couple through 4-

hydroxyphenylpropanoid groups and polymerize 14,11, Fig. 1. 2  15. The common lignin 

bonding motifs shown in Fig. 1. 1  5 demonstrate the tendency for radicalized-monolignol 

coupling to occur at the β position of the cinnamic aldehyde tail, forming a dehydrodimer 

connected through a covalent bond 10. The coupled dimer must then undergo further 
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rounds of oxidation to be radicalized, allowing continued growth of the nascent lignin 

polymer in an iterative process known as ‘endwise coupling’ 10.  

 

 

 

 

 

 

 

 

Fig. 1. 1 - Overview of the three monolignols which comprise lignin and their common bonding 

motifs 5. Schematic diagram showing an overview of the chemistry of lignin polymerisation. Left 

Lignin monomers are shown both before incorporation into the lignin polymer (p-coumaryl alcohol, 

coniferyl alcohol and sinapyl alcohol) and after (p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S)). 

Centre Monomer oxidation occurs through oxidative radicalization of the 4’ OH. Right These 

radicalized monolignols couple randomly to generate the 5 most common bonding motifs;  β-aryl 

ether (β-O-4), phenylcoumaran (β-5), resinol (β-β), biphenylether (4-O-5) 5. 

 

 

 

 

 

Fig. 1. 2 - Overview of the enzymes involved in the oxidative radicalization mode of lignin 

biosynthesis occurring in the secondary plant cell wall by endogenous polyphenol oxidases 15. 

Monolignol oxidative radicalization in the plant cell wall is catalysed by laccases and peroxidases, 

both of which are polyphenol oxidases. Super oxide dismutase (SOD) proteins dismute the reactive 

free radical superoxide (O2
-) generated by NADPH oxidase as co-substrate to peroxide (H2O2). This is 

then used by peroxidases in oxidative radicalization, whilst laccases only require oxygen (O2) 15. 
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Polymeric lignin exhibits a remarkable dynamic range in molecular weight (mw), ranging 

anywhere from 400-1,000,000 daltons in average mass 16. This is matched by a concomitant 

polydispersity in mean linear lignin chain length, with structural differences based on 

cellular location also occurring 12. Monolignols are added one at a time in this combinatorial 

coupling process and the dehydrogenation reactions which produce the radicalized 

monolignols are carried out by plant laccases and peroxidases within the cell wall 10, Fig. 1. 

2  15. Within the cell wall, the growing lignin polymer can undergo further conjunctive 

coupling to diverse phenolic substances due to the oxidative action of the aforementioned 

enzymes, which exacerbates the amorphous structure of this complex plant polymer 10. 

 

 

Fig. 1. 3 - Poplar lignin polymer model showing predicted macromolecular structure, monolignols, 

bonding motifs and end-groups/modifications. Predicted using NMR-based lignin analysis 10. 

 

1.2 Monolignol modifications 

1.2.1 Methoxylation 

Monolignols can be characterised based upon their methoxylation status. H units possess 

no methoxy groups, G units are mono-methoxylated on the 3’-hydroxyl of the aromatic ring 

and S units are di-methoxylated on both 3’ and 5’-hydroxyls of the aromatic ring, Fig. 1. 

1(left)  5. The relative proportions of S:G lignin units in lignocellulosic biomass is an 

important factor in bioethanol production. Greater G unit contents produce a more 



P a g e  | 5 

 

condensed lignin biopolymer possessing a higher proportion of biphenyl bonds. Conversely, 

higher S unit contents produce a more relaxed lignin structure linked through more 

precarious biphenyl ether and β-aryl ether bonds at the 4-hydroxyl position 14,17. Thus, cell 

wall biomass destined for bioethanol production should have reduced lignin content and/or 

a higher proportion of S:G lignin for more efficient saccharification. 

1.2.2 Glycosylation 

It has recently been demonstrated that the glycosylation status of monolignols determines 

both their subcellular transportation and compartmentalisation 18. Glycosylation of 

monolignols is now known to be carried out by UDP-glycosyltransferases (UGTs) of the 

family 1 glycosyltransferases19. Work by Lanot et al., 2006 20 on the functional analysis of 

the UGT72E clade in Arabidopsis light grown roots has shown that the gene product of 

UGT82E2 was culpable for monolignol glycosylation. Triple mutants of this gene showed 

significant decreases in coniferyl and sinapyl-alcohol glucosides compared to WT plants, 

whilst overexpression of UGT72E2 caused a 10-fold increase in coniferyl-alcohol glucoside 

and a smaller increase in sinapyl-alcohol glucoside levels within Arabidopsis root, as 

determined by chemical analysis of soluble phenolics 20. Furthermore, Wang et al., 2012 

recently demonstrated a positive correlation between increased monolignol glycosylation 

and lignification 21,22. When over-expressing a poplar UGT homologous to the Arabidopsis 

thaliana UGT72E1-3, his group found this correlated with both increased lignification and 

an earlier flowering time 21. Monolignol glycones (β-glucoside conjugates) are now thought 

to be a storage form of monolignols, capable of entering the laccase and lignin peroxidase 

mediated polymerisation processes only when the glucoside is hydrolysed by a β-

glucosidase 19. The first monolignol β-glucosidases capable of hydrolysing monolignol 

glucosides within the cell wall were found in the hypocotyl and root cell wall fractions of 

Picea abies 23. However, subsequent co-localisation and knockdown studies of cell wall β-

glucosidases with glycosylated monolignols have shown that these monolignol glucosides 

are not the direct pre-cursors to radically activated monolignols, ready for polymerisation 

24,25.  

1.2.3 Acylation 

Monolignols can also undergo conjugation with various acids including; p-coumarate, 

acetates and p-hydroxybenzoate in a process known as acylation 19,22. Acylation of 

monolignols shows a high level of variation between species, with as much 60-80% acylated 

lignins in Kenaf and Agave, whilst wheat and maize show 3% and 18% acylated lignins, 
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respectively 22. Though the function of monolignol acylation still remains largely unknown, 

these monolignol conjugates can also participate in polymerisation alongside native 

monolignols, generating polymeric lignin partially acylated at its γ-positions 26.  

1.3 The Role of Lignin in Plants 

During plant cell development, a fibre-glass like nanocomposite composed of crystalline 

cellulose within a matrix of complex polysaccharides and glycoproteins, is deposited and 

completely encloses new cells arising from the plant meristem in a structure known as the 

primary plant cell wall 27. The primary wall (PW) is thin, protractile and highly hydrated to 

allow cellular growth, and consists of 15-40% cellulose, 30-50% pectins and 20-30% 

xyloglucans (dry weight) which structure themselves into ≥1 lamella 28,29. The PW imparts 

tensile strength to the plant and is composed of hydrogen bonded crystalline arrays of 

cellulose microfibrils which are bundled in linear chains of >500 glucose residues linked in a 

β1-4 configuration to form a helical secondary structure 28,29, Fig. 1. 4 30.  

 

 

Fig. 1. 4 - Molecular structure of β1-4 linked glucose molecules linked into a cellulose polymer 30. 

The formation of a lignin rich secondary wall (SW) occurs in plant tissues that have ceased 

growing and imparts rigidity and mechanical strength 28,31. The SW is composed of 40-50% 

cellulose, 15-25% hemi-cellulose and 20–25% lignin 32,1, with cellulose microfibrils forming 

cross-links with hemicelluloses such xylan and glucomannan, creating the molecular 

framework of the secondary wall 31. It is through this framework which the hydrophobic 

lignin suffuses to impart enhanced rigidity and hydrophobicity 31, Fig. 1. 5 33. This trio of 

high compositions of cellulose, hemi-cellulose and lignin results in the SWs of plants 

harbouring the majority of terrestrial plant biomass 28.  Lignin adopts a heavily layered 
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structure in these thickened nanocomposite SWs and is believed to adopt a hydrophobic 

network covalently linked to hemicelluloses through benzylether/ester, phenylglyside and 

acetal type bonds 34,1. 

 

Fig. 1. 5 - 3D model showing the molecular architecture of cellulose microfibrils and associated 

hemi-cellulose and lignin bonding partners within the plant cell wall 35,33. 

 

Fig. 1. 6 - Transmission electron micrograph (TEM) highlighting the three layers (S1, S2 and S3) of 

secondary walls in interfascicular fibres of an Arabidopsis stem. Scale bar is 1.3µm 31. 
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The deposition of the SW happens in a topologically layered fashion, and can be divided 

into three separate layers when viewed through a transmission electron microscope; S1, S2 

and S3, Fig. 1. 6 31. This layering of lignin deposition is caused by changes in the orientations 

of cellulose microfibrils within the cell wall, which is itself dependent upon the arrangement 

of cortical microtubules for its depository alignment 31,36,37,38. Two recent papers may add 

further weight to this microtubule dependent localised deposition of lignin theory. Yoshida 

et al., 2019 39 recently discovered an evolutionarily ancient group of polar proteins in 

Arabidopsis which they called SOSEKI proteins (Japanese for ‘Cornerstone’). These SOSEKI 

protein were shown to possess N-terminal DIX domains, analogous to those seen in the 

Dishevelled protein involved in the Wnt signalling pathway, a cell signalling pathway 

fundamental to the establishment of cellular polarity in animals. The second recent paper 

supporting this mode of lignin deposition is a recent Cell paper by Maritza van Dop et al., 

2020 40 where they applied structural and biochemical assays to these recently discovered 

SOSEKI proteins and showed functional equivalence between SOSEKI and Dishevelled 

proteins through conserved DIX domains, outlining a conserved biochemical paradigm 

underpinning cell polarity 40.  

The thin S1 and S3 layers have their cellulose microfibrils arranged in a crossed 

conformation and a flat helix relative to the elongation axis of the cell, respectively. The 

thicker S2 layer, however, has its cellulose microfibrils orientated parallel to the cell 

elongation axis, and it is these parallel orientated microfibrils which principally contribute 

to the mechanical strength of fibres in wood 31,41. It must be noted that lignin has not 

exclusively evolved in land plants (tracheophytes), but convergent evolution of this 

biopolymer has been observed in seaweed 42. SWs can be further divided into two discrete 

types; low lignin perenchyma secondary walls (pSWs) and high lignin scelerenchyma 

secondary walls (sSWs), both of which undergo disparate lignification processes 19. Whilst 

pSWs undergo low level lignification in plant development from germination to beginning 

of flowering (vegetative growth phase), sSW lignification is chiefly confined to post-cell 

enlargement and/or the florigen induced reproductive phase of plant development 43, 

though abnormal lignification may occur in response to biotic/abiotic stresses 44,45. Cell and 

tissue specific patterns of lignification during plant development occur, and are most often 

linked to sclerenchyma cell types/tissues, a cell type with a functional role in plant support 

46,47. The extracellular space between adjacent plant cells is a pectin (complex 

carbohydrate) rich layer known as the middle lamella. This middle layer helps to adhere the 

walls of two adjoining cells together. However, often it is difficult to distinguish between 
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the PW and the middle lamella, as is the case when plants develop thick secondary walls. In 

these situations, the PW from two adjoining cells, and the pectin rich middle lamella 

between them, may together be known as a compound middle lamella (CML), Fig. 1. 7 48. 

Where these CMLs meet between two or more plant cells is known as the cell corner (CC), 

Fig. 1. 7 48, and it is from this region that the process of lignification in plant cells begins 46,47.  

 

 

 

 

 

 

 

 

 

 

Fig. 1. 7 - Confocal microscopy based chemical imaging of lignin distribution in stem secondary 

xylem cells of Populus trichocarpa. The strongest lignin signal intensity (Red) is at the cell corner 

(CC), followed by the compound middle lamellae (CML) and S2 layer of the secondary cell wall 48.   

1.4 Lignin degrading microorganisms 

1.4.1 Bacteria 

The study and characterisation of the involvement of bacterial enzymes in lignin 

degradation has not historically received as vivid attention compared to their fungal 

counterparts. However, there is now a growing interest in bacterial lignin degrading 

enzymes for applied uses. Today, multiple genera of bacteria have been shown to in some 

way be capable of partially metabolising lignin, though the oxidative capacity of their lignin 

degrading enzymes are known to not be as great as those derived from fungal sources 5. 

Soil bacteria, such as actinomycetes, have been observed to solubilize natural polymeric 
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lignin and in the process generate a high molecular weight metabolite known as acid-

precipitable polymeric lignin (APPL) 49,50. As the name suggests, these bacteria do not 

metabolise lignin as effectively as fungi but seem to catalyse degradation of lignin to less 

complicated aromatics which they can import into the cell to be utilized in aromatic 

compound catabolism pathways which prevail in their genera 51,52.  

1.4.2 Fungi 

White-rot (basidiomycete) fungi boast the unique mantle as the only microorganisms 

capable of the complete degradation of woody (lignocellulosic) plant tissues 53. This unique 

role coincides with this group of organism’s evolutionary emergence in the late Paleozoic 

era 54. This time period was also the origin of the evolutionary arms race between plants 

comprised of lignocellulosic biomass and the first members within an emerging class of 

fungi, the agaricomycetes, capable of degrading lignin 54. The agaricomycetes are a class 

within the agaricomycotina sub division of the basidiomycotina division of fungi. The class is 

home to the only organisms known to significantly degrade lignin, the basidomycetous 

white rot fungi, along with non-lignin degrading brown rot and ectomycorrhizal species 54. A 

recent fungal genome study put the mean age of the agaricomycetes at ~290 Ma 54, roughly 

equivalent to the end of the carboniferous period and the intense selection pressures this 

period exerted to favour organisms which could survive on the masses of fallen 

lignocellulosic biomass in the litter environment at the time. Indeed, the decrease in the 

geological rate of organic carbon burial at this time also serves to further reinforce the date 

at which the lignin degrading agaricomycetes appeared, as lignin is the major precursor of 

coal due to its ability to preclude biomass degradation 4. It is worth noting that the 

apparent linkage between the evolutionary lag period between the emergence of lignin and 

subsequent emergence of lignin degrading fungi (using the rate of geological coal 

deposition as a proxy) is still under debate 55. 

There are two physiological groups of basidiomycete wood-rotting fungi; brown-rot and 

white-rot 56. Though both grow on woody plant substrates, brown-rot fungi have a 

preference for cellulose and hemi-cellulose degradation, largely leaving substrates like 

lignin unmetabolized 57. Furthermore, brown-rot species represent only ~6% of wood 

rotting fungi 58. Compared to brown-rot fungi, white-rot fungi possess a plethora of 

lignolytic enzymes which allow it to degrade lignin in addition to cellulose 59,60,61. Indeed, 

brown-rot fungi are thought to have evolved from an ancestral saprotrophic white-rot 

fungi, losing key lignolytic enzymes that their white-rot ancestors possessed, including; 
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lignin peroxidases, manganese peroxidases and laccases 62,15. White-rot species include; 

Pleurotus ostreatus 63, Trametes (Coriolus) versicolor, Polyporus versicolor, Ganoderma 

applanatum and Fomes fomentarius. Brown rot species include; Serpula lacrymans, 

Fibroporia vaillantii, Phaeolus schweinitzii and Fomitopsis pinicola 64. 

1.5 Lignin degrading enzymes 

There are four principle enzymes widely regarded to catalyse the natural degradation of 

lignin. These enzymes include; laccases (Lcc, EC 1.10.3.2) 65,66,67, lignin peroxidases (LiP, EC 

1.11.1.14) 67,59, manganese peroxidases (MnP, EC 1.11.1.13) 67,68,61, versatile peroxidases 

(VP, 1.11.1.16) and akyl aryl etherases 67,69. The first three of these enzymes are 

oxidoreductases, enzymes which catalyse the transfer of electrons from one molecule, the 

reductant, to another, the oxidant, often using small molecules as co-factors in their 

reactions. The latter lignolytic enzyme, akyl aryl etherase(s) are lyases, a group of enzymes 

which catalyse the breaking of C-C, C-O, C-N and various other bonds through means other 

than oxidation or hydrolysis 70. In fungi, three of these enzymes (laccases, LiPs and MnPs) 

are extracellularly secreted enzymes, whilst the etherases are not 71. Together, these group 

of enzymes are known as lignin modifying enzymes (LME’s), and most are secreted as 

multiple isoforms under varying conditions by many different white-rot fungi 72. During the 

natural breakdown of lignocellulosic biomass by saprotrophic microorganisms, these 

enzymes often act in symphony, where two or more are expressed together and act 

synergistically 73,67. Though bacteria possess lignolytic enzymes, which are largely produced 

intracellularly 74, a particular group of fungi, the basidiomycetes, are the only group of 

organisms which have evolutionarily developed the ability to significantly degrade lignin by 

mineralizing it to carbon dioxide 3. As such, these organisms are also an essential part of 

forest ecosystems, helping to achieve efficient carbon cycling 3.  

Fungal lignolytic enzymes have been widely observed to possess a higher redox potential, 

and thus more powerful oxidative capacity, in comparison to the corresponding bacterial 

enzymes, and as such they therefore display greater lignolytic activity 5. Redox potential can 

be defined as a measure of the tendency of a chemical species to acquire electrons and 

thus become reduced, with high redox potentials correlating with high lignolytic activity 

75,76. In addition to LME’s, white-rot fungi also produce accessory enzymes which, though 

not capable of degrading lignin themselves, are necessary to complete the degradation of 

lignin or any other xenbiotic compounds. More recent advancements in the field of 

controlled lignin degradation/modification include the creation of a novel engineered 
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monolignol-4-O-methyltransferase (MOMT4) capable of methoxylating the para-hydroxyl 

of cleaved monolignols, effectively sequestering their participation in any subsequent 

repolymerisation and/or oxidative dehydrogenation reactions 77. A follow up paper was 

published in which the engineered 4-O-methyltransferase was expressed in A.thaliana 

under a bean (Phaseolus vulgaris) phenylalanine ammonia lyase-2 (PAL2) promoter. The 

expression of this engineered 4-O-methyltransferase resulted in substantial reductions in 

lignification and the accumulation of both de novo 4-O-methylated soluble phenolics and 

cell wall bound esters 78. Though all the above-mentioned enzymes have the capacity to 

catalyse lignin degradation/modification through the cleavage/preclusion of various bonds, 

this thesis will focus on two enzymes and their ability to carry out lignin degradation in 

planta as a proof-of-concept novel pre-treatment method for biofuel and value-added 

chemical production. These two enzymes are; 1) Manganese peroxidase 2) Monolignol-4-

O-methyltransferase (MOMT4).  

1.6 Manganese peroxidases (MnPs)  

Manganese peroxidases (MnPs) are a group of extracellularly secreted and glycosylated 

peroxidases produced exclusively by basidomycetous white rot fungi and which range in 

molecular mass between 40-50 kDa 79. MnP, along with LiP and VP, belong to the class II 

(fungal) heme peroxidases due to the presence of the protoporphyrin IX as a prosthetic 

group in each. The fungal class II heme peroxidases (PODs) are a  group of enzymes which 

catalyse the oxidation of a substrate at the expense of hydrogen peroxide (H2O2) 80. The 

first MnP was jointly discovered in the fungi Phanerochaete chrysoporium by two research 

teams between 1984-1985 81,82,83,84, yet the exclusive production of this group of enzymes 

by a particular type of wood-decaying fungi, white-rot fungi (basidiomycetes), was not 

realized until over a decade later 85,86,87. The evolutionary origins of the first MnP are now 

thought to date to the end of the carboniferous period (~295 Ma), where they are thought 

to have been the first lignin degradation enzyme(s) to have evolved 54. 

MnP’s have been applied to a multitude of biotechnological processes including; 

bioremediation of wastewaters and chlorophenols 88,89,90,91 , the paper and textile industries 

92,93,94,95 and the delignification of lignocellulosic biomass for biofuel applications. Most 

relevant to this review is the ability of MnP to catalyse the degradation of lignin, opening 

the potential for its use as an in vivo lignin degradation strategy for lignocellulosic biomass. 

The potential applications of such a pre-treatment strategy may include use in transgenic 

bioenergy crops and the renewable biorefinery economy.  
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1.6.1 MnP structural features and reaction mechanism 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. 8- Crystal structure of Phanerochaete chrysosporium Manganese-Bound Manganese 

Peroxidase. The enzymes ten major α-helices are highlighted in teal, β-sheets in purple, the 

protoporphyrin ring carbon backbone outlined in green, the two structural Ca2+  in yellow and the 

Mn2+  in red 96. 

 

The structure of MnP is similar to other fungal peroxidases, it is a globular protein 

consisting of two domains, with a heme group residing in the middle. These two domains 

harbour ten major helices, a minor helix and five disulphide bridges created by 10 cysteine 

residues within the protein, one more than is present in LiPs. It is this fifth disulphide bridge 

which participates in the (Mn) manganese bonding system, a distinguishing characteristics 

from other peroxidases 97. The active site of MnP is also expectantly similar to other fungal 

peroxidases, with the distal His46 and Arg42 forming the peroxide binding pocket 97. MnPs 

also contain two Ca2+  ions which maintain the structure of the active site 98, Fig. 1. 8 96. 

MnP’s follow the same characteristic tri-reaction catalytic cycle of other heme peroxidases, 

but use Mn2+, a compound ubiquitous in soil and lignocellulosic material, as its preferred 

substrate for electron abstraction to complete the enzymes catalytic cycle 99. MnP degrades 

lignin through the hydrogen peroxide dependant oxidation of Mn2+ to the reactive Mn3+ 

species which directly attacks phenolic lignin 100. The binding of H2O2 (or an organic 
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peroxide) to the native ferric enzyme initiates the catalytic cycle and results in the 

formation of an iron-peroxide complex. The reaction mechanism then proceeds through a 

consecutive series of three well defined compounds. Compound I is an Fe4-oxo-porphyrin-

radical complex which is the result of a 2 electron transfer from the heme prosthetic group 

needed to heterolytically cleave the peroxide oxygen-oxygen bond, resulting in the 

expulsion of one H2O molecule, Fig. 1. 9. Compound I is then reduced to compound II (Fe+4-

oxo-porphyrin complex) through the oxidation of Mn2+  to Mn3+ , with compound II 

proceeding to be reduced in a similar fashion resulting the net production of two Mn3+  per 

catalytic cycle and the regeneration of the native enzyme with a concomitant release of a 

second water molecule, Fig. 1 .9.  The two Mn3+ ions generated per catalytic cycle are 

stabilized through chelation with organic acids secreted by white-rot fungi (Fig. 1. 9) and 

function as low-molecular mass diffusing oxidizers  (1.54 V) 99, non-specifically attacking 

organic molecules through hydrogen and one electron abstraction. In the context of lignin 

degradation, the high redox potential Mn3+  is small enough to be freely diffusible within the 

lignified secondary plant cell wall, and as such MnP may often be the frontline lignolytic 

enzyme secreted by many white rot fungi for the initial degradation of lignin to increase 

plant cell wall space for subsequent lignolytic enzymes to operate in direct contact with 

lignin 101. 
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Fig. 1. 9 - MnP degrades lignin through the H2O2 dependent oxidation of Mn+2 to the high redox 

potential (1.54 V)  Mn+3 species, which causes unspecific one electron oxidations of various 

substrates, including phenolic lignin, as chelates of Mn+3 with carboxylic acids. The catalytic cycle of 

MnP is as follows: 1 H2O2 binds to the native ferric enzyme (containing Fe+3 within the heme 

protoporphyrin IX prosthetic group) and initiates the catalytic cycle by forming an iron-peroxide 

complex with the iron ion of the enzymes heme prosthetic group. 2 Two electrons are then 

transferred from the heme prosthetic group to compound I (an Fe+4-oxo-porphyrin-radical complex), 

resulting in the cleavage of the O-O peroxide bond and expulsion of a H2O. 3 Compound I is then 

reduced to compound II through the oxidation of one Mn+2 to Mn+3. 4 Compound II then proceeds to 

be reduced in a similar fashion to compound I, resulting in the net production of two Mn+3 freely 

diffusible molecules per catalytic cycle which are stabilized by various chelators (Shown as yellow 

‘Pacmen’), which coincides with the regeneration of the native ferric enzyme and concomitant 

release of a second H2O molecule 102. 

 

1.6.2 In vitro Mnp mediated degradation of lignin model compounds 

(LMC’s) 

The literature on MnP mediated lignin degradation of LMCs clearly shows that MnP 

primarily degrades phenolic lignin sub structures by transferring it’s oxidising power to the 
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small and freely diffusible agent Mn3+ , which is stabilized by anionic chelators to form a 

carbon-centered cation 102. Early work examining the role of fungal MnPs in lignin 

degradation saw the use of single phenolic LMCs which modelled the structure of the 

complex and experimentally obstinate native lignin 103. Today, however, more complex 

model compounds are used, representing substructures, and thus bonding motifs, of native 

lignin 104. Indeed, recent advances in model lignin compound synthesis has generated 

model lignin hexamers and octamers, which more accurately represent native lignin and 

which contain three of the most common bonding motifs within the native molecule; ß-O-

4', 5-5' and ß-5' 105. All current lignin model compounds are soluble, low molecular weight 

molecules 106. This is a disadvantage when modelling a compound which is a high molecular 

weight, often highly modified, complex and insoluble compound 106.  

However, due to the essentially random polymerisation process of lignin biosynthesis, 

these are the best model compounds available 14. In contrast to the relatively promiscuous 

variety of reducing substrates LiP is able to interact with, MnP is given its namesake by 

specifically requiring Mn2+  as its preferred substrate (electron donor) to allow efficient 

enzyme turnover and production of Mn3+  99. The MnP of P.chrysosporium, in a reaction 

system consisting of MnP, Mn2+ , H2O2 and sodium malonate, was shown to carry out the 

oxidative cleavage of the Cα-Cβ bond in the phenolic diarylpropane lignin model dimer, as 

well as in phenolic arylglycerol β-aryl ether lignin model compounds 107,108. The mechanism 

invoked to explain this reaction starts with the generation of a phenoxy radical 

intermediate, produced by the initial oxidation of the compound by enzyme generated 

Mn3+. Further oxidation of this radical by another Mn3+ generates a carbon-centred cation. 

From here, two main pathways can be taken by the reaction 1) Nucleophilic attack of the 

carbon centred cation by H2O or 2) Production of a ketone dimer through the loss of a 

proton (Compound 2 in Fig. 1. 10). In the former scenario, the nucleophilic attack by water 

results in the alkyl-phenyl cleavage of the arylglycerol-β-aryl structure, producing 

compounds 3-8 Fig. 1. 10 79. 
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Fig. 1. 10 - Schematic diagram depicting oxidation products obtained from the phenolic lignin 

model dimer 1-(3,5-dimethoxy-4-hydroxyphenyl)-2-[4-(hydroxymethyl)-2-methoxyphenoxy]-1,3-

dihydro-xypropane (1), by manganese peroxidase from Phanerochaete chrysosporium 108. (2)- 

Corresponding keto-form (hydroxymethyl)-2-methoxyphenoxy)-3-hydroxypropanal, (6)-3,5-

dimethoxy-4-hydroxybenzaldehyde (syringaldehyde), (7)-3-methoxy-4-hydroxybenzyl alcohol 

(vanillyl alcohol), (8)-3-methoxy-4-hydroxy-benzaldehyde(vanillin). 

 

The ability of Mn3+  to directly oxidize mainly phenolic lignin residues and phenolic LMCs 

such as 2,6-dimethoxyphenol, guaiacol, 4-methoxyphenol, methylhydroquinone 109 and 

phenol red 81 largely precludes the catalytic activity of Mn3+  on non-phenolic lignin residues 

within native lignin, which comprise 80-90% of the biopolymer 13,102. A small number of 

exceptions do exist to this ‘phenol only’ degradation scheme in the form of low redox 

potential compounds such as anthracene or tetramethoxybenzene which can be 

transformed by Mn3+  to aryl cations through the one-electron abstraction from their 

aromatic ring 110,111,112. MnP can however, in the presence of a co-oxidant (mediator), such 

as an organic sulphur compound like glutathione (GSH), oxidize the non-phenolic lignin 

model compounds which constitute most native lignin substructures. 
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1.6.3 MnP mediators 

MnP mediators are small molecular weight compounds which can undergo oxidation by 

Mn3+  to generate radicalized intermediates which can themselves go on to oxidize a wider 

variety of substrates than Mn3+  alone 79. The reactive radicals these mediators generate can 

attack non-phenolic lignin structures and fall into three main categories as seen in Fig. 1. 

11; 1) Organic sulphur compounds 2) Unsaturated fatty acids and their derivatives (lipids) 

and 3) Cellobiose dehydrogenase.  

1.6.3.1 Organic sulphur compounds 

Organic sulphur compounds have been shown to act as mediators for Mn3+, forming 

reactive intermediates which allow MnP to indirectly oxidize non-phenolic model lignin 

compounds. Wariishi et al., 1989 113 reported the degradation of veratryl alcohol, a non-

phenolic lignin model compound, by thyil radicals generated with isolated MnP isozyme 1 

from P.chrysosporium in the presence of Mn2+ , H2O2 and the organic sulphur compound 

glutathione (GSH). GSH has also been shown to oxidize the non-phenolic β-O-4 linked lignin 

model dimer through aryl ether cleavage at the benzylic position 114,115.  

1.6.3.2 Unsaturated fatty acids and lipids 

The second major mediator system used to explain degradation of non-phenolic lignin 

residues by MnP comes in the form of unsaturated fatty acids and their derivatives (lipids). 

The mechanism for this non-phenolic lignin degradation is much the same as seen for 

organic sulphur compounds, where, in a process known as lipid peroxidation 116,117, reactive 

fatty acid/lipid intermediates (peroxyl radicals) are formed which diffuse and readily oxidize 

non-phenolic lignin. Bao et al., 1994 reported the oxidation of the non-phenolic lignin 

model dimer, 1-(4-ethoxy-3-methoxyphenyl)-2-phenoxypropane-1,3-diol through a lipid 

peroxidation system which was comprised of a fungal MnP, Mn2+  and unsaturated fatty 

acid esters 118. The same system also degraded synthetic lignin, comprised of the same 

~10% phenolic content as native lignin, after 72hrs oxidation, though caused 

polymerisation on the way to this at 24hrs oxidation 118. Kapich et al., 1999 119 found that 

oxidation of linoleic acid, the major unsaturated fatty acid present in the lipids of wood 

rotting fungi, to be essential for the degradation of a non-phenolic β-O-4 linked lignin 

model compound (LMC) by Phlebia radiata MnP (alongside surfactants, in the form of 

tween80), for the emulsification of water-insoluble lignin components in.  
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This system was shown to mineralize 14C-labeled synthetic lignin and 14C-labeled wheat 

straw. Watanabe et al., 2000 117 reported that not all unsaturated fatty acids are 

peroxidizable by Mn3+  to act as mediators when is group showed the formation of acyl 

radicals in the lipid peroxidation of linoleic acid by MnP for Ceriporiopsis subvermispora and 

Bjerkandera adusta. Along with their conclusion that Mn3+ is not just a phenol oxidizer, but 

also ‘…a strong generator of free radicals from lipids and lipid hydroperoxides in lignin 

biodegradation’, they also found that methyl linoleate and oleic acid were not 

peroxidizable. This, they said, was due to the need for the presence of both a 1,4-

pentadienyl moiety as well as a free carboxyl group (which linoleic acid contains) for 

induction of lipid peroxidation over the short time period studied.  

1.6.3.3 Cellobiose dehydrogenase 

A third, more tenuous, mediator system involves another extracellular fungal enzyme, 

cellobiose dehydrogenase (CDH). Here, the inability of Mn3+ to directly attack non-phenolic 

lignin structures can be overcome through the demethoxylation/hydroxylation of non-

phenolic lignin structures, which converts these structures into phenolic residues through 

hydroxyl radicals generated by cellobiose dehydrogenase. Hilden et al., 2000 120 showed 

that the non-phenolic LMC veratryl alcohol was not susceptible to P.chrysosporium MnP 

oxidation under normal conditions, whilst the phenolic LMC  α-methylsyringylalcohol (MSA) 

was. However, if pre-treated with CDH to generate hydroxyl radicals, veratryl alcohols 

methoxyl groups were replaced by hydroxyl groups, with a concomitant loss of methanol 

from the aromatic ring, allowing it to be oxidised by Mn3+  as shown through GC-MS studies 

and RP-HPLC 120. 
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Fig. 1. 11 -  Schematic diagram showing the various different types of radicals formed by the 

manganese peroxidase system in the presence of different substrates (Co-oxidants) 121. 

 

1.6.4 MnP mediated degradation of lignocelluloses, lignin and synthetic 

lignin 

The first evidence of MnP degradation of polymeric lignin was reported by Forester et al., 

1988 114, in which spruce ball-milled lignin in a colloidal suspension along with GSH and 

Mn3+ pyrophosphate was shown to be degraded into more hydrophilic products which 

eluted earlier in the HPLC profile than the bulk lignin. Wariishi et al., 1991 122 then went on 

to conclusively show that MnP from P.chrysosporium can significantly depolymerize 

synthetic lignin preparations. Four different synthetic lignins, as well as models of both 

gymnosperm and angiosperm lignins, were all partially degraded when treated with 

purified MnP in the presence of malonic acid as a chelator. Chlorolignin, a major by-product 

of bleaching wood pulp with chlorine, has been degraded in an enzyme generated, as well 

as non-enzyme generated, Mn3+  mediated deconstruction 123.  
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Gel permeation chromatography showed significant degradation of the chlorolignin, even 

though MnP and chlorolignin were physically separated by a dialysis membrane. The 

authors also showed a sizable decrease in chemical oxygen demand (COD) and dry weight 

of chlorolignin, indicative that CO2 was released from lignin by isolated MnP (i.e that it was 

mineralized) 119,124. A Phlebia radiata MnP has also been shown to achieve partial 

depolymerization of the insoluble bulk component of milled pine wood (MPW) lignin into 

smaller soluble lignocellulose fragments in vitro in a reaction with mediating unsaturated 

fatty acids provided either in the form of Tween 20 or through unknown compounds 

present in MPW. In an aqueous reaction mixture containing Tween 20, Mn2+  and the Mn-

chelator malonate, high performance size exclusion chromatography (HPSEC) showed 

depolymerization fragments with a predominant molecular mass of 0.5 kDa 125. This MnP3 

did however show activity in polymerizing lower molecular mass soluble wood 

components. 

1.7 Literature on the use of expressing lignin degrading 

enzymes in planta for lignin degradation 

A recent Nature Scientific Report article reported an increase in fermentable sugars of 

nearly 200% from transgenic tobacco (compared to control lines) when expressing a 

bacterial derived peroxidase. However, the linkage of this increase in saccharification 

efficiency to reductions in lignin content were not proven 126. To date, there has been no 

report in the literature on the expression of fungal lignin degrading enzymes in planta in 

lignocellulosic biomass for the purposes of reducing lignocellulosic biomass recalcitrance; 

though heterologous enzyme expression has been reported for the purposes of 

bioremediation and for industrial enzyme overproduction 127,128. 

1.8 Lignin modifying enzymes 

1.8.1 Monolignol-4-O-methyltransferase (MOMT4) 

During the synthesis of monolignols within the cytosol, lignin monomeric precursors are O-

methylated by a caffeate/5-hydroxyferulate 3/5-O-methyltransferase (COMT) 17, and a 

caffeoyl-CoA 3-O-methyltransferase (CCoAOMT) 129,130. Originally identified as being 

responsible for the methylation of caffeic acid and 5-hydroxyferulic acid, COMT was later 

recognized to be the major enzyme involved in the methylation of p-cinnamaldehyde and 

cinnamyl alcohol (the latter being a monolignol) 131,132,133. In nature O-methyltransferases 
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show stringent regiospecificity for meta (3 or 5)-hydroxyl methylation of the phenyl ring 

129,131,132,134,133. The para-hydroxyl of monolignol phenyl rings remains crucially 

unmethoxylated in all known cases, as it is the dehydrogenation of this para-hyroxyl group 

which generates phenoxy radicals that participate in randomized cross-coupling reactions 

to form inter-unit linkages and, ultimately, polymerize lignin 11,135,136. In addition to the 

above mentioned focus on MnP, directly involved in lignin degradation, this thesis will also 

explore the singular and synergisitic effect with MnP, of a previously published engineered 

4-O-methyltransferase generated through structure-based iterative saturation mutagenesis 

of a C. breweri (iso)eugenol-4-O-methyltransferase (IEMT), which naturally catalyzes the 

para-methoxylation of (iso)eugenol, to impart monolignol substrate specificity similar to 

the that of the naturally occurring Caffeate/5-hydroxyferulate 3/5-O-methyltransferase 

(COMT); the enzyme which naturally meta-methoxylates the monolignols p-

cinnamaldehyde and cinnamyl alcohol. As such, MOMT4 is capable of methoxylating the 

para-hydroxyl of cleaved monolignols and has since emerged as a crucial enzyme in any 

currently proposed in planta lignin degradation pre-treatment strategy for the effective net 

degradation of lignin. 

1.9 Inducible gene expression systems in plant biotechnology 

Lignin plays vital role in plant development and physiology. Constitutive reduction of lignin 

is detrimental, therefore, in order to reduce lignin content in the cell wall when plant 

development is ceased, the obvious choice would be to control lignin degradation in an 

induced manner. Inducible gene expression systems are an important tool used to study 

diverse physiological, biochemical and phenotypic changes in plants. In contrast to the 

more classical constitutive gene expression systems used in plant biotechnology, such as 

the constitutive CaMV 35s viral RNA promoter, inducible gene expression systems offer the 

possibility for the temporal, spatial and quantitative control of transgene expression, which 

is not possible with constitutive systems. This is often a necessary approach when dealing 

with transgenes which are toxic or even lethal to the plant when expressed constitutively. 

There are four main categories of inducible gene expression systems used in plant 

biotechnology; 1) Tissue/cell type specific promoters 2) Recombinase based approaches 3) 

Binary systems 4) Chemically inducible promoters. 
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1.9.1 Chemically inducible promoters 

The activity of a gene within a euchromatic environment is largely regulated by its 5’ cis-

controlling sequence (the region where promoters reside). Chemically inducible gene 

expression systems differ from other inducible systems for gene expression in the key 

aspect that their activation is linked to a chemical binding driven allosteric activation of a 

transcriptional activator (or select group of similar chemicals in some cases). Upon binding 

the correct chemical inducer, these transcriptional activators adopt a new allosteric shape, 

and in doing so gain a much higher binding affinity for a 5’ cis-controlling sequence of DNA 

upstream of both the target gene promoter and the target gene itself, thereby activating 

the transcription of that gene through the recruitment of the transcription machinery of 

the cell to the downstream promoter. This contrasts with tissue, cell type and 

developmentally inducible promoters, whose activation is linked to the chromatin 

conformation (and therefore steric availability of the promoter to the cell transcriptional 

apparatus) within that specific tissue/cell or at that specific developmental stage, 

respectively. The major advantage of chemically inducible promoters over alternatives 

resides in the precise timing and control of gene expression which is possible with these 

chemically inducible systems. Chemically inducible promoters can be broadly categorized 

into two main groups: 1) Endogenous 2) Heterologous. Endogenous inducible promoter 

elements are comprised of promoter elements within plants which respond to 

biotic/abiotic stimuli in an inducible manner to drive downstream gene expression and may 

include endogenous promoter elements related to inductive responses of the plant to; 

metabolic signals, wounding, systemic acquired resistance (SAR), elicitors, herbicide 

safeners and 137. Though inducible, endogenous promoters display limited utility in a 

biotechnological context as they can unintentionally respond to physiological and 

environmental stimuli, whilst also displaying basal activity. By contrast, chemically inducible 

expression systems using heterologous inducible promoter elements, including 5’ cis-

regulatory elements and trans-regulatory elements (promoters and activating sequences 

respectively), as well as transcriptional activators/repressors, can be used to precisely 

control both the timing and during of transgene expression in plants. 

1.9.2 ACE1 CuSO4 inducible system 

One such inducible gene expression system in plants using a heterologous activating 

sequence and transcriptional activator, and the one which will be the focus of this thesis, is 

the use of a copper responsive yeast derived transcription factor, known as ACE1, which 
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was first made popular as an inducible plant expression system by Mett et al., 1993 138. In 

their work, Mett et al., 1993 138 describe a gene expression system within plants regulated 

by the copper (CuSO4) induced Saccharomyces cerevisiae metallothionein (MT) gene. The 

S.cerevisiae MT gene regulation mechanism is one of several evolved by living organisms to 

respond to the toxic effects of excess heavy metals 139. Yeast use this system to produce a 

low molecular weight cysteine rich metallothionein-like protein encoded by the CUP1 gene 

to maintain intracellular metal ion homeostasis by binding excessive copper ions through 

thiolate bond clusters 140,139. The MT gene regulation mechanism is a two component 

system wherein a constitutively expressed trans-acting regulatory transcriptional factor 

ACE1, encoded by the ACE1 or CUP2 gene, constantly surveys the yeast cytoplasm for the 

presence of copper ions to chelate 141,142,143.  

ACE1 is a two domain transcription factor, possessing both an amino-terminal half rich in 

cysteine residues and positively charged amino acids, with a carboxyl-terminal half highly 

acidic in nature 141. It is now known that the N-terminal half binds heavy metals, whilst the 

C-terminal half comprises the DNA binding domain 140,144. In the absence of heavy metals, 

ACE1 remains inactive within the cytoplasm of yeast 144. Upon binding copper ions the 

amino terminal domain of ACE1 undergoes an allosteric change in conformation to a more 

folded, protease resistant form 144. This facilitates recognition and binding to the upstream 

activation sequence (UAS) of the CUP1 locus, within which is the metal response element 

(MRE) 144. The work carried out by Vadim et al., 1993 138, and subsequent work built upon 

their system, has largely focused on whole plant cell expression, with little regard for sub-

cellular targeting of the Cu2+ inducible transgene. However, in some cases this may be 

necessary, for example, when studying cell wall construction dynamics or the response of 

the cell wall to stresses or pathogenic challenges. As such, we have modified Vadim et al., 

1993 138 copper inducible genetic system to create a novel  copper inducible and Gateway™ 

recombination-compatible plant cell wall directed expression vector. The vector consists of 

a backbone binary Ti plasmid pCambia1300 with the elements of the expression cassette 

between composed of; 5' copper-inducible chimeric promoter based on a combination of 

the S. cerevisiae metallothionein (MT) gene regulation mechanism (Mett, Lochhead). 

1.10  Conclusions 

Lignin, a group of phenolic polymers located in the secondary plant cell wall, is the second 

most abundant biomass in nature. Degrading lignin is of important economic value for 

processes needing to access to the cellulose of the cell wall, such as biofuel production.  
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Natural degradation of lignin is difficult due to the random coupling mode of biosynthesis 

and how, as a result of this, the significant degradation of lignin is only carried out by a 

select group of microorganisms. Attempts have been made to use these microorganisms, or 

their enzymes, to break down lignin in vitro and in planta towards the end goal of 

enhancing bioethanol production from lignocellulosic biomass. Expression of lignin 

degrading enzymes constitutively in plants has major negative effects on plant health and 

can often be deleterious to the entire organism. Based on this, I postulated that an 

inducible gene expression system would be needed to provide robust and temporal control 

over lignolytic transgene expression. Several in planta inducible gene expression systems 

have been created, each with pro’s and con’s. A chemically inducible gene expression 

system, in particular the two component ACE1 (S.cerevisiae derived) CuSO4 transcriptional 

activator based system, was the best candidate to meet the two key objectives of this 

project. 
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2.1 Materials 

2.1.1 Chemicals and Reagents 

➢ Copper(II) sulfate pentahydrate (CuSO4 · 5H2O) (Sigma-Aldrich, C8027).  

➢ JB-4, a water-soluble, glycidyl methacrylate (GMA) 

➢ Phloroglucinol (mw 126.11) (Sigma-Aldrich, 79330) 

➢ HCL 37% (Sigma-Aldrich) 

➢ Chloroform ≥99% (Sigma-Aldrich) 

➢ Phenol ≥99% (Sigma-Aldrich) 

➢ Methanol ≥99% (Sigma-Aldrich) 

2.1.2 Kits 

➢ GeneJET Plasmid Miniprep Kit (ThermoFisher Scientific) 

➢ GenElute™ PCR Clean-Up Kit (Sigma-Aldrich) 

➢ Wizard® SV Gel and PCR Clean-Up System (Promega) 

➢ Gateway™ Cloning Kit (ThermoFisher Scientific) 

➢ SuperScript™ III Reverse Transcriptase (ThermoFisher Scientific) 

➢ TURBO™ DNase (ThermoScientific) 

2.1.3 Equipment 

➢ LifePro Thermal Cycler (BIOER) 

➢ Benchtop Microcentrifuge 

➢ Eppendorf 5804R Refrigerated Centrifuge with A-4-44 Rotor (Eppendorf) 

➢ Roche LightCycler 480 II Real Time PCR System for 96 Well plates (Roche, 

8856) 

➢ Plant Growth Chamber (Panasonic MLR-352H) 
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➢ Brightfield Microscope 

➢ Leica SP8 Confocal Microscope 

➢ Tissue Homogenizer 

2.1.4 Antibodies 

➢ Anti-HA tag antibody - ChIP Grade (ab9110) 

➢ Anti-rabbit IgG, Horseradish Peroxidase Linked Species-Specific Whole 

Antibody (from donkey) (Amersham ECL) 
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2.2 Molecular biology techniques 

2.2.1 DNA extraction from plant material 

Unless specified otherwise, DNA was obtained by, firstly, grinding ≤100 mg leaf material to 

a fine powder in liquid nitrogen (LN) using a pestle and mortar, followed by DNA extraction 

using the mini phenol/chloroform method. Briefly, 200µl of plant DNA extraction buffer 

(EB. 100 mM Tris-HCl, pH8.0, 250 mM NaCl, 10 mM EDTA, 0.07% β-mercapto-ethanol) was 

added and the tissue ground to a fine slurry using a bench drill with a sterile plastic pestle. 

A further 300µl EB was then added along with 70µl of 10% SDS, followed by gentle mixing 

and incubation at 65oC for 5mins. After this 130µl of 5M KOAc was added, followed by 

gentle mixing and incubation on ice for 5mins. 500µl of chloroform was then added this 

mixture and vortexed for 30s. The sample was then centrifuged at 15,000 x g for 10mins at 

room temperature and the supernatant subsequently transferred to a new sterile 1.5ml 

eppendorf containing 640µl isopropanol and 60µl 3M NaAc, pH 5.2 and gently mixed. The 

DNA was then precipitated at -20oC for 30mins, followed by centrifugation at 15,000 x g for 

10mins at room temperature. The resulting supernatant was discarded and 750µl of 70% 

ethanol was added to the remaining DNA pellet and the tube gently inverted x3-5 times. 

This was then centrifuged at 15,000 x g for 5min at room temperature, after which the 

ethanol was discarded, and the DNA pellet completely dried on the bench by opening the 

tube for ~30mins. The pellet was then resuspended in 100µl MiliQ H2O for 10mins at RT 

after which the DNA was used in subsequent genotyping PCR reactions or stored at -20oC. 

2.2.2 RNA extraction from plant material 

Total RNA extraction was carried out using the mini hot phenol method as described by the 

Dean lab 145.  Briefly, around 100 mg plant tissue was harvested into a 2ml Eppendorf tube 

and frozen in liquid nitrogen. Stainless steel beads were then added and the tissue ground 

to a fine powder using Tissuelyzer (Qiagen). Homogenized tissue were then extracted twice 

phenol:chloroform and the RNA was precipitated by isopropanol and dissolved into RNase-

free water.  The RNA was then more specifically precipitated by 2M LiCl at 4oC overnight 

followed by centrifugation at 15,000 x g and 4oC for 30mins.  RNA pellet was washed in 1ml 

80% ethanol and air-dried pellet was resuspended in 50µl DEPC-treated H2O and 

subsequently quantified using the NanoDrop 8000 spectrophotometer. Quality of the RNA 

was always checked by running RNA in agarose gel to make sure there was no obvious sign 

of RNA degradation.  
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2.2.3 Polymerase Chain Reaction (PCR) 

Two different DNA polymerases were used for PCR reactions: DreamTaq (Thermo Scientific, 

for genotyping) and Phusion High Fidelity (Thermo Scientific, for cloning). The reaction mix 

for a 25 μl reaction and cycling conditions for these respective polymerases are shown in 

Tables.2&4 and Tables.3&5 respectively. All primers used in PCR reactions for cloning 

throughout this thesis can be found in Table.1. 

2.2.4 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to separate DNA molecules of different sizes. Gels 

were prepared by dissolving 2% (w/v) agarose in 0.5x TBE buffer (45 mM Tris-borate, 1 mM 

EDTA, pH 8.0) by heating in a microwave oven. The solution was then cooled, 0.00002% 

(v/v) ethidium bromide added, poured into a cast, a well comb added and the gel left to set. 

Once set, the gel was placed in a tank filled with 0.5x TBE buffer and the comb removed. 

Samples were mixed with the appropriate volume of 5x loading buffer (50 mM Tris, 5 mM 

EDTA, 50% (v/v) glycerol, 0.3% (w/v) orange G, pH 8.0), loaded into the wells and the gel 

ran at 100 V. 5 μl of GeneRuler 1 kb DNA ladder (ThermoFisher) was ran alongside samples. 

DNA molecules were visualised using UV light. 

2.2.5 Extraction and purification of DNA from agarose gels 

Single bands from an agarose gel after electrophoresis were excised using a scalpel under 

low intensity UV light. The DNA was then extracted and purified using a Wizard® SV Gel and 

PCR Clean-Up System (Promega) according to manufacturer’s instructions.  

2.2.6 Purification of DNA from PCR reactions 

DNA was purified from PCR reactions using the Wizard® SV Gel and PCR Clean-Up System 

(Promega) according to manufacturer’s instructions.  

2.2.7 DNA cloning and Sanger sequencing 

Cloning of PCR products was achieved using both traditional methods of overlap extension 

PCR/restriction digestion as well as recombination-based Gateway™ Cloning. 
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2.2.7.1 Traditional Restriction Digest and Ligation Based Cloning  

2.2.7.1.1 DNA restriction digests 

A typical restriction digest was carried out with 1 ug DNA, 5 U restriction enzyme, 1x buffer 

(recommended by the manufacturer), and made up to 20μl with H2O. The reaction was 

incubated for 2h at a temperature recommended by the manufacturer. Products were run 

on a 0.8% agarose gel to confirm digestion had occurred. 

2.2.7.1.2 DNA ligation reactions 

Ligation reactions were carried out in a total of 20μl with 2μl 10x T4 DNA ligase buffer (New 

England Biolabs), 2μl T4 ligase, 2 µl Polyethylene 4000 (PEG4000) and the remaining 14µl 

made up with a 1:3 molar ratio of vector:insert DNA. Reactions were incubated at 22oC 

overnight. 

2.2.7.2 GateWay™ Recombination Based Cloning  

Primers with attB1 and attB2 sequence extensions were purchased from Sigma-Aldrich. All 

BP reactions were performed using the BP Clonase II enzyme mix (Invitrogen-Cat # 11789-

020) in 5 µl volumes (half the manufacturer's recommendation) for 1-3 hr at room 

temperature, followed by incubation at 37oC with 0.5µl Proteinase K and electroporated 

(2.5 µl) into 100µl TOP10 electrocompetent cells prepared in our laboratory (as outlined in 

section 2.6.4 below), and plated on LB kanamycin plates (50 µg/ml). The LR reactions were 

performed using the LR Clonase II Plus enzyme mix (Invitrogen-Cat # 12538-120) in 5 µl 

volumes (half the or 1-3 hr at room temperature, followed by incubation at 37oC with 0.5µl 

Proteinase K and electroporated (2.5 µl) into 100µl TOP10 electrocompetent cells prepared 

in our laboratory, and plated on LB plates containing the respective antibiotic. Gateway™ 

negative selection plasmids/cloning steps were propagated in DB3.1 E.coli as outlined in 

section 2.7.5. 

In both overlap extension PCR/restriction digestion as well as recombination-based 

Gateway™ Cloning, single colonies were always selected and a colony PCR carried out using 

DreamTaq DNA polymerase and gene specific primers to check for insertion of the PCR 

product in to the plasmid. For positive colonies, plasmid DNA was purified, and the DNA 

Sanger sequenced using the M13 forward and reverse primers (unless otherwise specified) 

via the LightRun tube barcodes service (GATC biotech). Sequence data was analysed using 

the molecular biology software SnapGene®.  
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2.3 PCR 

2.3.1 Primers  

All primers were ordered from Sigma-Aldrich. All primers were stored at 100µM stock 

concentration and diluted to a 10µM working concentration.  

Table. 2. 1 - Primer sequences used for construct creation and cloning. 

Primer Sequence (5’ – 3’) 

5UTR.F GGAGAGAACACGAACCTCACACATATCCAC 

5UTR.R CATTGTTCTTCTTTACTCTTTG 

SP.F GTAAAGAAGAACAATGGGGTCTCCAATGGCCTCT 

SP.R GGGGGTACCAGAAGAATAGAAATAGTTAGC 

P35Smin.F GCAAAAAAGACTAGATATCTCCACTGACGTAAG 

P35Smin.R GTGAGGTTCGTGTTCTCTCCAAATGAAATG 

P_F2 CCGCAGAACCGTTCCAGCAAAAAAGACTAG 

P_F3 GGGAATTCAGCGATGCGTCTTTTCCGCAGAACCGTTCC 

AceI.F1 caaagagtaaagaagaacaATGGTCGTAATTAACGGGGTC 

AceI-HA.R1 agcgtaatctggaacatcgtatgggtaTTGTGAATGTGAGTTATGCGA 

B1-5UTR.F GGGGACAAGTTTGTACAAAAAAGCAGGCTAACCTCACACATATCCAC 

B2-HA.R ggggACCACTTTGTACAAGAAAGCTGGGTTTAAGCGTAATCTGGAACATC 

Culnd.F3_SacI  GGGGAGCTCAGCGATGCGTCTTTTCCGCAG 

Mini35S.R_SpeI  GGGACTAGTCGTGTTCTCTCCAAATGAAATG 

ACE1qPCR.F AGAGCTGAGAAGAACCAAGAAC 

ACE1qPCR.R CACCCTCATCACAACGACAT 

1300.5' ATGCTTCCGGCTCGTATGTTGTGT 

1300.3' GCTGGCGAAAGGGGGATGTGCT 

Tnos.F_Xbal GCCTCTAGAGCGGGACTGTGGGGTTCGGACTC 



P a g e  | 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tnos.R_Pstl GCCTGCAGGCTTGCATGCCGGTCGATCTAGTAACA 

attR1_KpnI GGGGGTACCGGACAAGTTTGTACAAAAAAGCTGAAC 

Tag.R3_XbaI GGGTCTAGACTAGTGATGGTGATGGTGATGTTTAT 

5UTR.R_KpnI ggtaccCATtgttcttctttactctttgTGTGACTGA 

EGFP.FattB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTgtgagcaagggcgaggagct 

EGFP.RattB2 GGGGACCACTTTGTACAAGAAAGCTGGGTcttgtacagctcgtccatgc 
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2.3.2 Taq PCR  

Table. 2. 2 Volume of each component needed for a 1 × reaction master mix. 

 

 

 

 

 

 

 

 

 

 

 

Table. 2. 3 - Thermocycler Instrument programme for PCR amplification of DNA – Taq Polymerase. 

For a 25µl reaction, between 0.5-1ng of plasmid DNA or 1-125ng of genomic DNA was 

always used as template when using DreamTaq polymerase. 

Component Reaction 

Volume (µl) 

DreamTaq Buffer (x10) 2.5 

dNTPS (2.5mM) 2.5 

10μM Forward Primer 1.0 

10μM Reverse Primer 1.0 

Template DNA Variable 

DreamTaq 0.2 

ddH20 To 25µl 

Total 25.0 

Stage Process Temperature 

(oC) 

Time (min:sec) No.cycles 

1 Pre-amplification 94 02:00 1 

2 Denaturation 94 00:30 30 

 Annealing Primer 

Dependent 

00:30  

 Extension 72 01:00 (Per 1Kb)  

3 Final Extension 72 10:00 1 

4 Storage 4 --:-- 1 
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2.3.3 Phusion High Fidelity PCR for Cloning 

Table. 2. 4 - Volume of each component needed for a 1 × reaction master mix. 

 

 

 

 

 

 

 

 

 

 

 

Table. 2. 5 - Thermocycler Instrument programme for PCR amplification of DNA – Phusion High 

Fidelity Polymerase. 

For a 25µl reaction, between 0.5g-5ng of plasmid DNA or 1-250 ng of genomic DNA was 

always used as template when using Phusion High Fidelity Polymerase. 

Component Reaction 

Volume (µl) 

Phusion High Fidelity 

Buffer (x5) 

5.0 

dNTPS (2.5mM) 2.0 

10μM Forward Primer 1.25 

10μM Reverse Primer 1.25 

Template DNA Variable 

Phusion 0.25 

ddH20 To 25µl 

Total 25.0 

Stage Process Temperature 

(oC) 

Time (min:sec) No.cycles 

1 Pre-amplification 98 00:30 1 

2 Denaturation 98 00:10 30 

 Annealing Primer 

Dependent 

00:15  

 Extension 72 00:15-00:30 

(Per 1Kb) 

 

3 Final Extension 72 05:00 1 

4 Storage 4 --:-- 1 
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2.3.4 Overlap Extension PCR 

Fusion high fidelity polymerase was used in all cloning PCR reactions, which for construct 

creation purposes involved the sequential joining of PCR amplicons via overlap extension 

PCR. Primers were not added to overlap extension PCR mastermix, but to each individual 

25µl reaction after cycle x1 completion on the thermocycler programme outlined in Table. 

2. 6. Annealing Tm was carried out according to the overlap sequence between the two 

amplicons to be joined. 

 

Table. 2. 6 - Thermocycler Instrument programme for the sequential joining of PCR amplicons for 

construct creation purposes via overlap extension PCR – Phusion High Fidelity Polymerase. 

 

 

Stage Process Temperature 

(oC) 

Time (min:sec) No.cycles 

1 Pre-amplification 98 00:30 1 

2 Denaturation 98 00:10 1 

 Annealing Overlap 

Region 

Dependent 

01:00  

 Extension 72 03:00  

 Primer Addition 22 05:00  

3 Denaturation 98 00:10 30 

 Annealing Primer 

Dependent 

00:15  

 Extension 72 00:15-00:30 

(Per 1Kb) 

 

4 Final Extension 72 05:00 1 

5 Storage 4 --:-- 1 
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2.3.5 Variations in PCR Conditions 

2.3.5.1 Fungal DNA Amplification 

For PCR reactions in which fungal DNA was used as template (GC rich), 100% DMSO was 

added to the PCR mastermix at a 5% total reaction volume (v/v) in order to reduce 

secondary structure formation in these nucleic acid species. The mastermix and other 

reaction conditions were the same as outlined in Table. 2. 4 & Table. 2. 5. 

2.3.5.2 Colony PCR 

Colony PCR’s were used for rapid screening to identify correct recombinant plasmids before 

plasmid isolation from bacteria for sequencing. PCR’s were performed as above with the 

substitution of bacterial cells for DNA template using a clean pipette tip. Thermal cycling 

conditions were as above Table. 2. 2 & Table. 2. 3. 
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2.4 RNA Pre-treatment and cDNA Synthesis 

RNA to be used in qPCR reactions first underwent pre-treatment to remove any 

contaminating genomic DNA. A total of 2.5µg of total RNA was treated with TURBO™ DNase 

(ThermoScientific) as outlined in Table. 2. 7. 

2.4.1 Removal of Genomic DNA using TURBO™ DNase  

Table. 2. 7 - Volume of each component needed for a 1 × reaction master mix - TURBO™ DNase. 

 

 

 

 

 

 

 

 

 

Briefly, template RNA was first calculated according to the lowest sample concentration on 

the day (up to 2.5µg) and the remaining sample volumes adjusted accordingly with DEPC-

H2O to 8.6µl. A master mix of TURBO™ DNase Buffer (x10) and TURBO™ DNase was then 

made according to Table.x and the number of samples requiring DNase treatment and 

mixed well. 1.4µl of this master mix aliquoted to each RNA sample. The samples were 

incubated at 37oC for 1hr before addition and mixing for 10mins with 2µl DNase 

inactivation beads to inactivate TURBO™ DNase and remove divalent cations from the 

TURBO™ DNase Reaction Buffer. The samples were then centrifuged, 8µl of RNA 

transferred into new strips for use in reverse transcription and 0.5-1.0µg used to check for 

RNA degradation on a 1.0% agarose gel (See Appendix). For Long term storage this RNA was 

kept at -80oC. 

 

Reaction Component Reaction Volume 

(µl) 

Template RNA  Variable ((To 2.5µg) 

TURBO™ DNase Buffer 

(x10)  

1.0 

TURBO™ DNase 0.4 

DEPC-H2O To 10µl 

Total 10.00 
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2.4.2 Reverse Transcription of mRNA to cDNA using Reverse Transcriptase 

Post-DNase treatment, a total of 5.0µg of total RNA was converted to cDNA using RevertAid 

Reverse Transcriptase (RT) (Thermo Scientific) primed with oligo-dT primers with the 

reaction mixture outlined in Table. 2. 8 

Table. 2. 8 - Volume of each component needed for a 1 × reaction master mix - SuperScript™ II 

Reverse Transcriptase. 

 

 

 

 

 

 

 

 

 

 

 

 

A master mix of RevertAid Reverse Transcriptase, Reaction Buffer (x5), Oligo(dT)20 Primers 

(10µM) and dNTP Mix (25mM each) was made according to Table.8 and the number of 

samples requiring cDNA synthesis and mixed well. This master mix was then aliquoted into 

a sterile, nuclease-free microtube representative of the number of RNA samples and. 2.5µg 

of each RNA was then added and the remaining sample volumes adjusted accordingly with 

H2O to 10µl. The samples were incubated at 42oC for 1hr after which the reaction was 

terminated at 70oC for 10mins. The resulting cDNA was then diluted 1:10 by the addition of 

90µl of MiliQ H2O and used immediately for qPCR or kept at -80oC for long term storage. 

 

Reaction Component Reaction 

Volume (µl) 

Template RNA Variable (To 

2.5µg) 

Oligo(dT)20 Primers 

(10µM) 

0.5 

Reaction Buffer (x5) 2.0 

dNTP Mix (25mM 

each) 

0.4 

RevertAid Reverse 

Transcriptase 

0.5 

DEPC-H2O To 10µl 

Total 10.00 
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2.4.3 Variations in RT cDNA Synthesis Conditions 

For RT reactions in which fungal RNA template was used (GC rich), the following alterations 

were made; The RNA and primer  were mix gently, centrifuge briefly and incubate at 65 °C 

for 5 min, chill on ice (Pre-RevertAid addition); reverse transcription reaction temperature 

was increased to 45°C. The mastermix and other reaction conditions were the same as 

outlined in Table. 2. 8. 

2.5 qPCR 

Quantitative real time PCR (qPCR) was performed on the Roche LightCycler 480 II Real Time 

PCR System, using LightCycler® 480 SYBR® Green I Master Mix also from Roche Life 

Sciences. Standard reactions were 10µl, containing 2µl of cDNA, 250 nM of each primer and 

5µl of SYBR Green I qPCR Master Mix as seen in Table.9.  A mastermix containing SYBR 

Green I qPCR Master Mix, PCR water and gene specific primers was made according to 

Table.9 and the number of samples undergoing qPCR and mixed well. 8.0µl of this master 

mix was then aliquoted into a well within either LightCycler® 480 Multiwell Plate 96/384 

(white) using a multi-dispenser pipette. 2μl of the respective cDNA was then added using an 

8-channel pipette. 

PCR cycling conditions were as outlined in Table. 2. 10. qPCR primers were designed using 

the online Integrated DNA Technology (IDT) PrimerQuest® Tool, with melting temperatures 

and occurrence of secondary structure checked using the OligoAnalyzer® Tool by the same 

company. Three technical replicates from three independent biological experiments were 

performed for qPCR analyses. The Absolute Quantification/2nd Derivative Max setting was 

selected for quantification of the template concentration in each PCR and the relative fold 

changes of gene expression in the plants was calculated using the reference genes coding 

for either actin-2 (ACT2; AT3G18780; 146) or UBC (UBC; AT4G22350; 147). Melt curve analyses 

(for single peak) were performed for each qPCR experiment to ensure specificity of 

amplification. Controls were included in all qPCR experiments to make sure there was no 

DNA contamination in the RNA, RT or PCR reagents. All primers used in qPCR reactions are 

detailed in Table. 2. 11.  

 

 



P a g e  | 16 

 

Table. 2. 9 - Volume of each component needed for a 1 × reaction master mix. 8μl of master mix was 

added per well in 384 multi-well plate in addition to 2μl of cDNA added using an 8-channel pipette. 

 

 

 

 

 

 

 

 

 

 

 

Table. 2. 10 - Thermocycler Instrument programme for qPCR amplification of cDNA using Roche 

LightCycler 480 II Real Time PCR System – LightCycler® 480 SYBR® Green I Master Mix. 

 

 

 

Component Reaction 

Volume (µl) 

RNase free water 2.95 

LightCycler® 480 SYBR 

Green I Master 

5.0 

100μM Forward 

Primer 

0.025 

100μM Reverse 

Primer 

0.025 

Total 8.0 

Stage Process Temperature (oC) Time (min:sec) No.cycles 

1 Pre-incubation 95 5:00 1 

2 Amplification 95 00:10  

 

40 

 Melting Primer Dependent 00:20 

 Annealing 72 00:45 

3 Melt Curve towards 95  1 

4 Post-incubation 72 1:00 1 
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Table. 2. 11 - Primer sequences used for qPCR experiments 

 

 

 

 

 

 

 

 

 

2.6 Microbiological techniques 

2.6.1 Media 

Lysogeny Broth (LB) was prepared by dissolving 25g LB Broth Miller (Fisher Scientific) in 1L 

deionised water, adjusting the pH to 7.0 and autoclaving at 121°C for 15 min. LB-agar was 

prepared as above but with the addition of 1.5% (w/v) agar before autoclaving. 

2.6.2 Growth and electroporation of Eschericia coli 

50μl of electrocompetent TOP10 E. coli cells (produced within our lab as outlined in section 

2.6.4) were thawed on ice prior to any DNA addition. 1μl DNA (unless specified otherwise) 

was added to 50μl cells and gently mixed. Samples were incubated on ice for 5 min before 

transferred to ice-chilled 2mm electroporation cuvette.  The mixture is shocked under the 

setting of 2.5kv, 200ꭥ, and 25µF.   100μl of 37°C SOC media was then added to the cells and 

the sample incubated at 37°C with shaking at 200 rpm for 1 h for the cells to recover. 

Spread plates were then produced with 50μl and 150μl cells on LB-agar plates with proper 

antibiotics,and incubated at 37°C overnight allowing formation of the colonies.  

Primer Sequences (5’ – 3’) 

ACT2.F GTCGTACAACCGGTATTGTGCTG 

ACT2.R CTCTCTCTGTAAGGATCTTCATGAGGT 

UBC CTGCGACTCAGGGAATCTTCTAA 

UBC TTGTGCCATTGAATTGAACCC 

ACE1qPCR.F AGAGCTGAGAAGAACCAAGAAC 

ACE1qPCR.R CACCCTCATCACAACGACAT 

EGFPqPCR.F GAACCGCATCGAGCTGAA 

EGFPqPCR.R TGCTTGTCGGCCATGATATAG 

MnP/MOMT4_qPCR.F CTGTACTTCCAGGGCGATTAT 

MnP/MOMT4_qPCR.R GTTTGAACGATCTGCTTGACTC 
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Single colonies were used to inoculate 6 ml LB supplemented with proper antibiotics and 

incubated at 37°C overnight with shaking at 250 rpm. Plasmid DNA was then extracted from 

these cultures using Wizard® Plus SV miniprep kit (Promega), according to the 

manufacturer’s instructions. 

2.6.3 Growth and electroporation of Agrobacterium tumefaciens 

50μl of electrocompetent Agrobacterium tumefaciens C58/GV3101 cells were thawed on 

ice for 10 mins prior to any DNA addition. The desired binary plant expression vector DNA 

and cells were then mixed and chilled on ice for 5 minutes before being transferred to a 

pre-chilled 2 mm electroporation-cuvette (Biorad). The cuvette was transferred to the 

electroporator which was set to; (Voltage 2.5kV, Capacitance 25µF, Resistance 400ꭥ; 

Electroporator- Biorad GenePulser Xcell). Immediately after electrotransporation, 1ml low-

salt LB (Sigma Aldrich) was added to the cuvette and was incubated for 2 hours at 28 °C 

with shaking at 200 rpm. 50 and 200 μL of the transformed cells were spread on low-salt LB 

agar plates containing kanamycin, rifampicin and gentamycin (KSRG) which were incubated 

at 28°C for 3 days. Selected colonies were transferred to 3ml low-salt KSRG-LB and cultured 

for 2 days at 28°C with shaking at 200 rpm. A glycerol stock of the positive bacterial 

suspension was prepared for storage.  

2.6.4 Preparation of Electrocompetent Cells 

On day 1, E.coli stocks (TOP10 or BD3.1) or Agrobacteria stock (C58/GV3010) were streak 

out onto an LB plate (no antibiotics) for overnight growth at 37°C. A starter culture was 

prepared by selecting a single colony to inoculate a 10mL starter culture of LB. The starter 

culture was grown at 37°C and 250RPM overnight. The following day, 1L of LB media was 

inoculated with the 10 mL starter culture and incubated at 37oC and 250RPM. OD600 was 

measured every hour until the culture reached an OD600 of 0.2, after which it was 

measured every 15-20 minutes. When the OD600 reached 0.35-0.4, cells were immediately 

placed on ice and chilled for 20-30mins, swirling occasionally to ensure even cooling. 1L 

centrifugation bottles were also put on ice at this time. Cells were kept at 4°C for the 

remainder of the protocol. All solutions or vessels used in the following steps were chilled 

at 4oC overnight. The cells then underwent a series of centrifugation steps in a chilled ultra-

centrifuge. The 1L culture was first split into four parts by pouring about 250 mL into ice 

cold centrifuge bottles. Cells were then harvested by centrifugation at 1000g (~2400 rpm in 

the Beckman JA-10 rotor) for 20 minutes at 4°C (Spin-1). The supernatant was decanted, 

and each pellet resuspended in 200mL of ice cold ddH2O. Cells were then harvested by 
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centrifugation at 1000g (~2400 rpm in the Beckman JA-10 rotor) for 20 minutes at 4°C. The 

supernatant was decanted, and each pellet resuspended in 100mL of ice cold ddH2O. (Spin-

2). Resuspended pellets were then combined into 2 centrifuge bottles (so that each 

contained ~200mL of cell suspension). Cells were then again harvested by centrifugation at 

1000g (~2400 rpm in the Beckman JA-10 rotor) for 20 minutes at 4°C. The supernatant was 

decanted, and each pellet resuspended in 40mL of ice cold 10% glycerol. These 

resuspensions were then transferred to 50mL sterile conical tubes chilled at 4oC overnight. 

Cells were then harvested by centrifugation at 1000g (~2400 rpm in the Beckman JA-10 

rotor) for 20 minutes at 4°C. The supernatant was then carefully aspirated using a P1000 

pipette and each pellet resuspended in 1mL of ice cold 10% glycerol by gentle swirling. Cells 

were aliquot into sterile 1.5mL microfuge tubes previously chilled at 4oC overnight and snap 

frozen with liquid nitrogen. These frozen electrocompetent cells were then stored at -80°C 

until needed. 

2.7 Plant growth and material 

2.7.1 Arabidopsis thaliana growth 

Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used throughout all the experiments 

in this study. Unless otherwise indicated, all seeds were sterilized using vapor-phase 

sterilization, sown on 0.8 % agar plates containing ½ Murashige and Skoog (MS) basal salt 

mixture (Murashige and Skoog, 1962) and 1.25 mM MES and stratified at 4oC for 2 days in 

the dark. Seeds were germinated in a growth chamber (250 µmol photons m-2 s-1; 25°C) 

under a long-day conditions (16 h of light/8 h of dark) before transfer to soil in a climate-

controlled chamber under the same photoperiod.  Plates were incubated in a growth room 

at 23oC under a 16/8-h photoperiod at 65 µmol photons m-2 s-1.  

2.7.2 Harvesting of Seeds 

Each plant was cut at its base, discarding the pot, soil and roots. Shoots were placed on 

sheets of paper and gently pressed to release and capture seeds. The seeds were separated 

from silique, petals and other plant material and were stored in a 50 ml falcon tube with 

pin-sized holes through the lid to avoid fungal infection and decrease humidity. 

2.7.3 Seed Sterilization 

Seeds in 1.5 ml Eppendorf tube were washed with 1ml of 70% ethanol for upto 5mins, after 

which the ethanol was discarded whilst minimizing loss of seeds. Following this, seeds were 
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washed with 5% sodium hypoclorite for 8-10 min. Seeds were then washed x3 times with 

1ml autoclaved H2O and resuspended in a further 500µl autoclaved H2O after the third 

wash step. Seed was then taken and spread on ½ MS agar plates. Plates were then sealed 

with micropore tape and placed in 4°C fridge for stratification. 

2.7.4 Growth of A.thaliana on Soil 

P40 cells or FP7 pots (H. Smith Plastics Ltd) was filled with autoclave compost (Grown-sure) 

and well-watered. Seedlings on MS agar plates were pricked to the soil, watered and grown 

for 2 days in 23°C plant growth room of 16 hours of light each day, in the covered by 

transparent lid. The lid was partially open for 2 days before was removed. The plants were 

watered daily.  

2.8 Transformation of Arabidopsis  

2.8.1 Floral Dipping Transformation of A.thaliana 

The Arabidopsis floral dipping technique used for A. thaliana transformation was 

performed as described by Clough and Bent 148. 500 ml to 1 liter of agrobacteria 

C58/GV3010 carrying binary vector was grown at 28 °C with shaking at 250 rpm for 2 days 

to reach OD600 of 1.0-3.0. The cells were then pelleted under 4000 g and then 

resuspended in 5% sucrose solution to OD600 of 0.8-1.0.  Silwet (Lehle Seeds, a non-

phytotoxic wetting agent, was added to final concentration of 0.05%. Flowering Arabidopsis 

shoots were then dipped in the suspension and held for 5mins. Dipped plants were placed 

in a dark box for 24 hours, to facilitate transfection in conditions of high humidity. Plants 

were then grown in the 23°C plant growth room of 16 hours of light each day, until seeds 

produced. 

2.8.2 Selection of Transformants  

T1 Arabidopsis seeds were sterilized and sown on ½ MS agar plates containing selective 

antibiotics. The plates were then sealed with micropore tape and placed in 4°C fridge for 

stratification. The seeds were germinated in plant growth chamber (Panasonic MLR-352H) 

set at 25°C and 16 hours of light each day. Resistant T1 seedlings were pricked to soil and 

grown to harvest T2 seeds from individual T1 plants.   
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2.9   Data Analysis 

All graphs were generated and analysed using GraphPad Prism 5 (GraphPad Software, Inc). 

Data presented are the means  SEM of three independent experiments unless otherwise 

stated. Where any bar charts are shown, n = the number of independent samples, with 

each independent sample representing the mean of three biological replicates ± standard 

error of the mean (SEM). Comparisons for normally distributed data with equal variances, 

tested for normality of variance using the D’Agostino and Pearson test, were performed 

using Student‘s t-test or one way (ANOVA) followed by Tukey‘s multiple comparisons. 

Where data did not follow a normal distribution, the analysis was done using the Mann-

Whitney U-test with the P-value adjusted for ties. Comparisons of segregation ratio 

frequencies were performed using chi-squared analysis for an expected 3:1 ratio in 

transgenic lines for the hypothesis that there is a single T-DNA insertion in the selected 

transgenic lines conferring resistance to the antibiotic or herbicide of choice used on the 

binary integration vector. For chi-squared testing, any tables showing segregation ratios 

were ‘NA’ was given for segregation counts indicates failure of seeds to germinate after 

sterilization and/or complete sensitivity to the selection agent used. 
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Chapter 3 

 

3 Construction, transformation and 

characterisation of the first 

component of a novel binary cell 

wall directed copper inducible gene 

expression system in Arabidopsis 

thaliana 
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3.1 Introduction 

Efficacious gene expression systems are an important tool used to study diverse 

physiological, biochemical and phenotypic changes in plants. Though constitutive 

promoters, such as the cauliflower mosaic virus (CaMV) 35S RNA promoter (35s promoter, 

P35s), have historically been used with great success for transgene expression in plants 149, 

they have been shown to be unsuitable for the expression of genes which may be toxic or 

even lethal when expressed constitutively . This need for more controlled gene expression 

in plants has fuelled the creation of a variety of inducible gene expression systems in which 

the regulation of gene expression was more robust. Optimal inducible systems should apply 

non-toxic inducers which are of low cost and whose application concentration scales 

quantitively with transgene expression to potentially achieve high level gene expression. 

Even the most robust inducible systems do, however, have basal gene leakage, and show a 

reversible gene expression profile upon inducer removal. 

Previous attempts to regulate transgene expression have employed various endogenous 

promoters which responded to a variety of biotic/abiotic stimuli including light 150, 

temperature 151, drought 152, hormones 153, and pathogens 154. The inducers of these 

endogenous promoters however showed unwanted pleiotropic effects. Chemically 

inducible genetic systems for regulatable transgene expression, utilizing heterologous 

functional domains from various other organisms, on the other hand offer a far more 

flexible approach to difficult transgene expression. These systems contrast to constitutive 

systems in the quiescent nature of their promoters in the absence of inducer, allowing 

regulation of transgene expression in a dose-dependent manner at any chosen 

developmental stage of plant growth in a temporally controlled manner. These systems 

include tetracycline-inducible 155, ethanol inducible 156, dexamethasone-inducible 157, β-

estradiol inducible and ecdysteroid agonist inducible systems 158,159. Though all these 

systems have been widely utilized for basic molecular biological research, and some also 

applied towards biotechnological applications, many fall short of displaying the ideal 

characteristics necessary for an optimal inducible gene expression system in plants for 

reasons including: the inducer is mildly toxic and causes growth defects in plants 

(dexamethasone), the inducer is too expensive (Tetracycline), the inducer is not suitable for 

agricultural use (Tetracycline and steroid inducers) or there are difficulties in the 

penetration of the inducer (Ecdysteroid agonist inducers) 160,161,162. 
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An attractive alternative to the above inducible genetic systems is the use of a copper 

inducible gene expression system which uses a heterologous copper responsive 

Saccharomyces cerevisiae derived transcription factor, known as ACE1, and the cheap and 

non-toxic inducer CuSO4. The work in this chapter builds on the work of Mett et al., 1993 138, 

in which they describe the creation of a gene expression system within Nicotiana tabacum 

(tobacco) regulated by the copper (CuSO4) induced Saccharomyces cerevisiae 

metallothionein (MT) two component gene expression system. The S.cerevisiae MT gene 

regulation mechanism is one of several evolved by living organisms to respond to the toxic 

effects of excess heavy metals139. Yeast use this system to produce a low molecular weight 

cysteine rich metallothionein-like protein encoded by the CUP1 gene to maintain 

intracellular metal ion homeostasis by binding excessive copper ions through thiolate bond 

clusters 140,139. The MT gene regulation mechanism is a two component system, wherein a 

constitutively expressed trans-acting regulatory transcriptional factor ACE1, encoded by the 

ACE1 or CUP2 gene, constantly surveys the yeast cytoplasm for the presence of copper ions 

to chelate 141,142,143. ACE1 is a two domain transcription factor, possessing both an amino-

terminal half rich in cysteine residues and positively charged amino acids, with a carboxyl-

terminal half highly acidic in nature 141. It is now known that the N-terminal half binds heavy 

metals, whilst the C-terminal half comprises the DNA binding domain 140,144. In the absence 

of heavy metals, ACE1 remains inactive within the cytoplasm of yeast 144. Upon binding 

copper ions the amino terminal domain of ACE1 undergoes an allosteric change in 

conformation to a more folded, protease resistant form 144. This facilitates recognition and 

binding to the upstream activation sequence (UAS) of the CUP1 locus, within which is the 

metal response element (MRE) 144. Upon binding the MRE, ACE1 licenses transcriptional 

activation of the metal binding protein Cu-MT to chelate Cu2+ ions 140. 

Since the systems inception and functional validation in N.tabacum (tobacco) in 1993 

through a β-glucuronidase (GUS) reporter gene transformation, there have been 

inconsistent reports of its successful application. Mett et al., 1996 163 later went on to apply 

the system to root nodule specific downregulation of asparagine concentrations, through 

the induced expression of antisense cassettes of aspartate aminotransferase-P2 in 

transgenic Lotus corniculatus plants, and subsequently applied the system successfully in 

tobacco for whole plant cytokinin inducible overproduction 164. The application of the 

system to plants other than tobacco has largely been unsuccessful, with reports that the 

system could not induce target gene expression in poplar 165, failed to induce expression of 

GFP in BY2 cells 166, was ineffective in inducing GUS expression in tobacco leaf protoplasts 
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167 and showed variation in inducing GFP expression between transgenic lines of 

Arabidopsis thaliana, as well as within regions of single transgenic lines 168. The most recent 

successful report of the systems application came when Saijo and Nagasawa, 2014 169 

added novel genetic elements to recapitulate the system created by Mett et al., 1993 138 in 

A.thaliana with a significantly enhanced system inductivity, largely the result of the addition 

of multiple MRE’s upstream of the CaMV promoter and the translational fusion of ACE1 to 

the Viral Protein16 activation domain (VP16AD) of the herpes simplex virus. Saijo and 

Nagasawa tested this system using GFP and showed a 1000-fold induction ratio at the 

transcriptional level in response to plant exposure to 100µm CuSO4. They then successfully 

applied this system to the inducible control of flowering time in 10-day old A.thaliana. 

Therefore, presented in this chapter, and in the context of the work carried out on this 

binary copper inducible gene expression system previously, is the creation, transformation 

and characterisation of the first component of a novel binary cell wall directed copper 

inducible gene expression system in the model plant A.thaliana to express ACE1 in the 

plant. The first component of my proposed binary system outlined above, a cassette for the 

expression of the ACE1 copper activated transcriptional activator in plants, was designed 

under two promoter (expression) variations and is presented in this chapter as such. The 

first cassette puts the ACE1 transgene under the control of a constitutive 35s promoter, 

whilst the second cassette puts the ACE1 transgene under the control of a chimeric-copper 

(self-) inducible promoter, in which the chimeric promoter acts as an UAS containing the 

MRE (linked to the minimal 35s:: 90bp constitutive promoter) to which activated ACE1 

binds, which should theoretically prevent any transgene expression other than basal 

leakage but show a robust induction ratio upon activation and binding of this ACE1 product 

to its own promoter in a positive feedback loop. In both these cassettes, the ACE1 gene has 

been be C-terminally fused to a human influenza hemagglutinin epitope tag (HA-tag) to 

facilitate protein analysis. Schematic diagrams of the genetic cassettes comprising the two 

expression variants of this first component of the system can be seen in Fig. 3. 1(1&2). 

The major results from this chapter include the creation of 12 independent transgenic 

A.thaliana lines identified as homozygote for the constitutive cassette Fig. 3. 1(1) ACE1-HA 

transgene through mendelian segregation ratio analysis and genotyping and which express 

the mRNA and protein of the ACE1-HA gene from my constitutive expression cassette at 

various constitutive levels. Based on these levels, three distinct transgenic lines of a low 

(16001-01), medium (16001-26) and high (16001-20) constitutive expression level of ACE1-

HA were chosen to be brought forward as the genetic background into which the second 
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component of the binary inducible gene expression system would be transformed and 

characterised. The second variant of the first component of this system, the ACE1-HA 

transgene under the control of a chimeric-copper (self) inducible promoter Fig. 3. 1(2), was 

also created and 9 independent transgenic A.thaliana lines identified as homozygote for 

this self-inducible ACE1-HA transgene through mendelian segregation ratio analysis and 

subsequent genotyping. Based on qPCR data showing transgene basal leakage level and 

inductivity after application with 100µM CuSO4 in these transgenic lines over multiple time 

points, one line (16002-23) was brought forward in parallel to the three constitutive ACE1-

HA expressing lines as the second variant of the genetic background into which the second 

component of the binary inducible gene expression system would be transformed and 

characterised.  

3.2 Aims 

Based on the information outlined in the section above, the aim of this section of my thesis 

was the creation of novel genetic cassettes for the constitutive or self-inducible expression 

of the CUP1 gene product (ACE1), and through agrobacterium mediated transformation 

and mendelian segregation analysis of the marker gene in the transgenic progeny followed 

by subsequent genotyping, to create transgenic A.thaliana homozygous for these cassettes. 

The reasoning behind creating two different forms of the first component of the system are 

due to the uncertainty as to what characterises an ‘optimal’ ACE1 level in relation to the 

second (as-yet not created) component which will eventually carry lignin degrading 

enzymes. Based on the following experimental aims, specific to either the constitutive or 

self-inducible transgenic ACE1 lines, the best candidate line(s) could be brought forward as 

the genetic background into which the second component of my novel binary inducible 

gene expression system could be transformed.  

3.2.1 Experimental Aims 

The experimental aims of this section are as follows: 

Constitutive ACE1 Lines 

➢ To investigate the variance in the constitutive ACE1 gene expression levels in the 

homozygous lines selected through both mendelian segregation ratio analysis of 

the constitutive cassette kanamycin resistance marker gene followed by 

genotyping. 
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➢ To investigate whether the protein expression level of ACE1 in the constitutive 

ACE1 homozygous lines was proportional to the transcriptional level of the gene.  

Self-inducible ACE1 Lines 

➢ To investigate the level (if at all) of basal transgene (ACE1) leakage from the 

promoter of self-inducible ACE1 expressing homozygous lines selected through 

mendelian segregation analysis and comparison of this basal leakage level with 

constitutive expression levels of ACE1 in the constitutive cassette lines. 

➢ To investigate the level of self-inducible ACE1 gene induction in homozygous lines 

in response to various concentrations of CuSO4 in order to determine the optimal 

concentration for transgene induction. 

➢ To investigate the level of self-inducible ACE1 gene induction in homozygous lines 

over a time series following treatment with a single (optimal) CuSO4 concentration 

to determine the temporal induction dynamics of the self-inducible system in 

response to a defined CuSO4 concentration. 

 

3.3 Materials and Methods 

3.3.1 Plasmid construction 

All primers used in PCR experiments are listed in Table. 2. 1 of the Chapter 2. Summarized 

cloning steps are outlined below. Transformations and colony PCR’s of each cloning step 

will be omitted in this section but covered in the results section. Sanger sequencing was 

carried out on all intermediate cloning steps using the sequencing company GATC biotech. 

3.3.1.1 Constructing the copper inducible promoter.  

5’ UTR- The 5’ UTR of the A.thaliana RuBisCO 1A small subunit (RBCS1A, At1g67090), one of 

the most abundant protein in plants, was initially amplified from Columbia-0 DNA using a 

forward primer (5UTR.F) engineered with overlapping sequences with the CaMV mini 35s 

promoter and a reverse primer (5UTR.R).  

CaMV mini 35s::- Next I amplified a 90bp CaMV mini 35s promoter from the binary 

vector pBI121 (GenBank: AF485783.1) using a forward primer P35Smin.F  and a reverse 

primer P35Smin.R engineered with overlapping sequences with the 5’ UTR of RBCS1A.  
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These two fragments were then joined together to make miniP35s-5’UTR by amplification 

using the primers P35Smin.F and 5UTR.R.  

Yeast metallothionein metal response element (MRE)- No plasmid template DNA 

sequences of the MRE of S.cerevisiae were available to amplify using PCR. Therefore, two 

forward primers (P_F2 and P_F3) were engineered to be used in successive PCRs to add the 

MRE. The first primer P_F2 contains a 16bp overlap with the CaMV mini 35s promoter, 

whilst the second forward primer P_F3 contains a 15bp overlap with the 5’ end of the P_F2 

as well as an EcoRI restriction site. The successive amplification with these two primers 

using miniP35s-5’UTR as the starting template resulted in the formation of a copper 

inducible chimeric promoter consisting of a 44bp MRE fused to the 90bp CaMV mini 35s:: 

RNA promoter, followed by the 5’UTR of RBCS1A. 

3.3.1.2 Constructing 35S::ACE1 for constitutive expression 

The vector was constructed in four steps:  

Step 1- The coding sequence of ACE1 gene was initially amplified from genomic DNA of 

Saccharomyces cerevisiae strain MaV203 using the forward primer AceI-HA.F1 and a reverse 

primer AceI-HA.R1 engineered to add the HA-tag to the C-terminus of ACE1.  

Step 2- An overlap PCR was then carried out to join RBCS1A 5’UTR (described above) at the 

5’ end of the product of step 1, using primers 5UTR.F and AceI-HA.R1 .  

Step 3- The product of step 2 was then used as the template for the PCR to add attB1 

sequence at the 5’ end and attB2 sequence at the 3’ end. This was carried out in two stages 

due to the length of the sequences. The first used a forward primer B1-5UTR.F and reverse 

primer B2-HA.R, each containing 19bp each of their respective attB1 and attB2 Gateway™ 

recombination-compatible sequences, yielding a 918bp amplicon. This amplicon was used 

as the template to add the remaining 6bp of the attB1 and attB2 sequences, using the 

forward primer attB1.F and the reverse primer attB1.R. 

Step 4- The product of step 3 was subsequently mated with the 4,761bp pDONR221 

Gateway® donor vector to generate entry clone pENTRY-ACE1.  

Step 5- pENTRY-ACE1 was sequenced to make sure no mutation was created during PCR 

reactions and was subsequently mated with the 11,135bp binary plasmid pK2WG7 in an LR 

reaction to generate the final vector P35s::ACE1-HA, shown as in Fig. 3. 1(1).   
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3.3.1.3 Constructing Self-inducible ACE1 expression vector 

The vector pMRE-35s::ACE1-HA was constructed in four steps: 

Step 1- The 134bp MRE-CaMV mini 35s copper inducible chimeric promoter fragment was 

amplified from the previously generated amplicon (in 3.3.1.1) using the forward primer 

CuInd.F3 SacI and the reverse primer mini35s.R SpeI to add 5’ SacI and 3’ SpeI restriction 

sites to the chimeric promoter for downstream cloning. 

Step 2- The resulting product of step 1 then underwent a dual digest with SacI and SpeI to 

generate sticky ends for cloning. In parallel, P35s::ACE1-HA was also cut with SacI and SpeI 

to remove a 1057bp fragment containing the CaMV 35s:: promoter from the plasmid.  

Step 3- The prepared vector and insert were ligated using Thermo Scientific T4 DNA ligase 

following the manufacturer’s instructions to generate construct pMRE-35s::ACE1-HA for 

self-inducible ACE1 by copper, shown as in Fig. 3. 1(2).  

3.3.2 qPCR Analysis of ACE1 mRNA in transgenic plants 

Was carried out as outlined in Materials and Methods (Chapter 2). The primers ACE1qPCR.F 

and ACE1qPCR.R were used to generate a 116bp qPCR amplicon and the subsequent qPCR 

analyses are the result of three technical replicates from three independent biological 

experiments. The data was analysed using the gene coding for actin-2 (ACT2; AT3G18780; 

146) as a reference gene. 

3.3.3 Immunoblotting  

For SDS immunoblotting analysis of the ACE-HA transgene, total protein was extracted from 

2-week old seedlings by grinding approximately 300 mg fresh plant material to a fine 

powder in liquid nitrogen. Three volumes extraction buffer (50 mM Tris-HCl, pH 7.5, 150 

mM NaCl, 2.5mM EDTA, 0.05% triton x100, 10% glycerol, 1 x cOmplete Mini Protease 

Inhibitor Cocktail (Roche Cat. No. 11873 580 001) and 0.07% β-mercaptoethanol) was then 

added and the proteins extracted on ice for 1 h. The mixture was then centrifuged for 10 

min at 16,000 g at 4°C. The supernatant was removed, re-centrifuged at 16,000 g for 10 min 

at 4°C three more times and the final supernatant used for all further steps. Protein 

concentration was measured by the Bradford method 170.  

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE gels were carried out using Mini-Protean Tetra cell apparatus (Bio-Rad, USA). The 

20% acrylamide bis-acrylamide resolving gel was created by mixing 4ml of a 40% acrylamide 
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bis-acrylamide solution with 4ml of a x2 resolving buffer comprised of 0.75M Tris-HCl (pH 

8.8) and 0.2% SDS. To this mixture 10% ammonium persulphate (AP) and 

Tetramethylethylenediamine (TEMED) were added at 1.0% and 0.2% of the total reaction 

volume respectively (80ul and 8ul). The solution was immediately transferred into a pre-

assembled gel apparatus, isopropanol pipetted on top, and allowed to solidify for 30mins. 

The isopropanol was then poured out of the gel apparatus, rinsed with deionised water and 

excess water blotted. The 4% stacking gel was created by mixing 0.6ml of 40% acrylamide 

bis-acrylamide solution with 1.350ml of a x4 stacking buffer composed of 0.5M Tris-HCl (pH 

6.8) and 0.4% SDS. To this mixture 10% AP and TEMED were added at 1.0% and 0.2% of the 

total reaction volume respectively (60ul and 6ul). This was immediately transferred on top 

of the separating gel, a well-comb added, and allowed to solidify for 30mins.  

The gel apparatus was then assembled into the tank and the tank filled with running buffer 

(25 mM Tris, 192 mM glycine, 0.2% SDS, pH 8.8). Samples were mixed with the appropriate 

volume of 5x SDS loading buffer (250 mM Tris-HCl pH 6.8, 50% glycerol, 0.5% bromophenol 

blue, 10% SDS, 500 mM 2-mercaptoethanol) and heated at 100°C for 5 min to denature the 

proteins. Wells were loaded with 50μl sample alongside one well with 20μl pre-stained 10 - 

250 kDa protein ladder (PageRuler Plus, thermo Scientific). Gels were run at 180V until the 

marker dye-front ran off the gel.  

Western Blotting 

Proteins were then blotted to a nitrocellulose membrane (Protan™ BA85) for 1hr at 50V in 

transfer buffer (0.5X running buffer and 20% methanol) using a Mini Trans-Blot® 

Electrophoretic Transfer Cell (Biorad) according to the manufacturer’s instructions. Once 

blotted, the membrane was washed twice with 1x Tris-buffered saline-tween (TBST) buffer 

(50 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.6) for 20mins total with gentle rocking. 

The membrane was then blocked with 5% (w/v) skimmed milk powder in TBST 1hr at room 

temperature. The blot washed in TBST twice for 10mins each. The blot was then incubated 

in TBS + anti-HA antibody (ab9110, Abcam) at a 1:4,000 dilution solution containing 5% milk 

for 2hrs at room temperature for the immunodetection of the expression level of the ACE1-

HA protein in the A.thaliana homozygous transgenic lines.  After blocking, the membrane 

was washed twice with 1x TBST buffer for 20mins with gentle rocking and then incubated 

with blocking buffer supplemented with goat anti-rabbit IgG (H+L) HRP conjugated 

secondary antibody (Sigma, A16096) at 1:50,000 dilution for 1hr at RT. The membrane was 

then washed four times with 1x TBST buffer for 40mins with gentle rocking. Horseradish 
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peroxidise (HRP) activity, indicative of transgene presence, was then detected using 

SuperSignal West Femto Chemiluminescent Substrate kit (Thermo Scientific) according to 

manufacturer’s instructions.  

3.3.3.4 Yeast Growth Conditions and DNA Extraction  

MaV203 yeast cells from ThermoFisher Scientific were grown at 300C for 3 days on SC 

media containing 2% agar. On day 3, cells were collected and treated with a 2% SDS 200mM 

LiOAc lysis buffer and phenol/chloroform DNA extraction was carried out. This genomic 

DNA was the template used for ACE1 amplification. 

3.3.3.5 Plant transformation and growth conditions  

Plant transformation and growth conditions were carried out as outlined in the Materials 

Chapter of this thesis (Chapter 2). 

3.3.3.6 Copper Sulfate Treatments of the transgenic plants 

For all experiments outlined in this chapter using CuSO4, unless stated otherwise, this refers 

to copper(II) sulfate pentahydrate (CuSO4 · 5H2O) (Molecular Weight 249.69) ordered from 

Sigma Aldrich (C8027 Sigma). All CuSO4 solutions were prepared in double distilled H2O 

(ddH2O) according to the molecular weight of the compound and the final molarity needed 

for the experiment.
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Fig. 3. 1 – T-DNA region constructs of activator binary component Ti plasmids p35s::ACE1-HA and pMRE-35s::ACE1-HA contained within the pK2WG7 binary 

vector backbone. Schematic representation of the two different cassettes comprising the first component of my proposed binary cell-wall directed copper inducible gene 

expression system. 1, P35s::ACE1-HA - Depicts a schematic image of the cassette under which ACE1 is constitutively expressed. 2, pMRE-35s::ACE1-HA - Depicts a schematic 

image of the second cassette under which ACE1 is under the control of a chimeric-copper (self) inducible promoter, in which the transgene persists in a quiescent basal state, with 

minimal basal leakage, but will (theoretically) display robust induction upon activation and binding of ACE1 to UAS containing the MRE (linked to the minimal CaMV 35s 90bp 

constitutive promoter) in its own promoter in a positive feedback loop. The plasmid backbone of both cassettes, shown in grey, is the Gateway® destination vector pK2WG7. The 

amino acid sequence of the ACE1-HA copper inducible transcriptional activator consisted of the full length ACE1 derived from S.cerevisiae and the human influenza hemagglutinin 

epitope tag (HA-tag) cDNA. T-DNA-L/T-DNA-R are Left and right borders of the transfer-DNA (T-DNA) portion of the binary vector pK2WG7 used for agrobacterium mediated plant 

transformation; MRE the metal response element; CaMV 35s Cauliflower mosaic virus constitutive RNA promoter; Mini35s the 90bp region comprising the miniature version of the 

cauliflower mosaic virus RNA promoter; 5’ UTR Rubisco 5’ UTR of the A.thaliana RuBisCO 1A small subunit; AttB1 Gateway recombination sequence; AttB2 Gateway recombination 

sequence; KanR Kanamycin resistance gene; Nos terminator Nopaline synthase terminator from Agrobacterium tumefaciens; Nos promoter Nopaline synthase promoter from 

Agrobacterium tumefaciens; CaMV poly(A) polyadenylation signal of cauliflower mosaic virus. A map of the plasmid backbone into which the above two cassettes were cloned, 

pK2WG7, can be seen in Appendices Fig. 8. 1, section 8.2.1.  
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Fig. 3. 2 - Schematic image of the two promoter variations within the two cassettes comprising the first component of my proposed binary cell-wall directed 

inducible gene expression system, and a simplified representation of their predicted copper response kinetics based on the differences in their promoter 

regions. Left – a) Construct for the expression of ACE1-HA under the control of a constitutive viral CaMV 35s promoter. Right – a) Cassette for the expression of ACE1 under the 

control of a chimeric-copper (self) inducible promoter, in which the chimeric promoter acts as an UAS containing the MRE (linked to the minimal CaMV 35s 90bp constitutive 

promoter) to which activated ACE1 binds. The basal quiescence should theoretically prevent any transgene expression other than minimal basal leakage but allow robust induction 

upon activation and binding of ACE1 to its own promoter in a positive feedback loop. Both Left and Right - b) A copper inducible expression system under the control of a copper 

inducible chimeric promoter for inducible transgene expression in plants.
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3.4 Results 

3.4.1  Construct 35S::ACE1 for constitutive expression  

Genomic DNA was extracted from A.thaliana ecotype Col-0 and used as template in the 

PCR amplification of the 175bp 5’ UTR of the RBCS1A small subunit in lanes 2-4 of Fig. 3. 

3(a). This fragment was subsequently gel purified for use in later cloning as a pure 

amplicon. DNA was then extract from the yeast Saccharomyces cerevisiae (MaV203) and 

used as template in the PCR amplification of the 721bp ACE1-(HA) copper responsive 

transcriptional activator in a single PCR reaction through reverse primer engineering to add 

the human influenza hemagglutinin epitope tag (HA-tag) at the 3’ end of the amplicon Fig. 

3. 3(b). An overlap PCR was then carried out to join the 5’ end of this 721bp ACE1-HA 

amplicon with the 3’ end of the 175bp 5’UTR of the RBCS1A, to generate a 5’UTR-ACE1-HA 

fusion product of 877bp seen in lane 2 Fig. 3. 3(c).  

 

 

 

 

 

 

 

 

Fig. 3. 3 - Key gel images comprising the creation of the ACE1-HA constitutive overexpression 

construct a) 4% gel showing PCR amplicons of the both the 175bp 5’ UTR of the A.thaliana RuBisCO 1A small 

subunit and 99bp Extensin-3 mRNA of A.thaliana. L1 – GenRuler 1KB, L2-4 - 175bp 5’ UTR of the A.thaliana 

RuBisCO 1A small subunit (Ta (54oC, 30 cycles), L5 – H2O control , L6 -Blank, L7-9 - 99bp Extensin-3 mRNA of 

A.thaliana. Ta (54oC, 40 cycles) b) 1.0% gel ACE1-HA gradient PCR. Ta (50.0-65.0oC, 12 steps, 30 cycles). A Ta of 

54oC (Lane 5) was then used for high fidelity amplicon amplification using PFU II Ultra c) 1.3% gel showing 

product of overlap PCR between the 190bp 5’ UTR of the A.thaliana RuBisCO 1A small subunit and the 702bp 

ACE1-HA CDS. L1 – GenRuler 1KB, L2 – 877bp overlap PCR product between 5’UTR A.thaliana RuBisCO 1A small 

subunit and the ACE1-HA CDS. Ta (70oC, no primers 3 cycles), followed by Ta (70oC, primers added, 25 cycles). 
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Post-gel purification, Gateway™ recombination cloning attB1/2 sequences were then added 

to this 877bp amplicon in two PCR reactions to eventually yield a 930bp Gateway™ 

competent amplicon capable of BP recombination-based cloning. This fragment was at first 

used in BP cloning with pDONR221 to generate the entry clone pENTRY-ACE1 which is used 

in the further LR reaction with vector pK2WG7 to generate the final construct p35s::ACE1-

HA. The successfully sequenced p5’UTRRuBisCO_35s::ACE1-HA Gateway™ pExpression clone 

was then transformed into A.tumefaciens (C58) via electroporation.  

 

 

 

 

 

 

 

 

 

 

Fig. 3. 4 - Key gel images comprising cloning, transformation and genotyping of transgenic 

A.thaliana containing the binary vector p35s::ACE1-HA. a) 2% gel showing colony PCR of successful 

Agrobacterium tumefaciens strain C58 transformants of the p35s::ACE-HA overexpression plasmid. L1 – 

Genruler 1KB, L2-10 – 1118bp successful amplicon from transformed pExpression plasmid 35s::ACE1-HA, L11 – 

Negative control (touch tip to agar on which transformants are plated), L12 – Positive control (pEntryACE1-HA). 

Colonies 1 and 3 were selected for culture overnight in 5ml LB as starter culture for floral dipping inoculation of 

500ml LB. Ta (64oC, 30 cycles).  b) An image showing the difference in chlorophyll content and general seedling 

development on ½ MS 0.8% agar plates containing 50µg/ml Kanamycin between successful/unsuccessful T1  

A.thaliana transformants based on the presence or absence, respectively, of the kanamycin resistance gene 

carried on the p35s::ACE1-HA plasmid. c) 1.2% gel showing genotyping results of x13 35s::ACE1-HA transgenic 

lines which displayed 3:1 segregation ratios (Table.1) on ½ MS 0.8% agar plates containing kanamycin at 

50µg/ml. L1 – GenRuler 1KB, L2 – 01-20, L3 – 01-03, L4 – 01-01, L5 – 01-15, L6 – 01-39, L7 – 01-37, L8 – 01-26, L9 

– 01-22, L10 – 01-28, L11 – 01-02, L12 – 01-13, L13 – 01-10, L14 – 01-29, L15 – Negative control (Col-0). Ta (54oC, 

40 cycles). 
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A colony PCR was carried out on A.tumefaciens colonies resistant to the kanamycin marker 

gene carried on the pK2WG7 binary plasmid, as well as the gentamycin and rifampicin 

marker genes located on the helper plasmid contained within the C58 Agrobacterium. The 

colony PCR was carried out using the forward primer p35s.F and the reverse primer B2-

HA.R. Transformants successfully carrying the p35s::ACE1-HA Gateway™ pExpression clone 

were indicated through a strong band at 1118bp Fig. 3. 4(a). Two of these positive colonies 

(1&3) were then inoculated for overnight growth as a starter culture for Floral dipping to 

Col-0 plants as described by 171. 40 independent kanamycin-resistant transformants were 

obtained at the T1 stage based on growth on Kanamycin plates Fig. 3. 4(b) and grown in soil 

to harvest T2 seeds from the individual T1 plants. 13 transgenic lines were then selected 

through 3:1 kanamycin resistant:sensitive segregation ratio in the T2 generation Table. 3. 

1(red asterisk) which is indicative of a single locus insertion following mendelian 

segregation patterns.  

To determine whether the observed patterns of kanamycin resistance within the T2 progeny 

were related to the expected patterns based on mendelian segregation principles, a chi-

squared analysis of goodness-of-fit for the hypothesis that there is a single T-DNA insertion 

in the selected transgenic lines conferring kanamycin resistance was calculated in GraphPad 

Prism using a single degree of freedom. The critical point returned for this test of 143.25 at 

p =<.05 is much lower than the chi-squared result of 1042 Table. 3. 1, with the conclusion 

that the ratio of kanamycin resistance and sensitivity in the T2 progeny of the Col-0 

transformed with the binary vector p35s::ACE1-HA was not due to random variation, and 

was therefore likely segregating through the mendelian principle of independent 

assortment. These 13 single locus insertion lines were subsequently genotyped to confirm 

the presence of the integrated 35s::ACE1-HA construct Fig. 3. 4(c) resulting in only 11 lines 

which displayed a strong band at 675bp indicating the genomic presence of the p35s::ACE1-

HA construct. Kanamycin-resistant T2 seedlings of these 11 lines were pricked to soil and 

grown to harvest T3 seeds from individual T2 plants to identify homozygous T3 plants. The 

resulting homozygous seeds of this 11 independent single locus p35s::ACE1-HA transgenic 

lines were than used to assay their constitutive ACE1-HA transgene mRNA and protein 

levels.  
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Table. 3. 1 - Chi-square goodness-of-fit for the hypothesis that there is a single T-DNA insertion in the selected 

p35s::ACE1-HA transgenic lines conferring kanamycin resistance. Critical point with one degree of freedom (117) is χ2 0.05 = 

143.25 

 

 

 

Transformant Obs 

KanR:KanS 

Exp 

KanR:KanS 

 Ratio tested χ2  Sig. 

16001-01* 96:34 98:33  3:1 1042 <.0001 

16001-02* 130:34 123:41  3:1 
 

 

16001-03* 111:33 108:36  3:1   

16001-04 86:4 68:23  3:1   

16001-05 150:18 126:42  3:1   

16001-06 117:7 93:31  3:1   

16001-07 119:39 119:40  3:1   

16001-08 129:2 98:33  3:1   

16001-09 137:8 109:36  3:1   

16001-10* 98:32 98:33  3:1   

16001-11 172:1 130:43  3:1   

16001-12 78:17 71:24  3:1   

16001-13* 86:33 89:30  3:1   

16001-14 92:18 83:28  3:1   

16001-15* 123:33 117:39  3:1   

16001-16 41:93 101:34  3:1   

16001-17 5:116 91:30  3:1   

16001-18 104:5 82:27  3:1   

16001-19 128:19 110:37  3:1   

16001-20* 136:37 130:43  3:1 
 

 

16001-21 11:64 56:19  3:1   

16001-22* 60:21 61:20  3:1   

16001-23 98:6 78:26  3:1   

16001-24 182:51 175:58  3:1   

16001-25 108:47 116:39  3:1   

16001-26* 80:22 77:26  3:1   

16001-27 113:27 105:35  3:1   

16001-28* 126:35 121:40  3:1   

16001-29* 89:24 85:28  3:1   

16001-30 87:40 95:32  3:1   

16001-31 111:40 113:38  3:1   

16001-32 117:8 94:31  3:1   

16001-33 103:23 95:32  3:1   

16001-34 85:16 76:25  3:1   

16001-35 112:20 99:33  3:1   

16001-36 119:39 119:40  3:1   

16001-37* 104:37 106:35  3:1   

16001-38 112:0 84:28  3:1   

16001-39* 105:34 104:35  3:1   

16001-40 130:12 107:36  3:1   
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Ten-day-old T3 seedlings were harvested and RNA extracted for qPCR analysis of 

constitutive ACE1 expression level Fig. 3. 5(a). In parallel, protein was extracted from the 

same lines and separated using SDS-PAGE, followed by immunodetection of the expression 

level of the ACE1-HA transgene through probing the separated proteins using an anti-HA 

tag antibody Fig. 3. 5(b). Fig. 3. 5(a) shows that constitutive ACE1 mRNA expression levels 

varied significantly between each transgenic line, with 16001-20 showing the highest 

expression level, and 16001-10 showing the lowest. The expression of ACE1-HA in all other 

lines fell on a spectrum between these two extrema, though 16001-02, 26 and 29 all 

showed an expression level somewhere in the middle of these two extremes.  
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Fig. 3. 5 - Constitutive ACE1-HA mRNA expression levels vary significantly between distinct 

homozygous p35s::ACE1-HA transgenic lines but show correlation between the transcriptional and 

translational level of the transgene within transgenic lines.  a) qPCR data showing ACE1-HA mRNA levels 

in x11 p35s::ACE1-HA transgenic lines carrying a single locus insertion; relative to Actin2 mRNA levels. Columns 

and error bars represent mean and standard error of the data from three biological repeats.  b) Western blot of 

ACE1-HA protein within the protein extract of x11 p35s::ACE1-HA homozygous overexpression lines (from one 

biological repeat(s) of more than 30 seedlings) using an anti-haemagglutinin (anti-HA) antibody. Protein extracts 

from all transgenic lines show a major band at ~22kDa, with rough correlation between the transcriptional and 

translational level of the transgene apparent. An additional band of roughly 27 kDa is visible in line 16001-02 

(lane 3). 
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An approximately 22 kDa ACE1-HA specific band was observed in the antibody-probed 

proteins in Fig. 3. 5(b), roughly in proportion to transcriptional expression of the ACE1 gene 

seen in Fig. 3. 5(a). The size of the ACE1-HA protein was unexpectedly lower than the 

reported 26 kDa native protein, potentially due to alternative RNA splicing or post-

translational modifications of the protein. However, of the lines tested for transgene 

translation, line 16002-02 displayed banding at ~26 kDa; the approximate MW of ACE1 

reported in the literature, as well as at the 22 kDa as seen in the other constitutive 

overexpression lines Fig. 3. 5(b). The absolute protein overexpression across all transgenic 

lines was of a relatively low abundance considering expression was driven by the strong 

CaMV35s:: promoter Fig. 3. 5(a). As expected, no ACE1-HA specific band was observed in 

the Col-O negative control (Lane 1).  

Based on the observed constitutive ACE1 mRNA expression levels seen in the qPCR data in 

Fig. 3. 5(a), and protein expression levels in Fig. 3. 5(b) in the x11 homozygous lines, three 

transgenic lines displaying a low (16001-01), medium (16001-26) or high (16001-20) 

constitutive expression level of ACE1-HA (relative to the other x10 lines) were arbitrarily 

chosen to be brought forward as the constitutively expressed ACE1 genetic background into 

which the second component of the binary inducible gene expression system would be 

transformed and characterised.  

In order to test if the mean ACE1 level in the three selected constitutive ACE1-HA 

overexpressing lines was significantly different, and where these differences occurred, a 

one-way analysis of variance (ANOVA) and subsequent post-hoc comparison (Tukey’s HSD 

test) were conducted, Table. 3. 2 & Table. 3. 3 respectively. The x11 35s::ACE1-HA data 

were first tested for normality of variance in line with a gaussian distribution using the 

D’Agostino and Pearson normality test to ascertain whether the data was parametric or 

non-parametric. Returning a K2 test statistic of 3.790, and a P value of 0.1503, the data 

passed normality testing at p=<.05 (alpha = 0.05). Therefore, the analysis of the differences 

among the mean ACE1 levels in the three chosen constitutive lines could proceed using 

ANOVA.  
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Table. 3. 2 - Results of a one-way analysis of variance (ANOVA) conducted on the three p35s::ACE1-HA 

homozygous transgenic lines displaying a low (16001-01), medium (16001-26) or high (16001-20) constitutive 

expression level of ACE1-HA. 

 

 

 

 

 

Table. 3. 3 - Post-hock Tukey HSD comparison of the means of the three p35s::ACE1-HA homozygous 

transgenic lines displaying a low (16001-01), medium (16001-26) or high (16001-20) constitutive expression 

level of ACE1-HA to determine between which groups the significant difference found in Table.2 resides. 

 

 

 

 

 

 

 

A one-way between subject’s ANOVA was conducted to compare the mean ACE1-HA level 

of the three arbitrarily chosen low (16001-01), medium (16001-26) and high (16001-20) 

expressing ACE1-HA lines (Table. 3. 2). ANOVA revealed significant between-group 

differences at the p = <.05 level between lines [F(2,6) = 823.1, p = < .0001). Post-hoc 

comparisons using the Tukey HSD test indicated significant differences in constitutive ACE1-

HA expression level between all three lines [16001-20 ( M = 0.5282, SD = 0.01392), 16001-

26 ( M = 0.2048, SD = 0.02195) and 16001-01 ( M = 0.03711, SD = 0.002427) at p = <.05 

(Table. 3. 3). Taken together, these results verify the selection of lines 16001-01, 16001-26 

and 16001-20 as low, medium and high transgenic lines constitutively overexpressing the 

ACE1-HA transgene which comprises the first component of the binary system creation aim 

as part of this thesis.  

    Sum of 

Squares 

df Mean 

Square 

F Sig. 

Between Groups 0.374 2 0.187 823.1 < .0001 

Within Groups 

Total 

0.001 

0.375 

6 

8 

0.0002 

 

 

 

 

 

    Tukeys HSD 

Comparisons 

  

Line      

No. 

n Mean SD 16001-01 16001-26 16001-20 

16001-20 3 0.528 0.014 < 0.05   

16001-26 

16001-01 

3 

3 

0.205 

0.037 

0.022 

0.002 

 

 

 

< 0.05 

< 0.05 
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3.4.2 Construct pMRE-35s::ACE1-HA for self-inducible ACE1 

In order to have better control the expression of ACE1 in the transgenic plant, a construct 

was designed to drive the expression of the ACE1-HA by a copper inducible promoter 

formed by the minimum element of the 35s promoter 35s(-90) pro joined with the binding 

element of ACE1 protein. In the absence of exogenous copper, the 35s mini promoter is 

unlikely able to drive strong expression of ACE1 but only a very low level of leakage 

expression in some transgenic plants. When treated with exogenous copper, which 

activates the leaked ACE1 and in turn to upregulate the expression of ACE1 from the 

transgene to form a positive feedback loop to reach high level of ACE1. To construct this 

plasmid, the 35s promoter in p35s::ACE1-HA as Sac I / Spe I fragment was replaced by a Sac 

I / Spe I fragment carrying the MRE and the 35s mini promoter Fig. 3. 6(a), method 3.3.1.3. 

A 134bp fragment carrying MRE-35s mini promoter was amplified with SacI and SpeI 

restriction sites included at its 5’ and 3’ end, respectively Fig. 3. 6(a), which is used to swap 

the 35s promoter in p35s::ACE1-HA. The resulted plasmid pMRE-35s::ACE1-HA was 

validated by sequencing, transformed to agrobacterium C58/GV3101. After confirmation by 

colony PCR of the transformed Agrobacterium, Col-0 plants were transformed by floral 

dipping. 
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Fig. 3. 6 – Key gel images comprising the creation, cloning, transformation and genotyping of 

transgenic A.thaliana containing the binary vector pMRE-35s::ACE1-HA. a) Schematic image of the 

second genetic construct for ACE1-HA overexpression; pMRE-35s::ACE1-HA, under which ACE1 is under the 

control of a chimeric-copper (self) inducible promoter. b) Genotyping pMRE-35s::ACE1-HA lines (self-inducible 

ACE1 lines) at T2 stage using ACE1 specific primers. Genotyping, along with segregation ratio data, gave (x9) 

pMRE-35s::ACE1-HA transgenic lines carrying a single locus insertion; 16002-17, 18, 27, 15, 07, 37, 03 and 23 as 

shown above. Ta (60oC, 30 cycles) PF3.F and ACE1-HA.R. L1 – GenRuler 1KB, L2 – N/A, L3 – 02-17, L4 – 02-18, L5 

– 02-27, L6 – 02-01, L7 – 02-32, L8 – 02-11, L9 – 02-08, L10 – 02-40, L11 – 02-38, L12 – 02-37, L13 – 02-33, L14 – 

02-15, L15 – 02-26, L16 – 02-07, L17 – 02-33, L18 –wd 02-39, L19 – 02-28, L20 – 02-31, L21 – 02-14, L22 – 02-37, 

L23 – 02-12 L24 – 02-22, L25 – 02-03, L26 – 02-23, L27 – Col-O, L28 – H2O, L29 – N/A, L30 – N/A. 
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25 independent kanamycin-resistant T1 transformants were obtained. Due to the failure of 

the three lines (16002-04, 08 and 28) to germinate on Kanamycin containing plates at the T2 

stage, these lines were discarded, leaving 22 lines for mendelian segregation ratio analysis. 

9 transformants were selected through 3:1 kanamycin resistant:sensitive segregation ratio 

in the T2 generation Table. 3. 4 (red asterisk), indicative of a single locus insertion following 

mendelian segregation patterns. Due to the low sample size, all remaining 20 lines were 

genotyped as seen in Fig. 3. 6(b). To determine whether the observed patterns of 

kanamycin resistance within the T2 progeny were related to the expected patterns based on 

mendelian segregation principles, a chi-square analysis of goodness-of-fit for the 

hypothesis that there is a single T-DNA insertion in the selected transgenic lines conferring 

kanamycin resistance was calculated in GraphPad Prism using a single degree of freedom. 

The critical point returned for this test of 72.15 at p =<.05 is much lower than the chi-

squared result of 615.90, Table. 3. 4, with the conclusion that the ratio of kanamycin 

resistance and sensitivity in the T2 progeny of the Col-0 transformed with the binary vector 

pMRE-35s::ACE1-HA was not due to random variation, and was therefore likely segregating 

through the mendelian principle of independent assortment.  

Subsequent genotyping of these lines Fig. 3. 6(b), showed only 9 lines which displayed a 

strong band at 1062bp indicating the genomic presence of the pMRE-35s::ACE1-HA 

construct. These 9 lines were brought forward to assay their basal ACE1-HA transgene 

transcriptional leakage level, as well as the level of auto-regulatory fold induction 

achievable with 100µM CuSO4.  
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Table. 3. 4 - Chi-square goodness-of-fit for the hypothesis that there is a single T-DNA insertion in the selected 

pK2WG7-5’UTRRuBisCO_MRE-35s::ACE1-HA transgenic lines conferring kanamycin resistance. Critical point with one 

degree of freedom (54) is χ2 0.05  = 72.15 

 

 

Using the above genotyping and segregation ratio data Fig. 3. 6(a), and Table. 3. 4, nine 

homozygous self-inducible pMRE-35s::ACE1-HA expressing lines were generated and 

brought forward for preliminary analysis of the induction dynamics of ACE1-HA within these 

lines in response to control treatment with 3ml ddH2O to assess basal transgene leakage 

and inductive capacity in response to 3ml of 100µM CuSO4 over a 3hr time period. 

 

 

 



P a g e  | 46 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. 7 - Preliminary screen of basal transgene leakage and level of auto-induction in homozygous 

pMRE-35s::ACE1-HA transgenic lines   RT-qPCR data showing ACE1 mRNA levels in (x8) self-inducible ACE1 

(pMRE-35s::ACE1-HA) transgenic lines carrying a single locus insertion harvested after 3hrs post-induction with 

3ml of 100µM CuSO4; all relative to Actin 2 mRNA levels. Fold induction ratios shown on the top of the bars 

were calculated by dividing amount of ACE1 mRNA in the presence of copper by that in the absence of copper. 

[Statistical analyses were not performed on these data due to the variability in biological replicates due to RNA 

sample degradation]. 

 

Based on the preliminary results shown in Fig. 3. 7, demonstrating both the basal leakage 

level and inductivity with 100µM CuSO4 of 8 independent homozygous lines for the self-

inducible pMRE-35s::ACE1-HA gene expression, six lines showing auto-regulatory 

transcriptional responsiveness of the chimeric promoter were brought forward; 16002-15, 

16002-27, 16002-07, 16002-17, 16002-39 and 16002-23. It is worth noting that the line 

16002-39, though showing 3:1 segregation on Kan plates as the other lines, T3 seedlings 

were not ready at the time of the preliminary screen, which is why this line appears in the 

time series analysis, but not in the preliminary screen. The above 6 lines were brought 

forward to both repeat the experiment to account for any technical abnormalities caused 

by degraded RNA samples and for a time series analysis of the auto-regulatory dynamics of 

the ACE1-HA transgene in these selected lines over a 24hr timeframe post treatment with 

100µM CuSO4. 
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Fig. 3. 8 - Time-series screen of basal transgene leakage and level of auto-induction in homozygous 

pMRE-35s::ACE1-HA transgenic lines over a 24hr time-series post-induction with 100µM CuSO4. - 

RT-qPCR data showing ACE1 mRNA levels (normalized by reference gene ACT2) in (x6) self-inducible ACE1 

(pMRE-35s::ACE1-HA) transgenic lines carrying a single locus insertion harvested over three different time 

points post-induction with 3ml of 100µM CuSO4 or ddH20; all relative to actin 2 mRNA levels. a) 3hr time point 

b) 7hr time point c) 24hr time point d) 16001-20, 26 and 01 control lines. Red ratios in d) indicate constitutive 

ACE1-HA fold difference between transgenic lines. e) Average leakage level vs auto-induced ACE1 expression 

level over the entire 24hr time series for line 16002-23. n = the number of independent samples. The numbers 

between the two bars indicate the average fold induction of the transgene over the 24hr time period. f) Boxplot 

for the comparison of ACE1 expression amongst the tested lines; box = Q1 (the first quartile) to Q3 (the third 

quartile) of the distribution and the range represents the IQR (interquartile range), line across the box = median, 

whiskers = max and min values, + = Mean. 
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Of the 6 homozygous lines tested, lines 16002-27, 16002-17 and 16002-39 showed no 

significant transgene induction at any of the three time-points assayed after treatment with 

100µM CuSO4. Though showing a low quiescent expression level, line 16002-27 showed 

negligible induction, whilst line 16002-17 appeared to display both negligible transgene 

leakage or inductivity aside from that observed in the CuSO4 treated 7hr time point Fig. 3. 

8(b). Although line 16002-39 did show promising inductivity, the level of basal transgene 

leakage rendered this induction level non-significant. Lines 16001-01, 26 and 20 were 

included as controls in this time series analysis. As identified previously, these lines 

maintained their distinctly different average constitutive ACE1 expression levels Fig. 3. 8(d). 

Lines 16002-15, 16002-07 and 16002-23 all displayed responsiveness of the auto-regulatory 

copper activated ACE1 positive feedback system postulated in the design of this construct 

at the end of Chapter 1 in response to treatment with 3ml of 100µM CuSO4. The ACE1-HA 

expression level in these lines appears to increase at each time-point assayed after 

treatment with 100µM CuSO4, with the exception of line 16002-07 at the 3hr timepoint. 

However, the treatment period was not long enough to determine whether the ACE1-HA 

transgene would continue to rise in these transgenic lines after 24hrs. At the 3hr timepoint, 

lines 16002-15 and 16002-23 showed significant transgene induction (p<.001) and (p<.01) 

respectively Fig. 3. 8(a). At the 7hr timepoint, lines 16002-15 and 16002-07 showed 

significant transgene induction (p<.01) and (p<.05) respectively Fig. 3. 8(b). At the 24hr 

timepoint line 16002-23 showed significant transgene induction (p<.001) Fig. 3. 8(c). Of the 

lines responding to 100µM CuSO4 treatment, both 16002-15 and 16002-23 show similar 

ACE1 basal leakage levels throughout the time-series, whilst 16002-07 shows the lowest 

level of basal ACE1 leakage Fig. 3. 8(a,b&c). 

Line 16002-23 displays both the highest absolute ACE1 level and the highest fold induction 

relative to basal leakage levels of the three lines responsive to 100µM CuSO4 treatment Fig. 

3. 8(c). Displaying low basal ACE1 leakage levels, a high ACE1 fold induction and the highest 

absolute ACE1 expression level, line 16002-23 was selected as the optimal self-inducible 

ACE1-HA homozygous line and brought forward for further analysis. Analysis of the average 

leakage level vs auto-induced ACE1 expression level over the entire 24hr time series Fig. 3. 

8(e) shows a roughly 2.3-fold average fold induction, which rises to **3.9 fold if low fold 

induction values seen in Fig. 3. 8(b) are excluded. 
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Table. 3. 5 - Post-hock unpaired t-test comparison of mean ACE1 level before and after induction 

with 3ml 100µM CuSO4 solution or 3ml ddH2O as control in 6 transgenic A.thaliana lines homozygous 

for the construct - pMRE-35s::ACE1-HA over three different incubation timepoints post induction 

prior to harvest and RNA extraction; 3hrs, 7hrs and 24hrs incubation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Line No.             Time(hrs) t df Sig. 

16002-15 3 10.130 4 0.0005 

 7 5.148 4 0.0068 
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0.0022 
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An independent-samples t-test was conducted to compare the mean ACE1 gene expression 

level for induced and non-induced conditions in the 6 lines homozygous for the binary 

vector pMRE-35s::ACE1-HA (16002-15,27,07,17,39,23) over three timepoints (3,7 and 

24hrs) in a 24hr timeseries (Table. 3. 5). To determine whether the mean ACE1 expression 

level was significantly different between the ddH2O and 100µM CuSO4 treated seedlings of 

line 16002-23 (including all timepoints) over this same time course, an unpaired t-test was 

conducted (Table. 3. 5).  

Significant differences were observed between non-induced (ddH20) and induced (100µM 

CuSO4) conditions in the two lines 16002-15 and 23 at the 3hr timeperiod; t(4) = 10.13, 

p=<.0005  and t(4) = 6.97, p=<.0022, the two lines 16002-15 and 07 at the 7hr time period; 

t(4) = 5.15, p=<.0068  and  t(4) = 4.13, p=<.015 and line 16002-23 at the 24hr period; t(4) = 

12.19, p=<.0003. These results suggest that three transgenic lines show significant auto-

induction of the ACE1-HA transgene over after a single treatment with 3ml 100µM CuSO4; 

lines 16002-15, 07 and 23. These analyses also show that lines 16002-15 and 23 show 

induction over two time points, but that significant ACE1-HA transgene induction only 

occurs in one line at the 24hr time point, line 16002-23. Displaying the optimal induction 

kinetics of the 6 transgenic lines assayed Fig. 3. 8(a-c), line 16002-23 was further analysed 

through an independent samples t-test on the induced vs non-induced ACE1-HA level in this 

line over the entire 24hr timeseries to assess whether the average ACE1-HA level over that 

time period was statistically different between the two conditions (Table. 3. 6). 
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Table. 3. 6 - Post-hock unpaired t-test comparison of mean ACE1 level in line 16002-23, homozygous 

for the binary vector pMRE-35s::ACE1-HA with/without induction with 3ml 100µM CuSO4 solution or 

3ml ddH2O as control over the entire 24hr time series. 

 

                                               - = treated with 3ml of ddH20; + = treated with 3ml of 100µM CuSO4 

 

 

                                                                             

 

There was a significant difference in average ACE1-HA level over the 24hr time period data 

outlined in (Fig.8(e)) between the mean ACE1 level for non-induced (ddH20) vs induced 

(100µM CuSO4) in the self-inducible ACE1-HA overexpressing line (16002-23) assayed; t(16) 

= 3.017, p=<.0082. These results suggest that a single induction of line 16002-23 with 3ml 

100µM CuSO4 maintains a significantly higher level of ACE1 compared to control treatment 

with non-inducing ddH20 over a 24hr time period Fig. 3. 8(e). 

 

 

Based on the qPCR data in Fig. 3. 8(a-c) showing transgene basal leakage level and 

inductivity after application with 100µM CuSO4 in the 6 transgenic lines assayed over the 

24hr time period, and further analysis of line 16002-23 induction kinetics Fig. 3. 8(e) and 

(Table. 3. 6), line (16002-23), containing the binary vector for the auto-regulatory 

expression of the ACE1-HA transgene was brought forward in parallel to the three lines 

previously identified as constitutively overexpressing ACE1-HA to a low (16001-01), medium 

(16001-26) and high (16001-20) level.  A boxplot was also created in Fig. 3. 8(f) to carry out 

a descriptive comparison of the distribution of ACE1 expression in the chosen transgenic 

lines harbouring the constitutive (p35s::ACE1-HA) and auto-regulatory (pMRE-35s::ACE1-

HA) binary vector T-DNA regions, where both quiescent and copper activated ACE1 

expression over the 24hr time period are included for the single auto-regulatory line 

(16002-23) brought forward after the time series analysis in Fig. 3. 8(a,b,c,e).  

Line No. Treatment   t df        Sig. 

16001-23 -        3.017 16 0.0082 

16001-23 
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Both the mean and median of the constitutive lines 16001-01, 26 and 20 seen in Fig. 3. 8(f), 

as denoted by the ‘+’ sign and the straight horizontal line respectively, show concurrency in 

these three chosen lines, an indication of the lack of outlier data points between biological 

replicates when looked at in parallel with low SE also observed in these lines. Line 16001-20 

shows a clearly far greater constitutive ACE1 expression level than all other lines, including 

both the induced and uninduced line 16002-23 24hr average. Line 16001-01 can be seen to 

be the lowest ACE1 expresser of both the constitutive and auto-regulatory lines chosen, 

whilst both the uninduced and induced levels of ACE-HA reside in an expression spectrum 

between line 16001-01 and the medium ACE1-HA overexpressing line 16001-26. In 

conclusion, the three transgenic lines constitutively overexpressing the ACE1-HA transgene 

to a low, medium and high level (16001-01, 26 and 20 respectively) will be brought forward 

in parallel to the single self-inducible ACE1-HA overexpressing transgenic line (16002-23) to 

be used as the genetic background into which the second, copper inducible and cell wall 

transgene targeting, component of the binary copper inducible system will be transformed 

with EGFP in Chapter 4 for functionality testing. After this functionality testing, the best 

activator line will be selected for transformation with a lignolytic white-rot fungi enzyme 

and a previously published lignin modification enzyme in Chapter 5. 

 

3.5 Discussion 

The purpose of this chapter was to create, transform and characterize two expression 

variants Fig. 3. 1(1&2) of the first component of a larger binary cell wall directed copper 

inducible gene expression system; which would ultimately be applied towards the inducible 

degradation of lignin in planta. From Fig. 3. 5(a) it can be seen that A.thaliana transformed 

with the constitutive ACE1-HA binary expression vector (p35s::ACE1-HA) as shown in Fig. 3. 

1(1), showed large variations in the constitutive expression of ACE1-HA mRNA in distinct 

homozygous lines relative to the housekeeping gene ACTIN2. This large variation in 

transgene expression level in Agrobacterium mediated A.thaliana transformants is, 

however, not surprising. Even when driven by the same constitutive CaMV35s:: promoter, 

primary Arabidopsis transformants have been shown to exhibit an over 1000-fold variation 

in transgene expression as observed in the paper published by Moore, Samalova and Kurup, 

2006 (Fig.2(a) Light blue bars) 172, likely due to T-DNA positional effects and/or silencing. 

 



P a g e  | 53 

 

3.5.1 Variation in constitutive ACE1-HA expression may be related to T-

DNA integration loci variation and potential transgene silencing 

Though there is some evidence of preferential T-DNA integration in transcriptionally active 

genomic regions from experiments demonstrating promoter-less reporter transgene 

activation, the A.tumefaciens T-DNA mediated transformation of plants is a largely random 

event, where the integration loci of the T-DNA can occur in both active and inactive regions 

of the genome 173. The effect of this T-DNA integration position can further be complicated 

by the fact that even within transcriptionally active regions, the T-DNA may or may not 

have integrated near transcriptional activating elements or enhancers, which could further 

account for the variability seen in ACE1-HA transgene expression seen in Fig. 3. 5(a). 

Indeed, even transgenes introduced into the same position in a plant genome (lox site(s)) 

using Cre-lox site specific recombination, variation in transgene expression levels are still 

observed 174. Such variability within the same genomic loci, especially within 

transcriptionally active regions of the plant genome, can often be attributed to the 

differential silencing of transgenes through promoter methylation 174.  Transgene 

integration into these locations, therefore, is faced with the dual effect of enhanced 

transcription, but also enhanced susceptibility to transgene silencing via methylation of the 

transgene promoter 175. However, without genome mapping of the integration loci of the T-

DNA of the 35s::ACE1-HA construct within the 11 transgenic constitutively overexpressing  

ACE1-HA lines, the variability in transgene expression cannot be conclusively attributed to 

either integration into transcriptionally silent regions or through differential transgene 

silencing in transcriptionally active regions through promoter methylation. Furthermore, 

mapping in this way is unnecessary for the aims of this thesis, as transgenic lines 

reproducibly expressing the ACE1-HA transgene to an arbitrary level were all that was 

needed. Many of those who cite the use of the ACE1 two component metallothionein gene 

expression system in the literature do not report qPCR data on the expression levels of the 

ACE1 transcriptional activator in their system, or at the very least do not publish this data. 

Nor do many carryout protein expression analysis of the transgene. Instead, many 

researchers working with this binary system opt to look only at the expression levels of the 

transgene of interest via qPCR in the presence or absence of copper.  

Mett, Lochhead and Reynolds, 1993 138, in their initial paper on the system, analysed the 

constitutive gene expression of ACE1-HA in their system using northern blot analysis 

without a control RNA sample, a relative quantification of translation. Furthermore, the 
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analysis of the ACE1-HA transgene stops there, with no examination of the protein 

translation efficiency. Though their system clearly worked, a more in-depth analysis of this 

first component of the copper inducible gene expression system could unveil some new 

and interesting findings which could potentially be advantageous in optimising transgene 

expression from the system. With the large variation in constitutive ACE1-HA expression 

levels seen across the transgenic lines in Fig. 3. 5(a), lines 16001-01, 26 and 20 were 

brought forward as they showed a low, medium and high constitutive ACE1-HA relative 

expression level (respectively) Fig. 3. 5(a), all of which were statistically significantly 

different from each other after conducting a one-way ANOVA and post-hoc Tukey HSD test 

at p = <.05 (Table. 3. 2 & Table. 3. 3). As these lines would eventually be transformed with a 

binary expression vector containing lignolytic enzymes, and the level of unwanted lignolytic 

transgene leakage due to copper present in the soil used for experiments could not be 

known, at this stage it was important to bring forward multiple lines with significantly 

different average constitutive ACE1-HA expression levels. Literature on the effects of lignin 

degrading enzyme overexpression in plants including tobacco176, maize 127,177 and alfalfa178 

have shown that these transgenes can lead to detrimental growth and development, the 

severity of which is correlated to the expression (or in this case, potential high level 

leakage) of the enzyme.  

3.5.2 ACE1-HA translation efficiency 

From Fig. 3. 5(b), it appears that the translation efficiency of the mRNA of ACE1-HA 

expressed by these lines is roughly equivalent to the transcriptional efficiency. However, 

the observed MW of the ACE1-HA transgene (~22 kDa) is lower than the predicted 25.5 kDa 

across the transgenic lines showing visible protein Fig. 3. 5(b, Lanes3,4,5,8,9,10,12).  

Furthermore, the presence of two distinct bands can be seen in Fig. 3. 8(b, Lane 3). The 

decrease in apparent molecular weight observed across all lines visibly expressing the 

ACE1-HA transgene in Fig. 3. 5(b) may be the result of post-translational modifications 

carried out by the plant such as the addition of a chemical group (phosphorylation and 

acetylation), the addition of sugar moieties (glycosylation) or the post-translational 

cleavage of the protein by a range of potential proteinases/peptidases. The apparent 

homologous decrease in MW of the ACE1-HA transgene relative to its predicted size across 

all lanes in Fig. 3. 5(b) showing protein production may point to proteinase/peptidase post-

translational cleavage of the transgene as the culprit for the decrease in protein size across 

all transgenic lines. If this is the case, the fact that the protein is still able to be assayed 
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using the anti-HA antibody would indicate cleavage at the N-terminus rather than at the C-

terminus where the HA-tag is located.  

The presence of two distinct bands in line 16002-02 Fig. 3. 5(b, Lane 3) may indicate that 

there are multiple modified forms of the protein in this transgenic line. Why this should 

occur in only one of the 9 transgenic lines assayed for ACE1-HA protein production is 

intriguing and may perhaps be the result of the T-DNA knockdown of the promoter region 

of the theorized proteinase/peptidase which may be cleaving the N-terminus of the ACE1-

HA protein. Future work could repeat the western blotting seen in Fig. 3. 5(b) through 

extraction of both the upper and lower bands from the SDS-PAGE gel as observed in Fig. 3. 

5(b, Lane 3). Subsequent outsourcing of peptide sequencing for these bands via methods 

such as trypsinisation followed by matrix-assisted laser desorption ionization-time of flight 

mass spectroscopy (MADI-TOF) may then unveil the nature of these bands and any notable 

and novel modifications of the ACE1 transcription factor which occurs upon heterologous 

expression in plants. As there is very little literature on the protein expression levels of 

ACE1 by those who cite the use of the ACE1 two component metallothionein gene 

expression system, and those who report this system do indeed report it as functional, it is 

hoped that any post-translational modifications carried out in the plant host do not 

compromise the functional activity of the ACE1-HA transcriptional activator when it will 

later be paired with the second component of the system containing lignin degrading 

enzymes.  

3.5.3 Self-inducible (16002-23) activator component induction kinetics 

A preliminary qPCR screen of the transcriptional profile of 8 transgenic lines identified as 

homozygous for the auto-regulatory ACE1-HA expression vector (pMRE-35s::ACE1-HA) 

through segregation ratio and genotyping data (Table. 3. 4) and Fig. 3. 7 lines showed that 

much like the p35s::ACE1-HA lines in Fig. 3. 5(a), the quiescent leakage level of the ACE1-HA 

transgene varied between independent homozygous lines. As was concluded for the Fig. 3. 

5(a) data, this was likely due to T-DNA positional effects and/or silencing. Though the fold 

change values shown in Fig. 3. 7 were initially insightful, the data was drawn from samples 

with significantly uneven replicate numbers due to unwanted RNA degradation (see 

Appendices, Fig. 8. 2) with some treatment groups this degradation had spread to all three 

biological replicates (16002-23, ddH20). As such, the experiment was repeated over a 

longer timeframe (24hr time series), and three lines with little to no RNA degradation in the 

preliminary screen, 16002-03,18 and 37, were discarded due to low fold induction ratios 
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and the remaining 5 lines 16002-15,27,07,17, and 23 were brought forward to be repeat 

the experiment. A sixth line homozygous line, 16002-39, which had not set T3 seeds at the 

time of the preliminary screen was also included in the 24hr time series analysis of the 

induction kinetics of the other 5 lines Fig. 3. 8(a-c). 

The induction kinetics of these 6 lines in response to treatment with 3mls of 100µM CuSO4 

over three time-points in a 24hr time series (3,7 and 24hrs) were analysed in Fig. 3. 8(a-c) 

respectively. As was observed in the preliminary experiment in Fig. 3. 7, the quiescent 

leakage level of the ACE1-HA transgene from these lines was roughly reproduced, as would 

be expected of homozygous transgenic lines. It worth noting that this comparison can be 

carried out because the binary vector carrying the pMRE-35s::ACE1-HA self-inducible ACE1-

HA transgene is effectively a self-contained, or single component, version of the binary 

system which will eventually be created through this thesis of work. As such, quantitative 

comparisons with functional binary copper inducible systems using the same genetic 

elements already in the literature are valid. In all but lines 16002-39 and 16002-23, the 

basal level of transgene leakage maintained a relative level (to Actin2) of 0.1 or below, 

indicating that the proposed auto-regulatory function of the chimeric promoter controlling 

the ACE1-HA transgene as shown in Fig. 3. 1(2) does indeed allow only a low level of gene 

transcription in the basal state Fig. 3. 8(a-c). This is especially true when comparing against 

similar systems, such as that created by Saijo and Naagasawa 169 in Arabidopsis in 2014 

(Fig.1(No.21)), where they expressed an sGFP under one MRE element linked to the same 

35s (-90bp) promoter used here. In their final construct (construct 21), they observed a 

basal leakage of the sGFP transgene from 7–14 independent lines at a relative level of 1.0, 

over 10-fold the level observed here across multiple transgenic lines Fig. 3. 8(a-c). 

Furthermore, even in lines 16002-39 and 16002-23 which display the highest levels of 

quiescent transgene transcription, the basal ACE1-HA transcription level never exceeds a 

relative level of 0.3 over the 24hr time period, which is still over 3-fold lower than that 

observed in essentially the same genetic construct as reported by Saijo and Nagasawa 179. 

Although the system was designed to be robust, the low-level transgene leakage observed 

in the 6 homozygous lines over the 24hr period was not surprising and was functionally 

necessary and initially hypothesized in the introductory section of this chapter. The natural 

biological role of ACE1 is as a copper dependent transcription factor which licenses the 

transcription of copper detoxification/sequestration genes within S.cerevisiae. The fact that 

there is basal transgene leakage is not entirely surprising. It has been reported that 

concentrations of 8.9-1.7 x 10-17 M CuSO4 are enough to activate 95% of ACE1 in fluorescent 



P a g e  | 57 

 

resonance energy transfer experiments 180, whilst the reported levels of Cu in plants can 

vary from 2-50 µg g-1, with most plants having Cu contents of 6 µg g-1 181,182. This average 

level of 6 µg g-1 translates to 9.4 x 10-8 M and does not account for any intracellular 

disparities in this value, such as that which might be seen in the plant cell nucleus where 

the ACE1-HA transgene would reside. However, these reported values do add weight to the 

feasibility that the basal nuclear copper concentration of Arabidopsis may be sufficient to 

facilitate the assembly of the tetracopper(I) cluster in ACE1 which induces the 

conformational change used by the protein to regulate gene expression, which would 

explain the low level basal leakage.  

3.5.4 Potential enhancement of mRNA stability imparted by the 5’UTR of 

RuBisCO 

The level of fold-(auto) induction of the ACE1-HA transgene by its own product after 

treatment with 3mls of 100µM in Fig. 3. 8(a-c) can be seen to vary across the six lines 

assayed over the 24hr time period, with the propensity for significant levels of fold auto-

induction appearing to be determined by positional effects. The highest statistically 

significant fold-induction over the 24hr time period (seen in line 16002-23 at the 24hr 

timepoint) of 4.7 (p=<.05) shows rough equivalency to the average fold-induction of sGFP 

reported to be expressed from Saijo and Nagasawa’s construct 21 containing transgenic 

lines also treated with 100µM CuSO4 and harvested 6hrs post-treatment 169. Significant 

ACE1-HA induction at p=<.05 was seen in only 3 lines (16002-15,07,23) (Table. 3. 5), with 

line 16002-23 displaying the highest fold-induction at the 24hr timepoint of 4.7-fold 

induction in autoregulatory ACE1-HA expression as previously stated. In the three lines 

showing significant ACE1-HA induction relative to ddH20 sprayed control, the absolute 

transgene level appeared to rise at each subsequent timepoint assayed, Fig. 3. 8(a,b,c), 

perhaps due to the mRNA stabilizing effect of the 5’UTR of RuBisCO within the 

overexpression construct, although no direct evidence was obtained for this conclusion as 

no binary vectors were created as a control for the RuBisCO 5’UTR element.  However, in 

their 2014 paper utilizing a similar version of the ACE1 binary system described here, Saijo 

and Nagasawa 169 showed that the addition of the To70 sequence to the 5’UTR region of 

their constructs 48 and 46 resulted in a lower basal transgene leakage than constructs not 

containing the same sequence. This, they postulated, was due to the mRNA destabilizing 

effect of the To70 sequence, as it resembles the TMV Ω seen in chloramphenicol 

acetyltransferase, which is known to impart heightened sensitivity to micrococcal nuclease 
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when present in chloramphenicol transferase 183. The above empirical observation may 

therefore lend more evidence to the premise that the 5’UTR of RuBisCO is having an mRNA 

stabilizing effect. Whether this hypothesized functionality would be more or less 

advantageous than a destabilizing 5’UTR element as proposed by Saijo an Nagasawa is yet 

to be seen. 

In comparison to other studies using a similar system, it appears as though the addition of 

x4 MRE elements, the shortening of the CaMV35s:: promoter to a -46bp form and the 

inclusion of a VP16AD have much more pronounced effects on the magnitude of fold 

induction than the attempts made herein for an exceptionally low quiescent level that was 

hypothesized for the auto-regulation of the ACE1-HA transcriptional activator created using 

the pMRE-35s::ACE1-HA binary vector. However, the apparent longevity of transgene 

activation seen in Fig. 3. 8(a-c) over the 24hr period may be advantageous in the inducible 

overexpression of enzymes toxic to the plant host, such as lignin degrading enzymes, 

especially if future applied uses of this system wanted to rely on a single foliar induction for 

expression. The verification of this idea of a potentially advantageous mRNA longevity 

imparted by the 5’UTR RuBisCO element included in the p35s::ACE1-HA binary vector will 

require additional studies involving the interaction with the second component of the 

system which will be outlined in subsequent chapters. 

Based on the induction dynamics observed over the three time-points in the 24hr time 

series analysis, line 16002-23 was chosen to be brought forward as the optimal line of 

choice from the 9 lines assayed in Fig. 3. 8(a-c). To test whether the average level transgene 

level after induction was greater than that of the basal leakage over the 24hr time period, 

all three time points for control (ddH20) vs treated (100µM CuSO4) were averaged and 

compared in a barchart in Fig. 3. 8(e), and a non-paired t-test was subsequently performed 

on these values in (Table. 3. 6). Furthermore, to better visualize the differences in ACE1-HA 

level between the three constitutive expressing lines and the non-induced/induced auto-

regulatory line, a boxplot was created in Fig. 3. 8(f) of the low quiescent transgene 

expression level over the 24hr period, and the level of fold (auto) induction across each 

time point assayed in the time series and over the 24hr time series as a whole. Displaying 

the optimal (auto)induction kinetics of the 9 lines assayed, line (16002-23) was selected to 

be brought forward in the hopes that it would display synergistic characteristics upon 

interaction with the second component of the system that would be advantageous to a low 

leakage and robust inducible gene expression system to be used for the expression of lignin 

degradation enzymes to the plant cell wall. 
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3.6 Conclusion 

The study outlined above demonstrates the creation, transformation, genetic 

characterization and transcriptomic/translational analysis of the model plant host 

A.thaliana transformed with two different binary vectors for the differential expression of 

the S.cerevisiae derived copper dependent transcription factor ACE1-(HA); P35s::ACE1-HA 

and pMRE-35s::ACE1-HA. Of the transgenic lines transformed with the constitutive ACE1-

HA overexpression binary vector (p35s::ACE1-HA) 11 homozygous lines were created, and 

of these three were chosen which displayed statistically different constitutive ACE1-HA 

gene expression profiles of a low (16001-01), medium (16001-26) and high (16001-20) level 

relative to the housekeeping gene Actin2. These 3 selected lines, and the remaining 8 which 

were not brought forward, were also found to display translational levels of the ACE1-HA 

transgene roughly equivalent to the observed mRNA expression levels, though evidence of 

potential alternative RNA splicing and/or post-translational modifications to the protein 

product were observed. 

From A.thaliana transformed with the auto-regulatory version of the ACE1-HA 

overexpression vector (pMRE-35s::ACE1-HA), 9 homozygous lines were created, and a 

timeseries analysis was conducted into the auto-induction dynamics of the ACE1-HA 

transgene following treatment with 3ml of 100µM CuSO4 by its own (hypothesized) low 

quiescent protein expression in these lines. Three transgenic lines displayed a significant 

fold-induction relative to quiescent transgene expression levels over the 24hr timeseries 

experiment; lines 16002-15,07 and 23. Furthermore, a trend of increasing relative ACE1-HA 

transgene level at subsequent time points assayed indicated the potential role of the 5’UTR 

of the RuBisCO 1A small subunit imparting an mRNA stabilizing effect to transcripts, though 

further experimental work would be needed to verify this. Of the 9 lines tested, one 

transgenic line (16002-23) displayed both a very low quiescent transgene expression level 

over the 24hr period, and a high fold (auto) induction across each time point assayed in the 

time series and over the 24hr time series as a whole. Displaying the optimal (auto)induction 

kinetics of the 9 lines assayed, line (16002-23) was selected to be brought forward in the 

hopes that it would display synergistic characteristics upon interaction with the second 

component of the system that would be advantageous to a low leakage and robust 

inducible gene expression system to be used for the expression of lignin degradation 

enzymes to the plant cell wall. 
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3.7 Summary and Outlook 

In this first chapter I have presented an overview of the largely genetic work comprising the 

creation and characterization of transgenic A.thaliana overexpressing the copper 

dependent S.cerevisiae derived ACE1-HA transcriptional activator either constitutively 

(p35s::ACE1-HA) or auto-inductively (pMRE-35s::ACE1-HA), the output of which has been 

three lines constitutively expressing ACE1-HA (16001-01,26 and 20) to a low, medium or 

high level respectively, and an auto-inductive line (16002-23) which expresses ACE1-HA on 

a spectrum between the low constitutive level of 16001-01 and the medium constitutive 

level of 16001-26 upon induction. In the next chapter, the creation of the second, cell wall 

transgene directing, component of the binary system described in Chapter 1 will be 

outlined. As a proof-of-concept study to test the functionality of the binary system, into this 

second component, comprised of a cell wall targeting and copper inducible binary vector, 

an engineered version of the commonly used fluorescent protein reporter gene (E)GFP will 

be cloned and subsequently transformed into the four transgenic ACE1-HA expressing lines 

brought forward from this chapter. Ultimately, the proof-of-concept study carried out in 

the next chapter will be an attempt to validate or invalidate the functionality of both GOI 

induction and cell wall targeting of the completed binary copper inducible gene expression 

system to act as a stepping stone toward the end goal of cloning lignin degrading enzymes 

into this functional binary system to assess the effect of lignin degradation enzymes 

inductively expressed in planta on lignin content. 
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4.1 Introduction 

The first version of the CuSO4 binary gene expression system reported in the literature was 

by its creators Mett et al., 1993 138. In their work, Mett et al., 1993 138 described a gene 

expression system within plants regulated by the copper (CuSO4) induced Saccharomyces 

cerevisiae metallothionein (MT) gene, and subsequently outlined the creation and 

functional validation of this system through the application of a β-glucuronidase (GUS) 

reporter gene transformed into transgenic Nicotiana tabacum (tobacco) lines containing 

the copper dependent transcriptional activator ACE1. Since the systems inception in 1993, 

is has seen application across various plant species including Birds-foot trefoil 163 (Lotus 

corniculatus),  Tobacco 164, Tobacco cell suspensions (BY-2 cells) 166,167, Poplar 165 and 

Arabidopsis 168,169. The consistent application of the system within a wide range of plant 

species after its creation in 1993 was contrasted by the often-inconsistent success rates in 

functional induction of transgenes.  

Mett et al., 1996 163 went on to successfully apply the system to root nodule specific 

downregulation of asparagine concentrations through the induced expression of  antisense 

constructs of aspartate aminotransferase-P2 in transgenic Lotus corniculatus plants, and 

later applied the system successfully in tobacco for whole plant cytokinin inducible 

overproduction 164. However, further applications of the system have largely been 

unsuccessful, with reports that the system could not induce target gene expression in 

poplar 165, failed to induce expression of GFP in Tobacco BY-2 cell suspensions 166 and was 

ineffective in inducing GUS expression in tobacco leaf protoplasts 167. Changes to the 

molecular elements comprising the T-DNA region of the binary vectors containing the 

system were also accompanied by each iteration of its use, primarily for the enhancement 

of fold induction ratios, and included; the addition of x4 MRE elements rather than x1 MRE, 

the use of a -90bp and -46bp CaMV 35s promoter, the translational fusion of a VP16AD to 

the ACE1 transcription factor, and the inclusion of novel 5’UTR elements 163,179. 

The application of the system within the model plant A.thaliana, although also inconsistent, 

has shown more promise compared to other species in which the system was trialled. The 

system showed variation in inducing GFP expression between transgenic lines of 

Arabidopsis thaliana when it was applied by Granger and Cyr in 2001, as well as within 

regions of single transgenic lines 168. The most recent successful report of the systems 

application, however, has been within A.thaliana in 2014, where Saijo and Nagasawa 169 

added novel genetic elements to recapitulate the system created by Mett et al., 1993 in 
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A.thaliana but with a significantly enhanced system inductivity. This was largely the result 

of the translational fusion of ACE1 to the VP16 activation domain (VP16AD) of the herpes 

simplex virus, though other modifications such as the addition of the 5’UTR To70 sequence 

and the use of a -46bp minimal 35s promoter rather than a -90bp promoter may have also 

contributed to the much greater fold induction ratios than had previously been seen in 

other iterations of the system. Saijo and Nagasawa tested this system using a variant of GFP 

known as superGFP (sGFP) and showed a 1000-fold induction ratio at the transcriptional 

level in response to plant exposure to 100µm CuSO4. They then successfully applied this 

system to the inducible control of flowering time in 10-day old A.thaliana. 

The creation of the system by Mett et al., in 1993 138, and subsequent work built upon their 

system to date, has largely focused on whole plant cell expression and optimizations for the 

enhancement of inductivity ratios, with little regard for sub-cellular targeting of the Cu2+  

inducible transgene. However, in some cases this may be necessary, for example, when 

studying cell wall creation/degradation dynamics or the response of the cell wall to stresses 

or pathogenic challenges. This is especially true in the case of lignin degradation enzyme(s) 

inducible overexpression in plants which have been reported to be detrimental, or even 

lethal, to plant growth and development with the severity correlated to expression level.  

Furthermore, if this binary system is to be used for inducible lignin degradation in planta, 

transgenes must be shown to be directed, in a temporal/spatially controlled manner, to the 

cell wall environment in which the biopolymer targeted for degradation (lignin) is 

concentrated. As such, in this chapter I will present data on the development of two novel 

binary vectors comprising the second ‘effector’ component of my binary copper inducible 

gene expression system. These novel binary vectors will act as the backbone into which 

GOI’s can be cloned and will be designed to have a cell wall or cytosol directing 

functionality for transgenes inducibly expressed from them when transformed into ACE1 

component one containing ‘Activator’ lines which were an output of Chapter 3. 

This chapter will also test the functionality of this second component, in concert with the 

four variants of the first component activator lines that were an output of Chapter 3, using 

an engineered version of the reporter gene green fluorescent protein (GFP), an extremely 

well-studied and commonly used protein fluorophore. GFP was first discovered in 1962 

alongside its blue fluorescent and calcium binding protein counterpart, aequorin, in the 

jellyfish Aequorea Victoria 184, and subsequently first cloned in 1992 185. However, in its 

early applications it quickly became apparent that there were inherent spectral limitations 
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to the wild type GFP, in particular, the intensity of fluorescence. These limitations were 

compounded when set against the background of organisms exhibiting auto-fluorescence 

emission spectra overlap with GFP. In order to address these spectral shortcomings, 

research into the optimization of GFP using point mutations soon became widespread, 

which eventually led to a novel GFP with two point mutations (S65T and F64L) compared to 

the now ubiquitous wildtype Green fluorescent protein (GFP) 185 which displayed a much 

greater fluorescence intensity and single excitation peak at 488 nm known as enhanced 

green fluorescent protein (EGFP). EGFP has since been shown to display optimal spectral 

properties for studying gene expression in A.thaliana 186. Using this fluorescent reporter 

gene, qPCR data will be presented on the inductive response of the four different 

homozygotic activator background ACE1-HA lines brought forward from Chapter 2 in 

response to treatment with various concentrations of CuSO4 and over two different 

incubation periods to determine the activator line with the optimal copper response profile 

for transformation with lignin degrading enzymes in Chapter 5.  

The addition of a cell wall targeting functionality to the created effector binary vectors will 

also be tested in this chapter, utilizing the 33 amino acid cell wall signal sequence of the cell 

wall associated protein extensin-3 (At1g21310.1). Extensins are a family of cell wall 

associated amphiphilic structural glycoproteins, possessing an N-terminal cell wall signalling 

sequence of 33 amino acids in length 187, which directs them to the plant cell wall where 

they self-assemble into molecular scaffolds upon which the nascent primary cell wall can 

expand and grow 188,189. It is upon this scaffold that the assembly of the proteoglycan pectin 

network is templated through acid base interactions. The Arabidopsis genome encodes 20 

closely homologous extensin polypeptides with characteristic patterns of expression at the 

organ/tissue level 190.  

This cell wall targeting functionality imparted by the extensin-3 signal sequence was utilized 

as an N-terminal translational fusion in the construction of one of my second component 

vectors, with its absence in the second vector acting as a second component cytosolic 

control vector. As the overall aim of this thesis is to assess whether or not a plant can be 

induced to carry out a net auto degradation of the highly recalcitrant biopolymer lignin 

using heterologous lignolytic enzymes, the inclusion of a cell wall targeting functionality is 

necessary due to the topological location of lignin in the cell wall of lignocellulosic biomass 

10,28,31. As such, this chapter will act as a proof of concept for system functionality in 

response to copper treatment, and the assessment of cell wall targeting of transgenes as an 
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informative guide before the creation of transgenic A.thaliana containing lignin degrading 

enzymes from saprotrophic basidiomycetous fungi. 

Summary of chapter results 

The major results from this chapter includes the creation of two forms of the second 

‘effector’ component gateway binary vector(s) of my binary system, for the cell wall (pGW-

MRE-CW-Tnos) or cytosol (pGW-MRE-Cyto-Tnos) directed expression of GOI’s and the 

subsequent use of the fluorescent reporter gene EGFP in these vectors to transform each of 

the x4 homozygotic ACE1-HA containing ‘activator’ lines that were an output of Chapter 3 

in the creation of either cell wall (pGW-MRE-CW-EGFP-Tnos) or cytosol (pGW-MRE-Cyto-

EGFP-Tnos) directed transgenic lines for the copper inducible expression of EGFP. These 

A.thaliana lines were selected for homozygosity through mendelian segregation ratio 

analysis using a hygromycin marker gene and subsequent genotyping which identified 

homozygous lines in the following quantities after transformation into one of the four 

ACE1-HA background lines identified and characterised in Chapter 3; 16001-01, x2 cell wall 

and x5 cytosol; 16001-26, x4 cell wall and x5 cytosol; 16001-20, x1 cell wall and x1 cytosol; 

16002-23, x7 cell wall directed lines (Table. 4. 1 – Table. 4. 4) respectively.  

The functionality of the assembled two component system in A.thaliana was initially 

assayed via qPCR analysis of EGFP expression 2hrs post treatment with ddH20 or 100µM 

CuSO4, with the finding that neither the 35s::ACE1-HA overexpression background activator 

lines (16001-20, 26, 01), nor the MRE-35s::ACE1-HA background activator line (16002-23) 

showed positive inductive responsiveness to inducer, with both the average of the 3 

constitutive ACE1-HA overexpression lines and self-inducible ACE1-HA overexpression lines 

showing repression of EGFP expression upon inducer application, though not significantly. 

The effect of 25, 100 and 500µM CuSO4 treatments on the inductive response of EGFP in 

the transgenic lines isolated, and at a longer 5hr incubation time period, were also assayed 

to determine the optimal average response kinetics in terms of absolute gene expression 

quantity, fold change relative to ddH20 treatment and to determine at what concentration 

the highest constitutive ACE1 overexpressing line (16001-20) could be saturated Fig. 4. 6(a-

e). Positive gene induction was observed at this longer 5hr incubation period and the 

average leakage level of EGFP in the system was found to be associated with ACE1-HA 

levels in the three constitutive ACE1-HA overexpressing lines after a Pearson correlation 

analysis was conducted, with the analysis returning an extremely high correlation value, 

r(3) = 0.99, p=<.05 Fig. 4. 6(a-e) and (Table. 4. 7). Transgene response data obtained via 
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qPCR showed the activator line 16001-26, displayed the most favourable induction kinetics, 

following a dose dependent EGFP expression profile I response to increase CuSO4 

treatments as well as the most favourable induction ratios Fig. 4. 6(b). 

The 16002-23 activator line displayed significantly higher relative EGFP mRNA expression 

levels at both the basal leakage and various CuSO4 treatment concentrations than those 

observed in the constitutive ACE1-HA overexpression background lines Fig. 4. 7(a). 

However, the inductive response of the EGFP transgene to treatment with copper in the 

16002-23 activator background line was not as sensitive compared to the 16001-26 

activator line. Based on a combination of; 1) Fold induction responsiveness 2) Relative 

mRNA level achieved and 3) The avoidance of a type II error in Chapter 4 in regards to the 

inducible auto-degradation of lignin in planta, one activator line (16002-23) was chosen to 

be brought forward to be used in Chapter 4 as the genetic background/activator line into 

which the Trametes versicolor derived manganese peroxidase and engineered monolignol-

4-O-methyltransferase could be transformed and the effect of their induction in whole 

A.thaliana over a month long period on lignin content could be analysed both expressed 

separately and co-expressed. 

The assembled two-component system protein production ability was verified through a 

much stronger overall fluorescent signal from both the 16002-23 CW EGFP7 line (Fig. 4. 

9(NP&P, CF) and 16001-26 Cyto EGFP9 (Fig. 4. 9(NP&P, CF) observed compared to the 

16002-23 ACE1-HA parent line assayed as control in Fig. 4. 8(NP&P, CF). Localisation of the 

EGFP transgene to the plant cell wall was observed strongly in the extensin-3 cell wall signal 

sequence containing construct (16002-23 CW EGFP7) prior to plasmolysis with the 

osmolyte mannitol (0.8M)(Fig. 4. 9(NP&P, CF). Strong vacuolar perimeter localisation, along 

with sustained intensity of fluorescence at the cell wall in root epidermis cells, indicated 

that the extensin-3 signal sequence may co-localise the EGFP transgene to the to the cell 

membrane in addition to the apoplastic space. Extensin-3 negative transgenic line showed 

widespread EGFP signal throughout the cytoplasm of the root epidermal cells, including cell 

wall signal, prior to plasmolysis with mannitol (16001-26 Cyto EGFP9)(Fig. 4. 10(NP, CF). 

However, cell wall signal showed a much lower intensity than was observed in the non-

plasmolysed cell wall targeted line Fig. 4. 9 (NP, CF). EGFP signal in plasmolysis conditions 

appeared to remain diffuse throughout the cytoplasm while also showing local 

concentrated regions of EGFP signal in the centre of the plant cell. As such, the validation of 

cell wall transgene targeting through the inclusion of the extensin-3 cell wall signal peptide 

was conclusively proven in normal plant growth conditions. 
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4.2 Aims 

In the previous chapter two binary vectors containing two versions of an ACE1-HA 

overexpression cassette for the expression of the S.cerevisiae derived copper dependent 

transcriptional activator ACE1-HA were created; displaying either constitutive or self-

inducible expression of ACE1. The aim of this section of my thesis was to create the second 

‘effector’ component of my binary copper inducible genetic system for the inducible 

expression of transgenes of interest using CuSO4 and to also impart a cell wall targeting 

functionality to this binary vector when transgenes are expressed using the extensin-3 cell 

wall signal sequence. This finalized second component then needed to be transformed into 

the x4 ACE1-HA containing activator lines (16001-01, 16001-26, 16001-20 and 16002-23) 

characterized and brought forward from Chapter 3, and the entire assembled system 

needed to be tested for functionality of transgene expression using the reporter gene EGFP 

across the x4 activator lines into which it was transformed. This data could then be used to 

judge which of these four activator lines showed the most favourable transgene kinetics 

and allow selection of one line to be brought forward for transformation of second-

component ‘effector’ binary vectors containing lignin degrading enzymes for inducible 

lignolytic enzyme targeting to the plant cell wall in A.thaliana in Chapter 5.  

4.2.1 Experimental Aims 

The experimental aims of this section are as follows: 

➢ To create two binary vectors which will comprise the second component of my 

binary copper inducible gene expression system as the ‘effector’ binary vector; one 

with an cell wall transgene targeting capability imparted by the 33 amino acid 

extensin-3 cell wall signal sequence and a control vector lacking this signal 

sequence for cytosolic transgene expression. 

➢ To assess, within the four ACE1-HA overexpressing lines brought forward from 

Chapter 3, whether there are associations between ACE1-HA level and basal 

transgene leakage from the second component binary vector. 

➢ To investigate the functionality of my binary system using the fluorescent reporter 

gene EGFP to assess which of the three constitutively expressing ACE1-HA activator 

lines, or alternatively the single self-inducible ACE1-HA line, brought forward from 

Chapter 3 displays the best induction kinetics and lowest transgene leakage to bring 

forward for transformation with second-component ‘effector’ binary vectors 
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containing lignin degrading enzymes for inducible lignolytic enzyme targeting to the 

plant cell wall in A.thaliana in Chapter 5. 

➢ To assess the efficacy of the 33 amino acid extensin-3 cell wall signal peptide on 

reporter gene localisation to the plant cell wall. 

 

4.3 Materials and methods 

Plasmid construction 

4.3.1 Cell wall directed inducible expression vector creation 

Step 1- Clone MRE-CaMVmini35s:: RBCS1A 5’UTR- Extensin-3 cell wall signal sequence 

into pCambia1300 

Extensin-3 cell wall signal sequence- Amplified from Col-0 genomic DNA using the forward 

primer SP.F which partially overlap with the 3’ end of the RBCS1A 5’UTR sequence used in 

p35s::ACE1-HA, and the reverse primer SP.R.    

MRE-CaMVmini35s:: RBCS1A 5’UTR - Isolated as described in Chapter 3. 

The extensin-3 cell wall signal sequence was then joined to the 3’ end of MRE-

CaMVmini35s:: RBCS1A 5’UTR by overlapping PCR using forward primer P_F3 along with the 

reverse primer SP.R. This fragment was then cloned into a EcoRI/KpnI linearized 

pCambia1300 binary vector for transformation, colony PCR and sequencing. Of multiple 

positive colonies, colony 22 (named as pMRE-CW) was selected to be brought forward to 

the next step of cloning. 

Step 2- Insert terminator Tnos. To add the 253bp terminator of nopaline synthase (Tnos), 

the element was amplified from pK2WG7 using a forward primer engineered with a 5’ XbaI 

restriction site Tnos.F_Xbal and a reverse primer engineered with a 5’ PstI site Tnos.R_Pstl. 

This amplicon was then then digested with both Xbal and PstI and ligated into my pMRE-

CW plasmid, which had also been linearized with XbaI and PstI. This recombinant pMRE-

CW-Tnos plasmid was then successfully sequenced using the reverse primer 1300.3’.  

Step 3- Add Gateway™ cloning functionality to the product of step 2. An amplicon of 

1796bp in size containing the Gateway™ cloning sequences stretching from the attR1-lac 

UvV5 promoter-CmR-CcdB-attR2-TEV site-FLAG-x6His was PCR amplified from the 

previously created gateway destination plasmid pPinkαHC, using a forward primer 
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engineered with a 5’ KpnI restriction site- attR1_Kpn I and a reverse primer Tag.R3_XbaI 

engineered with a 5’ XbaI restriction site. The PCR product and pMRE-CW-Tnos plasmid 

were double digested with KpnI and Xba I before setting the ligation with T4 DNA ligase. 

Electroporation of this ligation product into E coli BD3.1 strain, and a subsequent colony 

PCR carried out using the primers: 1300.5’and Tag.R3_XbaI identified colonies carrying the 

target recombinant plasmid pGW-MRE-CW-Tnos. This plasmid was then purified and 

sequenced.   

4.3.2 Cytosol directed inducible expression vector creation 

After the creation of the binary gateway destination vector pGW-MRE-CW-Tnos, an 

extensin-3 cell wall signal sequence negative construct, pGW-MRE-Cyto-Tnos, was also 

created as a control construct as outlined in the steps below: 

Step 1- The previously used primer P_F3 engineered with a  5’ EcoRI cut site, was paired 

with a new reverse primer 5UTR.R_Kpn I engineered with a 5’ KpnI cut site to amplify the 

~410bp MRE-5’UTR amplicon excluding the extensin-3 cell wall signal sequence. Both this 

amplicon and pMRE-CW-Tnos were cut with EcoRI and Kpn I, ligated and then 

electroporated into Top10 E.coli followed by a colony PCR using the primers 1300.5’ and 

1300.3’. A single positive colony was selected to be brought forward for growth overnight 

and subsequent mini-prepping (named as pMRE-cyto-Tnos) and sequencing by 1300.5’. 

pMRE-cyto-Tnos was then digested with KpnI and XbaI and ligated with the Gateway™ 

cloning sequences attR1/R2 fragment also digested by KpnI and XbaI (prepared in 4.3.1). 

Ligation product was transformed into BD3.1 E.coli, (used for the propagation of Gateway 

negative selection vectors) and plated on Kan50 LB. Colony PCR using 1300.5’ and 1300.3’ 

identified positive colony before inoculation, plasmid isolation and sequencing using 

primers 1300.5’-2 5’ ATGGAGCGCAACGCAATTA 3’ and 1300.3’ which found no mutation.  

4.3.3 EGFP Cloning into pGW-MRE-CW-Tnos and pGW-MRE-Cyto-Tnos  

Step 1- EGFP from pK7WGFP was amplified using the forward primer EGFP.FattB1 and the 

reverse primer EGFP.RattB2 to generate a 772bp gateway cloning compatible amplicon. 

This amplicon was then gel purified and the product DNA used in a BP reaction with 

pDONR221. The BP reaction was column purified and used as the template for PCR using 

M13.F and M13.R primers to generate a target DNA band of roughly 1 kb. This was 

subsequently gel purified and used in an LR reaction with pGW-MRE-CW-Tnos and pGW-

MRE-Cyto-Tnos before transformed into TOP10 cells. Colony PCR was done using 

EGFP.FattB1 and EGFP.RattB2 and the purified plasmids were sequenced by 5UTR.F. 
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4.3.4 qPCR Analysis 

Was carried out as outlined in Materials and Methods (Chapter 2). The primers EGFPqPCR.F 

and EGFPqPCR.R were used and the subsequent qPCR analyses are the result of three 

technical replicates from three independent biological experiments. 

4.3.5 Confocal Microscopy 

Confocal laser microscope (Leica TCS SP8) equipped with hybrid and PMT detectors (HyD) 

and 488nm excitation laser was used (Leica Microsystems, Wetzlar, Germany). The Leica 

Application Suite X (LAS X) was used as a software platform, the objective lens used was the 

HC PL APO CS 20x, scan speed was 400 Hz (400 lines/s) at a resolution at 1024 × 1024 pixels, 

and normal acquisition of the hybrid detector (standard mode of HyD) was used. The 

emission spectra of EGFP fluorescence was collected using the hybrid detector at 500–

521nm wavelength region after excitation at 488nm from the argon laser. For the capture 

of the images, line and frame averages used were four and two times, respectively 

4.3.6 Plant transformation and growth conditions  

Plant transformation and growth conditions were carried out as outlined in the Materials 

Chapter of this thesis (Chapter 2). 

4.3.7 Plasmolysis experiments 

To confirm EGFP cell wall localisation, as opposed to cell membrane, plasmolysis 

experiments were performed with pGW-MRE-CW-EGFP-Tnos and pGW-MRE-Cyto-EGFP-

Tnos plant roots through bathing in a hypertonic solution for 10 mins and imaging EGFP 

fluorescence intensity using the Leica SP8 confocal microscope. much like the method 

described by 191.  

4.3.8 Copper Sulfate Treatments  

For all experiments outlined in this chapter using CuSO4, unless stated otherwise, this refers 

to copper(II) sulfate pentahydrate (CuSO4 · 5H2O) (Molecular Weight 249.69) ordered from 

Sigma Aldrich (C8027 Sigma). All CuSO4 solutions were prepared in double distilled H2O 

(ddH2O) according to the molecular weight of the compound and the final molarity needed 

for the experiment. 
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4.4 Results 

4.4.1 Development of a robust copper inducible gene expression system in Arabidopsis 

The copper inducible genetic system described herein (which is always discussed in form of 

binary vectors or subsequent integrated T-DNA) consists of two components, which can be 

broadly characterised as activator and effector components: (1) The Saccharomyces 

cerevisiae derived ACE1 gene encoding a copper activated transcription factor under the 

control of either the constitutive CaMV 35s promoter, or an auto-regulatory copper 

inducible MRE-CaMv mini 35s promoter and (2) A novel binary vector, using the same 

chimeric promoter outlined in the second variant of component (1) and created for the 

copper inducible overexpression of transgenes cloned into it and the secretion the gene 

product to the plant cell wall. To achieve this, four binary vectors were constructed. The 

first two binary vectors, p35s::ACE1-HA and pMRE-35s::ACE1-HA, comprising two variants 

of the activator component of the system were created, transformed to A.thaliana and 

their gene and protein expression levels characterised. As a recap of the output of this 

work, four transgenic ACE1-HA containing ‘activator’ lines were established in Chapter 3 

with a genetic background of ACE1 expressed at a constitutively low (16001-01), medium 

(16001-26) or high (16001-20) level respectively, as well as one line (16002-23) containing 

the second (auto-regulatory) version of the ACE1-HA overexpression binary vector. To 

transform genes of interest into these ACE1-HA containing activator lines, a second 

‘effector’ component cell wall targeting binary gateway vector was created, along with a 

cytosolic control binary vector (pGW-MRE-CW-Tnos and pGW-MRE-Cyto-Tnos) with the 

inclusion or absence of the extensin-3 cell wall signal sequence respectively to assess the 

efficacy of the 33 amino acid extensin-3 cell wall signal peptide on reporter gene 

localisation to the plant cell wall. This 33 amino acid motif was chosen after signal peptide 

identification in the extensin-3 (NM_101983) gene as outlined in Fig. 4. 2. The completed 

binary system was then tested to investigate the which of the x4 ACE1-HA overexpression 

background activator lines brought forward from Chapter 3 showed the optimal 

functionality in synergy with the second component in terms of low level transgene leakage 

and high level transgene induction with CuSO4 to bring forward for transformation with 

second-component ‘effector’ binary vectors containing lignin degrading enzymes for 

inducible lignolytic enzyme targeting to the plant cell wall in A.thaliana in Chapter 5. 
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Fig. 4. 1 - T-DNA structure of the effector binary plasmids pGW-MRE-CW-Tnos, pGW-MRE-Cyto-Tnos, pGW-MRE-CW-EGFP-Tnos and pGW-MRE-Cyto-EGFP-Tnos 

contained within the pCambia1300 backbone. Schematic representation of copper-inducible gene expression system vectors. 1 depicts a schematic image of pGW-MRE-

CW-Tnos genetic construct, a destination gateway vector suitable to clone any GOI in order to induce expression of the GOI by ACE1 in presence of copper and secret the protein 

to cell wall. 2 depicts pGW-MRE-Cyto-Tnos, another gateway destination vector to clone and express GOI under induction by ACE1 but the protein would not be sent to the cell 

wall unless the GOI has its own cell wall signal sequence. In 3 and 4, EGFP was inserted via gateway cloning into either pGW-MRE-CW-Tnos or pGW-MRE-Cyto-Tnos. MRE: the 

metal response element; mini35s: CaMV mini 35s RNA promoter; 5’ UTR Rubisco: 5’ UTR of the A.thaliana RuBisCO 1A small subunit; Ext 3 signal seq: 33 amino acid (99bp) cell wall 

signal sequence from the Extensin-3: AttR1, attR2, AttB1, AttB2: Gateway recombination sequences; CmR: chloramphenicol-resistance gene; ccdB: DNA gyrase inhibitor used for 

negative selection in gateway cloning; TEV site: Tobacco Etch Virus protease cleavage site; FLAG: FLAG (DYKDDDDK) octapeptide epitope tag; x6 His: Hexa-histidine epitope tag; 

HygR Hygromycin resistance gene; Nos terminator Nopaline synthase terminator from Agrobacterium tumefaciens; Nos promoter Nopaline synthase promoter from Agrobacterium 

tumefaciens; CaMV poly(A) polyadenylation signal of cauliflower mosaic virus.
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Fig. 4. 2 – Prediction of the N-terminal cell wall signalling peptide motif contained within extensin-

3 (GenBank: NM_101983) amino acid sequence using Phobius 192; an online tool for combined 

transmembrane topology and signal peptide prediction. Using a normal prediction approach, the online 

signal peptide prediction server, Phobius, indicated that the first 27 amino acids of the hydroxyproline rich cell 

wall associated glycoprotein extensin-3 (NM_101983), comprised the signal peptide component of this protein 

(red). The remaining amino acid sequence was defined as non-cytoplasmic (blue). Based on this output, the first 

33 amino acids of the N-terminal of extensin-3 were used in all subsequent construction of cell wall directing 

binary vectors. 
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After validating the plasmids pGW-MRE-CW-EGFP-Tnos and pGW-MRE-Cyto-EGFP-Tnos, 

they were transformed into Agrobacterium C58/GV3101 and further used for Floral dipping 

of the four ACE1-HA activator lines; p35s::ACE-HA lines 16001-01, 16001-26, 16001-20 and 

self-inducible (pMRE-35s::ACE1-HA) ACE1-HA line 16002-23 as described by 171, for a total 

of 7 separate transformations. 40 independent hygromycin-resistant transformants were 

obtained at the T1 stage for both the cell wall and cytosol transformations of the activator 

lines 16001-01 and 16001-26. For line 16001-20, due to an unknown reason, there were a 

low number of healthy T1 transformants for both the cell wall and cytosol directing 

constructs, and as such only 20 T1 transformants were isolated. At the T2 stage, 

transformants for each ACE1-HA ‘activator’ line were selected through 3:1 hygromycin 

resistant:sensitive segregation ratio (Table. 4. 1, red asterisk) indicative of a single locus 

insertion following mendelian segregation patterns. In background of 16001-01, x2 cell wall 

and x5 cytosol transformants were selected through 3:1 hygromycin-resistant segregation 

ratio in the T2 generation (Table. 4. 1). For line 16001-26, x4 cell wall and x5 cytosol were 

selected through 3:1 hygromycin -resistant segregation ratio in the T2 generation (Table. 4. 

2). For line 16001-20, x1 cell wall and x1 cytosol were selected through 3:1 hygromycin -

resistant segregation ratio in the T2 generation 16001-20-03 EGFP CW and 16001-20 EGFP 

Cyto L1 P2). For line 16002-23, x7 cell wall were selected through 3:1 hygromycin -resistant 

segregation ratio in the T2 generation (Table. 4. 4). Normally, to determine whether the 

observed patterns of hygromycin resistance within the T2 progeny are related to the 

expected patterns based on mendelian segregation principles, a chi-square analysis of 

goodness-of-fit for the hypothesis that there is a single T-DNA insertion in the selected 

transgenic lines conferring hygromycin resistance would be calculated as carried out in 

previous chapters using GraphPad Prism. However, due to a mixture of the loss of seeds 

and the low sample size for the p35s::ACE1-HA 16001-26, 16001-01 and 16001-20 activator 

background, the validity of such a statistical test would be questionable and as such was 

omitted in this chapter. In lieu, the transgenic EGFP lines within the p35s::ACE1-HA 

activator backgrounds displaying a desirable 3:1 mendelian segregation ratio (for line 

16001-20 these were so few they can be reported here; 16001-20-03 EGFP CW [Obs 

HygrR:HygrS = 81:28] and [Exp HygrR:HygrS = 82:27] 16001-20 EGFP Cyto L1 P2 [Obs 

HygrR:HygrS = 68:24] and [Exp HygrR:HygrS = 69:23 ] were confirmed for homozygosity via 

genotyping; Fig. 4. 4, with these (in total) positive 7 cell wall lines (x1 16001-20, x4 16001-

26 and x2 16001-01) and 11 cytosol directed transgenic lines (x1 16001-20, x5 16001-26 

and x5 16001-01) were brought forward to assay the induction kinetics of the EGFP 

reporter gene in response to 100µM CuSO4. 
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Table. 4. 1 – Segregation ratios for the hypothesis that there is a single T-DNA insertion in the selected pGW-

MRE-CW-EGFP-Tnos and pGW-MRE-Cyto-EGFP-Tnos transgenic lines conferring hygromycin resistance in 

constitutive activator line 16001-01. 

 

 

Table. 4. 2 - Segregation ratios for the hypothesis that there is a single T-DNA insertion in the selected pGW-

MRE-CW-EGFP-Tnos and pGW-MRE-Cyto-EGFP-Tnos transgenic lines conferring hygromycin resistance in 

constitutive activator line 16001-26. 

 

 

 

 

Transformant 

(EGFP-CW/Cyto) 

Obs 

KanR:KanS 

Exp 

KanR:KanS 

 Ratio tested χ2  Sig. 

16001-01-21 CW* 24:84 27:81  3:1 N/A N/A 

16001-01-16 CW* 33:95 32:96  3:1 
 

 

16001-01-09 Cyto* 10:46 14:42  3:1   

16001-01-21 Cyto* 19:57 19:57  3:1   

16001-01-26 Cyto* 23:81 26:78  3:1   

16001-01-11 Cyto* 33:99 33:99  3:1   

16001-01-14 Cyto* 7:37 11:33  3:1   

 

Transformant (EGFP-

CW/Cyto) 

Obs 

KanR:KanS 

Exp 

KanR:KanS 

 Ratio tested χ2  Sig. 

16001-26-10 CW* 20:48 17:51  3:1 N/A N/A 

16001-26-04-P9 Cyto* 6:15 5:16  3:1 
 

 

16001-26-11-P7 Cyto* 19:69 22:66  3:1   

16001-26-11 CW* 14:43 14:43  3:1   

16001-26-07 CW* 13:35 12:36  3:1   

16001-26-02 CW* 23:69 23:69  3:1   

16001-26-09 Cyto* 14:50 16:48  3:1   

16001-26-01 Cyto* 6:28 8:26  3:1   

16001-26-11 Cyto* 3:19 5:17  3:1   
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Table. 4. 3 - Chi-square goodness-of-fit for the hypothesis that there is a single T-DNA insertion in the selected 

pGW-MRE-CW-EGFP-Tnos transgenic lines conferring hygromycin resistance in the self-inducible activator line 

16002-23. Critical point with one degree of freedom (117) is χ2 0.05 = 143.25 

 

 

Transformant 

(EGFP) 

Obs 

HygrR:HygrS 

Exp 

HygrR:HygrS 

 Ratio tested χ2  Sig. 

16002-23-01 88:18 80:27  3:1 82.09 0.9940 

16002-23-02* 89:27 87:29  3:1 
 

 

16002-23-03* 105:31 102:34  3:1   

16002-23-04* 153:68 166:55  3:1   

16002-23-05* 85:22 80:27  3:1   

16002-23-06 NA NA  3:1   

16002-23-07* 42:16 44:15  3:1   

16002-23-08 NA NA  3:1   

16002-23-09 112:20 99:33  3:1   

16002-23-10 NA NA  3:1   

16002-23-11 102:12 86:29  3:1   

16002-23-12 165:68 175:58  3:1   

16002-23-13 NA NA  3:1   

16002-23-14 78:8 65:22  3:1   

16002-23-15 95:43 104:35  3:1   

16002-23-16 56:35 68:23  3:1   

16002-23-17 NA NA  3:1   

16002-23-18 NA NA  3:1   

16002-23-19 NA NA  3:1   

16002-23-20 62:21 62:21  3:1 
 

 

16002-23-21 139:34 130:43  3:1   

16002-23-22 NA NA  3:1   

16002-23-23 NA NA  3:1   

16002-23-24 NA NA  3:1   

16002-23-25 NA NA  3:1   

16002-23-26 NA NA  3:1   

16002-23-27 NA NA  3:1   

16002-23-28 NA NA  3:1   

16002-23-29 54:21 56:19  3:1   

16002-23-30 110:15 94:31  3:1   

16002-23-31 NA NA  3:1   

16002-23-32 NA NA  3:1   

16002-23-33 NA NA  3:1   

16002-23-34 60:32 69:23  3:1   

16002-23-35 41:15 42:14  3:1   

16002-23-36* 59:26 64:21  3:1   

16002-23-37 NA NA  3:1   

16002-23-38 NA NA  3:1   

16002-23-39 NA NA  3:1   

16002-23-40 NA NA  3:1   
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The creation of the second component of this cell wall targeting copper inducible gene 

expression system, and the cell wall signal sequence lacking control construct shown in Fig. 

4. 1(1&2) respectively, is outlined in the materials section of this chapter. At each stage of 

the creation of these vectors correct sequence and insert orientation/correct reading frame 

were all check via Sanger sequencing. In order to test the functionality of the assembled 

two component system, the EGFP reporter gene was cloned into these two vectors using 

Gateway™ cloning as outlined in the materials section to create the constructs shown in Fig. 

4. 1(3&4) for the copper inducible expression of this fluorescent reporter gene to the plant 

cell wall or cytosol respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. 3 - Key gel images comprising the creation, cloning of the overexpression binary vectors 

pGW-MRE-CW-Tnos and pGW-MRE-Cyto-Tnos. a) pGW-MRE-CW-Tnos colony PCR run on 1.0% agarose 

gel. Colonies 4,9,11,12,16,17,19,20 and 21 were all positive for ~2307bp expected product. Ta (60oC, 30 cycles).  

Colony 4 was selected for inoculation. b) pMRE-Cyto-Tnos colony PCR run on 1.0% gel. Colonies 4, 19 and 24 

were all positive. Negative control was negative. Ta (58oC, 30 cycles). Colony 4 for pMRE-Cyto-Tnos was 

inoculated overnight. For a) Cols 1-23, then L25 = -ve control. For b) Cols 1-25, L26 = -ve control. 
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Fig. 4. 4 - Genotyping of transgenic A.thaliana lines containing the overexpression binary vectors 

pGW-MRE-CW-EGFP-Tnos and pGW-MRE-Cyto-EGFP-Tnos. a) 1.2% gel showing genotyping results for 

the binary vectors of x13 pGW-MRE-CW-EGFP-Tnos, and x9 pGW-MRE-Cyto-EGFP-Tnos transgenic lines which 

displayed 3:1 segregation ratios (Table.1) L1 = GR 1Kb,  L2= 01-01 L16 P5 cw, L3=  01-01 L14 P5 cyto, L4=  01-01 

L11 P14 cyto, L5=  01-01 L9 P2 cyto, L6=  01-01 L21 P1 cw, L7=  01-01 L21 P1 cyto, L8=  01-01 L26 P1 cyto, L9=  

01-26 P1 P9 cyto, L10=  01-26 L2 P7 cw, L11= 01-26 L9 P1 cyto, L12=  01-26 L4 P9 P5-8 cyto, L13 = 01-26 L11 P3 

cw, L14=  01-26 P10 P8 cw, L15=  01-26 L7 P10 cw, L16=  01-26 L11 P7 cyto, L17=  01-26 L2 P10 cw, L18=  02-23 

gfp4, L19=  02-23 gfp5 P9, L20=  02-23 gfp2 P6, L21=  02-23 gfp36 P8, L22=  02-23 gfp20 P10, L23=  02-23 gfp3 

P6, L24=  Col-O, L25 =  MiliQ H20.  

 

It is worth noting that the apparent lower MW of the genotyping amplicons seen in Fig. 4. 4 

is likely due to a combination of the high number of PCR cycles used from starting genomic 

template DNA, a switch from using EtBr in the gel casting step to gel red, whilst also 

switching to adding gel red directly to the PCR reaction as part of the loading dye; all of 

which may have contributed to the lower than expected mw of the genotyping amplicons.  
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Fig. 4. 5 - Preliminary testing of the assembled binary system using the reporter gene EGFP and a 

shorter incubation time of 2hrs. a) Average EGFP leakage level vs average EGFP induction level harvested 

from ten-day old T2 seedlings 2hrs post treatment with ddH20 or 100µM CuSO4  (respectively) in x7 pGW-MRE-

CW-EGFP-Tnos transgenic lines in the ACE1 background of 16002-23 carrying a single locus insertion of EGFP. b) 

Average ACE1 leakage level vs average ACE1 induction level from the same cDNA as the transgenic lines 

outlined in (a). c) RT-qPCR data showing EGFP mRNA levels in x7 individual pGW-MRE-CW-EGFP-Tnos transgenic 

lines in the ACE1 background of 16002-23 carrying a single locus insertion of EGFP harvested from 10 day old 

seedlings which were treated with either ddH20 or 100µM CuSO4 and harvested after 2hrs incubation (All mRNA 

levels are relative to UBC mRNA levels). d) RT-qPCR data showing ACE1 mRNA levels from the same cDNA as the 

transgenic lines outlined in (c). e) RT-qPCR data showing EGFP mRNA levels in x3 16001-01, x3 16001-26 or x2 

16001-20 pGW-MRE-CW-EGFP-Tnos or pGW-MRE-Cyto-EGFP-Tnos EGFP transgenic lines carrying a single locus 

insertion of both EGFP harvested and treated as c&d. For all the sections, number above the columns show the 

repression or induction of EGFP by the copper treatment.  
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Table. 4. 4 - Post-hock unpaired t-test comparison of mean EGFP level in line 16002-23, homozygous 

for the binary vector pGW-MRE-CW-EGFP-Tnos with/without induction with 3ml 100µM CuSO4 solution 

or 3ml ddH2O as control after a 2hr incubation period. 

 

- = treated with 3ml of ddH20; + = treated with 3ml of 100µM CuSO4 

 

 

 

 

EGFP levels were found to decrease over the 2hr time period data outlined in Fig. 4. 4(a) 

between the mean EGFP level for non-induced (ddH20) vs induced (100µM CuSO4) in the 

self-inducible ACE1-HA overexpressing line (16002-23) assayed; t(40) = 1.249, p=<.05. These 

results suggest that the reduction in EGFP mRNA levels after a single induction of 16002-23 

background activator lines containing a CuSO4 inducible EGFP effector component 

containing lines with 3ml 100µM CuSO4 does not result in a significantly lower level of 

EGFP compared to control treatment with non-inducing ddH20 after a 2hr incubation 

period Fig. 4. 4(a). 

 

Table. 4. 5 - Post-hock unpaired t-test comparison of mean ACE1-HA level in line 16002-23, 

homozygous for the binary vector pGW-MRE-CW-EGFP-Tnos with/without induction with 3ml 100µM 

CuSO4 solution or 3ml ddH2O as control after a 2hr incubation period. 

 

 - = treated with 3ml of ddH20; + = treated with 3ml of 100µM CuSO4 

 

 

 

 

 

Line No. Treatment   t df        Sig. 

16001-23 -        1.249 40 <0.2190 

16001-23 

 

+ 

 

 

 

 

 

 

 

Line No. Treatment   t df        Sig. 

16001-23 -        1.665 40 <0.1038 

16001-23 

 

+ 
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To test the functionality/inductivity of the assembled two component system in 

Arabidopsis, ten-day-old seedlings of T3 homozygous plants were harvested and RNA 

extracted for qPCR analysis of EGFP expression level 2hrs with or without induction with 

3ml of 100µM CuSO4 Fig. 4. 4(a-e), which included: x7 16002-23 EGFP lines, x3 16001-01 

EGFP lines, x3 16001-26 EGFP lines and x2 16001-20 EGFP lines. As can be seen from Fig. 4. 

4(a), there was on average a 30% repression in EGFP transcript levels after treatment with 

100µM CuSO4 under a 2hr incubation period. This pattern of EGFP repression is also shown 

across the x7 individual lines seen in Fig. 4. 4(c), except for lines 20 and 2 which sho7wed no 

response to inducer.   

To test if the self-inductive kinetics of the ACE1-HA transgene had begun within the x7 

16002-23 background lines containing the auto-regulatory version of the ACE1-HA 

overexpression construct, a qPCR was carried out for ACE1 from the same cDNA used in Fig. 

4. 4(a). The results in Fig. 4. 4(b) shows that on average there was a 40% increase in ACE1-

HA transgene in the lines, indicating that ACE1 does indeed still respond to the 100µM 

CuSO4 treatment as was shown in Chapter 3, even at the now low induction time period of 

2hrs assayed. However, Fig.4.4(d) shows that the level of ACE1 appears to only rise to level 

significantly different from ddH2O treatment levels in lines EGFP line 20, 36 and 4. However, 

there does not appear to be a correlation between ACE1-HA level and EGFP level after 

induction as seen in the averaged induction levels of EGFP and ACE1 in the 16002-23 

backgrounds as seen in Fig. 4. 4(a&b) respectively at the 2hr time point assayed. 

Of the EGFP lines in the background of the three constitutive ACE1-HA lines genetic 

background (Fig. 4.4 (e)) assayed in parallel with the 16002-23 EGFP lines, all (with one 

exception) showed a similar profile of repression of EGFP expression as was observed in the 

16002-23 background lines of Fig. 4. 4(c). One line, 16001-01 EGFP21 cw, showed a nearly 

two-fold induction of EGFP, but the absolute EGFP in this line was also exceptionally low 

both before and after induction. 
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Fig. 4. 6 - Characterisation of EGFP leakage, inductivity and cell wall localisation of my binary 

system within A.thaliana – Constitutive ACE1-HA background. a) RT-qPCR data showing average EGFP 

mRNA leakage levels from the (x3) 16001-20, 26 and 01 ACE1-HA constitutive overexpression background lines 

identified as homozygous for either the cell wall or cytosolic directed EGFP containing binary vector(s) (pMRE-

CW-EGFP-Tnos and pMRE-Cyto-EGFP-Tnos) 5hrs post treatment with ddH20 and b) Shows the same x3 lines 

assayed at the same 5hr timepoint post treatment with either 25, 100 or 500µM CuSO4 (or ddH20 as control); 

all relative to UBC mRNA levels. Red ratios indicate average level of EGFP fold leakage difference between the 

three transgenic activator line genetic backgrounds. (c-e) RT-qPCR data showing EGFP mRNA change relative to 

ddH20 (control) treatment across the individual lines within the (x3) 16001-20, 26 and 01 ACE1-HA constitutive 

overexpression background lines identified and homozygotic for either the cell wall or cytosolic directed EGFP 

containing binary vector(s) (pMRE-CW-EGFP-Tnos and pMRE-Cyto-EGFP-Tnos) 5hrs post-induction with 3ml of c) 

25µM CuSO4, d) 100µM CuSO4,  e) 500µM CuSO4. 

n = 3 

n = 2 

n = 3 

a) b) 

c) d) 

e) 

20.5 

20.5 
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Table. 4. 6 - Pearsons correlation coefficient conducted between the mean ACE1-HA constitutive expression 

level in three transgenic lines expressing ACE1-HA to a low(16001-01), medium(16001-26) or high(16001-20) 

level and their associated basal EGFP reporter gene expression profiles. 

 

 

 

 

 

 

 

 

Table. 4. 7 - Average fold induction ratio of the 16001-20, 26 and 01 constitutive ACE1-HA overexpression 

backgrounds in response to 5hrs of induction with 3mls of 25, 100 or 500µM CuSO4. 

 

 

 

 

 

 

 

 

 

 

 

 

     ACE1-HA exp 

level 

EGFP leakage 

level 

ACE1-HA exp level Pearson Correlation 

Sig. (2-tailed) 

1 

 

0.991 

0.083 

 

EGFP leakage level  

N (pairs) 

Pearson Correlation 

Sig. (2-tailed) 

3 

0.991 

0.083 

3 

1 

 N (pairs) 

 

3 3 

Line No.             CuSO4 (µM) n Mean relative EGFP 

mRNA level (± SE) 

EGFP fold Δ relative to 

ddH20 (± SE) 

16001-20 0 

25 

2 

 

0.590(±0.02) 

0.690(±0.05) 

NA 

1.18(±0.04)  

 

 

16001-26 

 

 

 

16001-01 

100 

500 

0 

25 

100 

500 

0 

25 

100 

500 

 

 

9 

 

 

 

7 

 

 

 

0.647(±0.08) 

0.472(±0.14) 

0.322(±0.15) 

0.481(±0.16) 

0.621(±0.24) 

0.680(±0.30) 

0.100(±0.08) 

0.177(±0.12) 

0.190(±0.17) 

0.192(±0.11) 

1.10(±0.10) 

0.80(±0.22) 

NA 

2.97(±1.32) 

5.20(±3.58) 

5.55(±4.34) 

NA 

2.10(±0.26) 

1.83(±0.41) 

1.03(±0.21) 
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To investigate if transgene leakage was associated with ACE1-HA levels, the average EGFP 

leakage level of the x2 16001-20, x3 16001-26 and x3 16001-01 EGFP lines was plotted (Fig. 

4. 5(a) and a Pearsons correlation analysis Table. 4. 7 conducted to examine the 

relationship between the two variables. The analysis was not significant at the 95% 

confidence limit tested; r(3) = 0.99, p=<.05, technically meaning there is no correlation 

between ACE1-HA constitutive expression levels and EGFP leakage levels from the system. 

However, due to the extremely high Pearson r value coupled with the high significance 

value of p=.083 in Table. 4. 7 the result of this correlation analysis will be taken as 

significant in a bid to avoid a type II error; that the ACE1-HA levels are indeed correlated to 

EGFP leakage levels from the system, with the failure of significance likely to be the result 

of the low sample size tested, as the p-value is effected by sample size, whilst the 

correlation is not. 

In order to assess to what degree CuSO4 concentrations had on transgene inductivity in the 

constitutive ACE1-HA overexpression backgrounds 16001-01, 26 and 20 lines, and at what 

concentration the highest constitutive ACE1 overexpressing line could be saturated (16001-

20), these EGFP lines were treated with 3ml of either 25, 100 or 500µM, harvested after 

5hrs Fig. 4. 5(c-e) and the average relative EGFP mRNA level and average level of EGFP fold 

induction achieved at each CuSO4 concentration calculated Fig. 4. 5(b) and Table. 4. 8. 

Three distinct EGFP induction profiles can be seen in Fig. 4. 5(b), each associated to one of 

the three 35s::ACE1-HA activator background lines. From Fig. 4. 5(b), line 16001-20 

displayed a parabolic pattern of induction, increasing from a high basal leakage level in the 

control treatment to a high of EGFP expression at the 25µM inducer concentration, after 

which it displayed a steady decline in EGFP levels at both the 100 and 500µM inducer 

concentrations. The average fold induction levels relative to the ddH20 control treatment in 

the 16001-20 background EGFP expression seen in Table. 4. 8 are very low; with an 

induction at the 25, 100 and 500µM treatments of 1.18(±0.04), 1.10(±0.10) and 0.80(±0.22) 

folds. Added to this, the mean EGFP mRNA level in this activator line is quite low, reaching a 

high of only 0.690(±0.05) (relative to UBC expression levels) Table. 4. 8. 
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Fig. 4. 7 - Characterisation of EGFP leakage and inductivity of my binary system within A.thaliana – 

Self-inducible ACE1-HA background. a) Average EGFP mRNA levels harvested from ten-day old T3 seedlings 

5hrs post treatment with 3mls of 25, 100 or 500µM CuSO4 (or ddH20 as control) in x7 16002-23 pMRE-CW-

EGFP-Tnos transgenic lines carrying a single locus insertion of both EGFP and ACE1; all relative to UBC mRNA 

levels. (b-d) RT-qPCR data showing EGFP mRNA change relative to ddH20 (control) from ten-day old T3 seedlings 

5hrs post treatment with 3mls of 25, 100 or 500µM CuSO4 (or ddH20 as control) in x7 16002-23 pMRE-CW-

EGFP-Tnos transgenic lines carrying a single locus insertion of both EGFP and ACE1;  all relative to UBC mRNA 

levels. b) 25µM c) 100µM or d) 500µM CuSO4.  
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The medium ACE1 overexpression activator background line 16001-26, of all the three 

activation lines brought forward from Chapter 3, displayed the most favourable induction 

kinetics Fig. 4. 5(b). The average basal leakage level in this activator background was both 

lower than its higher ACE1 expressing sibling (16001-20), expectedly so as discussed 

previously, but also showed a dose dependent responsiveness to CuSO4 treatment and 

EGFP transgene induction, though not significantly so. Indeed, even the induction ratios 

were more favourable, with a fold induction of 2.97(±1.32), 5.20(±3.58) and 5.55(±4.34) 

and average EGFP mRNA levels reaching highs similar to that seen in line 16001-20 (500µM; 

0.690(±0.05).  

The lowest ACE1 overexpression activator background line 16001-01, shows the least 

favourable induction kinetics of the three lines assayed Fig. 4. 5(b). Though the basal 

average EGFP leakage in this line is the lowest of the three 0.100(±0.08) as was expected in 

line with this activator lines corresponding ACE1-HA constitutive overexpression level, the 

level of EGFP induction appears to become saturated at the lowest CuSO4 treatment of 

25µM at a fold induction of 2.10(±0.26), as can be seen in the negligible fold induction 

ratios changes of 1.83(±0.41) and 1.03(±0.21) seen at the copper concentrations of 100µM 

and 500µM respectively Table. 4. 8. Indeed, this saturation at lower CuSO4 concentrations, 

coupled with the lowest mean EGFP mRNA levels of the three activator lines assayed, 

reaching a high of only 0.192(±0.11) after treatment with 500µM CuSO4, places the 16001-

01 activator line as the worst of the ACE1-HA constitutive overexpression background lines 

Table. 4. 8. The optimal average induction level of EGFP in both the lowest ACE1-HA 

overexpression line, 16001-01, and the highest, 16001-20, appeared to be at the lowest 

inducer concentration of 25µM, whilst the 16001-26 background lines could be induced at 

up to 500µM Fig. 4. 5(b) and Table. 4. 8. 

From Fig. 4. 5(c-e), it appears as though, in lines that are responsive, the induction of EGFP 

mRNA over the 5hr time period increases in a concentration dependent manner, with the 

highest EGFP mRNA seen in the 500µM treatment in line 16001-26 EGFP7 cw at a relative 

EGFP mRNA level of ~14.0. This line does however show a heightened inductive response 

above all others Fig. 4. 5(e). To assess whether the 16002-23 lines homozygous for EGFP 

and assayed for inductivity in Fig. 4. 4(a,b&d) at the 2hr timepoint would show more 

favourable induction ratios at the 5hr timepoint assayed in Fig. 4. 5(a-e)), the experiment 

which generated the results in Fig. 4. 4 was repeated and two more concentrations of 

CuSO4 were included (25µM and 500µM) alongside the 100µM concentration previously 

used Fig. 4. 6(a-c). 
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Table. 4. 8 - Average fold EGFP induction ratio of the 16002-23 self-inducible ACE1-HA overexpression 

background transgenic lines in response to 5hrs of induction with 3mls of 25, 100 or 500µM CuSO4  as foliar 

spray. 

 

 

The average EGFP gene expression profile for the 16002-23 background lines followed the 

same hyperbolic pattern seen in the 16001-20 line Fig. 4. 5(b), increasing from a high basal 

leakage level in the control treatment to a high of EGFP expression at the 100µM inducer 

concentration (rather than 25µM as seen for 16001-20), after which it displayed a decline in 

EGFP levels at 500µM inducer. The optimal average induction level of EGFP across the x7 

16002-23 lines assayed was evident at the inducer concentration of 100µM Fig. 4. 6(a&c) 

and Table. 4. 9. 

 

 

 

 

 

 

 

 

 

Line No.             CuSO4  

             (µM) 

n Mean relative EGFP mRNA 

level (± SE) 

EGFP fold Δ relative to 

ddH20 (± SE) 

16001-23 0 

25 

100 

500 

7 

 

 

 

1.57(±0.54) 

1.87(±0.66) 

2.12(±0.71) 

1.90(±0.62) 

NA 

1.10(±0.14) 

1.36(±0.12) 

1.22(±0.10) 
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To test the cell wall targeting function of the 33 amino acid signal sequence of the 

hydroxyproline rich cell wall associated glycoprotein extensin-3 used in the construction of 

the second component vector(s) outlined previously, plasmolysis experiments using the 

EGFP reporter gene characterised above were carried out on 10-day old root tissue from 

transgenic plants homozygous for either cell wall (pMRE-CW-EGFP-Tnos) or cytosolic 

(pMRE-Cyto-EGFP-Tnos) directed EGFP as a POC for cell wall targeting of lignin degradation 

enzymes in Chapter 5. Multiple transgenic lines were brought forward based on similar 

constitutive leakage and/or use as control line imaging for reference for the analysis of 

transgene expression and location via confocal microscopy using the Leica TCS SP8X. In the 

end, due to time and money restrictions, the EGFP reporter gene containing lines 16002-23 

CW EGFP7 and 16001-26 Cyto EGFP9 generated the most usable confocal images, along 

with the parent line 16002-23 ACE1-HA to be used as control. To carryout plasmolysis in 

these root tissues the sugar alcohol mannitol was used as the hypertonic solution of choice 

at a concentration of 0.8M as had previously been described by Truernit et al., 2012 193. 

Root tissue was bathed in 0.8M mannitol or ddH2O as control for 10mins before brightfield 

and confocal imaging. 
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Fig. 4. 8 - Confocal imaging of EGFP localization in 10-day old root epidermis cells taken from the 

transgenic control line 16002-23 ACE1-HA without/with plasmolysis induced by 0.8M Mannitol x40 

oil magnification confocal and brightfield images of 10-day root tissue taken immediately before imaging of the 

16002-23 ACE1-HA self-inducible ACE1-HA parent line 10mins post incubation with ddH2O or 0.8M mannitol for 

induced plasmolysis. CW = cell wall, Xyl = Xylem, Cyto = Cytosol Root Epi = Root epidermis. Scalebar = 100µM. 
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Fig. 4. 9 - Confocal imaging of EGFP localization in 10-day old root epidermis cells taken from the 

transgenic cell wall reporter gene targeting line 16002-23 CW EGFP7 without/with plasmolysis 

induced by 0.8M Mannitol. x40 oil magnification confocal and brightfield images of 10-day root tissue taken 

immediately before imaging of the transgenic line 16002-23 CW EGFP7 homozygous for the extensin-3 cell wall 

signal sequence containing inducible EGFP reporter gene construct pGW-MRE-CW-EGFP-Tnos 10mins post 

incubation with ddH2O or 0.8M mannitol for induced plasmolysis. CW = cell wall, Xyl = Xylem, Cyto = Cytosol 

Root Epi = Root epidermis, Q-balls = EGFP aggregates, potential out of frame EGFP proteins. Scalebar = 100µM. 
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Fig. 4. 10 – Confocal imaging of EGFP localization in 10-day old root epidermis cells taken from the 

transgenic cytosol reporter gene targeting line 16001-26 Cyto EGFP9 without/with plasmolysis 

induced by 0.8M Mannitol. x40 oil magnification confocal and brightfield images of 10-day root tissue taken 

immediately before imaging of the of the transgenic line 16002-23 CW EGFP7 homozygous for the extensin-3 

negative cytosol directing inducible EGFP reporter gene construct pGW-MRE-Cyto-EGFP-Tnos 10mins post 

incubation with ddH2O or 0.8M mannitol for induced plasmolysis. CW = cell wall, Xyl = Xylem, Cyto = Cytosol 

Root Epi = Root epidermis, Q-balls = EGFP aggregates, potential out of frame EGFP proteins. Scalebar = 100µM.

C
F 

B
F 

P NP 

Epi 

Epi 

CW 

CW 

CW 

CW 

Cyto Cyto 

Cyto 

Cyto Epi 

Epi 

Q-balls 



P a g e  | 105 

 

From Fig. 4. 8 the background fluorescent signal due to lignin autofluorescence appears to 

be extremely low in both the control and plasmolysed treatments of the 16002-23 ACE1-HA 

parent line assayed as control (NP&P, CF), with slight preference of the very low signal 

intensity in the vascular bundle. The red arrows in the brightfield images of Fig. 4. 8 - 4. 10 

indicate that 10mins after treatment with 0.8M mannitol (P) vacuole contraction from the 

cell wall could be readily observed in the root epidermis cells in these 10-day old seedlings 

using visible light but not in the untreated roots (NP). As can be seen from Fig. 4. 9 (NP, CF), 

EGFP signal intensity appears to be widespread within the protoplast of these lines but is 

visibly stronger around the plant cell wall as indicated by the red arrows. In addition, there 

is also a much stronger overall fluorescent signal from both the 16002-23 CW EGFP7 line 

(Fig. 4. 9(NP&P, CF) and 16001-26 Cyto EGFP9 (Fig. 4. 9(NP&P, CF) observed compared to 

the 16002-23 ACE1-HA parent line assayed as control in Fig. 4. 8(NP&P, CF), indicating true 

reporter gene signal rather than lignin autofluorescence. 

Upon addition of 0.8M mannitol in Fig. 4. 9(P, CF) with an associated 10min incubation 

time, plasmolysis can be observed in the ‘balling’ of spherical EGFP signal within the 

vacuole. However, EGFP signal intensity does remain marginally strong around the edge of 

plasmolysed cells even in the co-observation of spherical ‘balling’ of EGFP signal. During 

plasmolysis, the ‘balling’ effect of the EGFP reporter gene observed in Fig. 4. 9(P, CF) 

behaved somewhat similar to the well-established plasma membrane GFP marker line 

LTI6b (Cutler et al., 2000) (supplementary material Fig.S7A,C), indicating that EGFP was 

potentially co-localised cytosolically in addition to the cell wall in the presence of the cell 

wall signal sequence of extensin-3. 

Though there is still apparent cell wall localisation in this cytosolic targeted EGFP line in the 

non-plasmolysed images Fig. 4. 10 (NP, CF), it is of a much lower signal intensity than was 

observed in the non-plasmolysed cell wall targeted lines Fig. 4. 9 (NP, CF). Upon addition of 

0.8M mannitol EGFP signal appears to remain diffuse throughout the cytoplasm while also 

showing local concentrated regions of EGFP signal in the centre of the plant cell Fig. 4. 10 

(P, CF), indicating that EGFP expression is confined to the cytosol and that the shrinkage of 

the vacuole through plasmolysis has concentrated the fluorescent signal of the EGFP 

protein expressed by that cell. These locally concentrated regions in the centre of the 

plasmolysed plant cell may be EGFP aggregates or ‘Q-balls’, out of frame EGFP proteins 

(Cutler et al., 2000 194)(supplementary material Fig.S7A,F) 

 

B 
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4.5 Discussion 

The overarching purpose of this chapter was threefold and included; 1) The functional 

validation of the fully assembled two component system in Arabidopsis, 2) The testing of 

the functionality of the extensin-3 cell wall signal sequence and 3) The selection of a single 

optimal ACE1-HA containing activator background line which would be used as the genetic 

background into which lignin degradation enzyme(s) could be transformed for the inducible 

auto-degradation of lignocellulose in planta in Chapter 5. To assess this before 

transformation with lignin degrading enzymes, the reporter gene EGFP was cloned into the 

novel binary vectors created in this chapter for the second ‘effector’ component of my 

CuSO4 inducible gene expression system which would direct transgenes of interest to the 

cell wall or cytosol (Fig. 4. 1(1&2)) respectively. After the creation and isolation of lines 

homozygous for the EGFP reporter gene, against a differential background of constitutive 

(16001-20, 26 and 01) or self-inducible (16002-23) ACE1-HA overexpression, an initial 

experiment was carried out using a single treatment with either 3ml of 100µM CuSO4 or 

ddH20 as control, a standard treatment concentration reported by literature using similar 

systems138 165,169, and a 2hr incubation period prior to harvesting Fig. 4. 4(a-e) to get a 

preliminary insight into what period of induction these transgenic lines would need for 

second-component gene expression (EGFP). 

4.5.1 System responsiveness 2hrs post inducer application 

4.5.1.1 Counter intuitive EGFP transgene repression upon inducer 

application 

As can be seen in Fig. 4. 4(c), x15 lines in total were included in this first preliminary screen, 

including x7 16002-23, x3 16001-01, x3 16001-26 and x2 16001-20 background lines, of 

which the constitutive ACE1 background lines were a mixture of cell wall and cytosol 

directed constructs. Of the x7 16002-23 background lines assayed in Fig. 4. 4(c) (all of which 

were cell wall directed constructs), x5 showed a repression in EGFP expression 2hrs post 

induction, whilst two lines displayed non-responsive gene expression profiles, resulting in 

an average 30% reduction in EGFP mRNA 2hrs post induction with 100µM CuSO4 Fig. 4. 4(a), 

though this reduction in EGFP expression was not found to be statistically significant upon 

conducting a t-test on the data at p=<.05 Table. 4. 5. As EGFP is a well-documented and 

widely used fluorescent reporter gene with no reports of mRNA silencing or degradation in 

Arabidopsis, it is hard to believe that there has been silencing of the transgene in this 
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16002-23 ACE1-HA background line. Indeed, EGFP has been used in Arabidopsis for such a 

long time for the prime reason that, in contrast to native GFP, EGFP has enhanced spectral 

properties as outlined previously, but also has the native cryptic GFP intron removed which 

caused aberrant mRNA splicing of the native protein in Arabidiopsis 186.  

Furthermore, based on the data on ACE1-HA overexpression levels seen in Fig. 3. 8 of 

Chapter 2, it is unlikely that the ACE1 transgene is itself being silenced. Literature reporting 

the various iterations of the use of this system have shown differing forms of GFP to be 

expressed to high levels; Saijo and Nagasawa reported relative sGFP transcript levels of 

over 50 in their highest overexpression lines (relative to AtACT2 (GenBank Accession 

NM180280)) based off their construct 44, a construct with similar molecular elements to 

the one used here, which amounts to greater than 10-fold higher relative EGFP expression 

levels than observed here.  

Another facet of the above data in Fig. 4. 5(d) shows that the auto-regulatory ACE1-HA 

system has retained its functionality but shows a low level of responsiveness in these EGFP 

containing lines at the 2hr time point assayed, showing an average 40% increase in auto-

regulatory expression Fig. 4. 5(b), though the level of fold induction was not found to be 

statistically significant upon conducting a t-test on the data at p=<.05 Table. 4. 6. However, 

this is not unusual in the context that this shorter incubation period was never assayed in 

Chapter 3 and may simply be too short to facilitate effective EGFP induction in these lines. 

Added to this, other reports of the use of this system do not go as low as a 2hr incubation 

period, with the lowest incubation with inducer before harvesting for transcriptional 

analysis of EGFP mRNA reported in Arabidopsis of 6hrs 169.  

4.5.1.2 Endogenous A.thaliana transcription factors may drive non-induced 

activation of the promoter region of the second component T-DNA. 

A further unexpected finding was that the 16002-23 background lines displayed equal to, or 

greater, EGFP basal leakage from the system than the 35s::ACE1 background lines also 

assayed for leakage and inductivity at the 2hr incubation period Fig. 4. 5(c&e) respectively. 

Given that auto-regulatory version of the first component was designed to display low level 

quiescent leakage of its own transgene, and a high dynamic range of second component 

GOI expression after induction, these results are perplexing. They become even more so 

when comparing the component 1 ACE1-HA leakage levels of line 16002-23 over the 24hr 

time period assayed in Chapter 3 Fig. 3. 8(e), where they on average rarely rose above a 

relative expression level of 0.1 (normalized to ACTIN2). Indeed, these levels are 
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recapitulated in Fig. 4. 5(d), against another housekeeping gene for normalization (UBC). 

UBC was used in this chapter, addition to ACTIN2 which was used in Chapter 3, to further 

verify conclusions from qPCR data due to the relatively recent finding that an alternatively 

spliced domain of the NDC1 (NAD(P)H dehydrogenase) gene, a gene whose expression is 

induced by light and which is normally non-responsive to treatments mimicking stress 

conditions, strongly effects the expression of the ACTIN2 reference gene 147, which could in 

turn validate or invalidate results in this thesis. Clearly, in this instance, this was not the 

case. 

In the context of the average 16002-23 relative ACE1-HA mRNA basal expression levels seen 

in both Fig. 3. 8 of Chapter 3 and Fig. 4. 5 of this Chapter, the most obvious conclusion is 

that there are endogenous non-ACE1-HA factors/variables acting on the promoter region of 

the second component transgene. As was concluded for ACE1-HA containing transgenic 

lines in Chapter 3, this large variation in EGFP leakage in these lines is likely due to T-DNA 

positional effects and or transgene silencing as succinctly outlined by Moore, Samalova and 

Kurup 2006 172. Similar to the 16002-23 background lines discussed above, the constitutive 

ACE1-HA expressing background lines also assayed at this 2hr incubation period; 16001-20, 

26 and 01 also displayed an overall profile of EGFP mRNA repression after induction with 

3ml of 100µM ddH20 relative to control treatment Fig. 4. 5(e), as well as showing the 

characteristic large variation in transgene leakage for the same reasons as discussed above. 

It can be concluded that the 2hr incubation period tested for these lines did not instigate a 

gene expression profile advantageous toward the application of the inducible expression of 

lignin degrading enzymes in planta. Furthermore, these preliminary results may also 

question the validity of using this iteration of the copper dependent ACE1 binary system 

within Arabidopsis in general if positional effects take precedence of over inducible 

genetic system design. 

Having drawn initial insights from the testing of the complete system in Fig. 4. 4(a-e), it was 

clear that a longer incubation period and/or higher concentrations of CuSO4 were needed 

to activate any meaningful induction of the EGFP reporter gene within the system. As such, 

the experiment was repeated over a longer timeframe (5hr incubation period), and with 

three different concentrations of CuSO4; 25, 100 and 500µM and carried out in two phases, 

the first comprised of the constitutive ACE1-HA background activator lines Fig. 4. 5(a-e) and 

the second comprised of the self-inducible ACE1-HA background activator line Fig. 4. 6(a-d). 

The induction kinetics of the (x18) 35s::ACE1-HA background lines in response to treatment 

with 3mls CuSO4 at concentrations of 25, 100 and 500µM 5hr post incubation were 
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analysed and presented in Fig. 4. 5(a-e). Contrary to the preliminary experiment Fig. 4. 4(e) 

using an incubation period of 2hrs, there is a marked response of these lines to treatment 

with the concentrations of copper applied, even at a quarter the dose of that which was 

used in Fig. 4. 4(e). 

4.5.2 System responsiveness 5hrs post inducer application 

4.5.2.1 Level of basal EGFP transcript leakage 

Fig. 4. 5(a) depicts the average EGFP leakage level under non-inducing conditions (ddH20) 

of the x3 35s::ACE1-HA activator lines isolated and characterized in Chapter 3, along with 

their associated EGFP expression profile in response to induction with 25, 100 or 500µM 

CuSO4 or ddH20 as control Fig. 4. 5(b) and Table. 4. 8. As Fig. 4. 5(a) and the Table. 4. 7 

Pearson correlation analysis shows, the basal leakage level of EGFP from the 16001-20, 26 

and 01 lines correlates with the level of constitutive ACE1 expression characterized in these 

lines in Chapter 3, with the highest mean relative EGFP mRNA leakage level of 0.590(±0.02) 

seen in the 16001-20 line. This pattern makes logical sense, with higher ACE1 levels within 

the cell there is a greater ability to form Cu/ACE1 complexes and thus drive unwanted 

effector gene expression from the MRE-minimal 35s promoter contained within the T-DNA 

region of the second (effector) component transgene. Whether this second component 

gene leakage (proportional to the background ACE1 overexpression level) is due to copper 

dependent or copper independent ACE1 mediated induction is ambiguous. Though there is 

indeed Cu2+  ions provisioned to the plants in the basal MS media to form the activated 

Cu/ACE1 complexes needed to drive low level ACE1 activation, literature on the system has 

shown that there have been previous reports on the copper independent expression of 

second component genes in the system, especially in root tissue 195,196. In the first iteration 

of the system Mett et al., 1993 found that the activity of their reporter gene GUS was high 

in the root tissue of Tobacco even in normal basal growth media containing CuSO4 at very 

low levels (0.05µM) 138. Furthermore, this concentration of CuSO4 was below the activation 

threshold in the leaves of the same plant(s). 

These reports of high-level effector gene activation were not restricted to only Tobacco. In 

their 2001 paper, Mohamed, Meilan and Strauss 165 applied the same binary copper 

inducible gene expression system in Poplar, again using GUS as the reporter gene and 

found that, much like the leakage data seen in Fig. 4. 5(b), that in their CT lines (the CT 

construct lacked the ACE1 gene), strong constitutive GUS expression was observed in seven 

independent lines of transgenic Poplar in both the presence and absence of copper. The 
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reason as to why this should occur (particularly in root tissue) when a chimeric copper 

inducible promoter is used is perhaps due to the fact that the 35s(-90bp) promoter consists 

of two domains (domain A and domain B), with domain A containing an Activating 

Sequence Factor 1 (ASF1) transcription factor binding site 195. Indeed, Benfey and Chua, 

1990 196 showed that this 35s(-90bp) domain A containing promoter is sufficient for 

constitutive expression of the gene product at a low level in plant roots. It has since been 

found that the 35s(-46bp) truncated version of the same promoter, only preserving the 

essential TATA-box containing fragment, does not suffer from this root specific low level 

constitutive transgene expression 163,164,165,179. This could also explain the low level of 

leakage observed in Saijo and Nagasawa’s best construct (construct 48) which was 

comprised of a second-component chimeric promoter composed of a x4 MRE elements 

linked to the 35s(-46bp) promoter, the most recent report of the systems application in 

Arabidopsis 179.  

The use of these multiple MRE elements has in itself been shown to reduce basal transgene 

leakage 163,164,179. In a bid to develop a novel means to more effectively reduce basal 

transgene leakage over using multiple MRE elements, the data from the second variant of 

the first component of my binary system (a self-inducible version of the ACE1-HA 

transcriptional activator) is shown in Fig. 4. 6(a-c). When looking at the self-inducible MRE-

35s::ACE1-HA version of my two component system in Fig. 4. 6(a-c) and Table. 4. 9, the 

mean relative EGFP mRNA level is 1.57(±0.54), over 2.5-fold higher than that observed the 

in the 16001-20 activator background line, which was shown to have a constitutive mean 

relative ACE1-HA mRNA level of 11.0, over 36-fold higher than that seen in the activated 

form of the 16002-23 background of 0.3 (Fig. 3. 8(f), Chapter 3). These large discrepancies 

in transcription factor level in relation to effector transgene leakage seem at odds with the 

fundamental self-inducible design of this second variant of the system as outlined in (Fig. 3. 

2(b), Chapter 3). Perhaps the simplest conclusion is the most obvious that, as observed for 

the constitutive ACE1 data seen in Fig. 4. 5(a-e), the ASF1 site retained in the 35s(-90bp) 

promoter under the control of the MRE element used in the creation of the binary vector 

these lines were transformed with is driving low level constitutive EGFP expression 

independent of ACE1. Alternatively, it may be that the x4 of the x7 16002-23 background 

lines assayed in Fig. 4. 6(b-d) have by chance inserted in transcriptionally active regions of 

the genome, and that these high basal leakage levels are simplify due to positional effects 

on the loci of T-DNA integration. Indeed, this line of reasoning could be applied to the x3 

non-responsive lines containing the binary vector T-DNA in a transcriptionally inactive 



P a g e  | 111 

 

region of the genome Fig. 4. 6(b-d). As the data presented in this chapter on both EGFP 

basal leakage and induction in response to copper treatment was taken from whole 

seedlings (including a mixture of roots and leaves), it is not possible to comment on any 

tissue specific differences in transgene induction related to the 35s(-90bp) promoter used. 

4.5.2.2 EGFP induction and saturation kinetics 

Three increasing concentrations of CuSO4 were also tested as inducer on the same 

35s::ACE1-HA overexpression background lines (discussed above in terms of basal leakage) 

to assess the induction kinetics in response to each concentration. This was carried out in 

order to derive an optimal CuSO4 concentration for effector gene induction in these three 

activator lines to determine which line showed both the optimal induction ratio relative to 

ddH20 and highest mRNA level overall relative to ACT2 after induction Fig. 4. 5(b).  The 

induction pattern of EGFP in the 35s::ACE1-HA background lines varied according to the 

background level of ACE1-HA overexpression Fig. 4. 5(b), resulting in three distinct 

expression profiles; parabolic (16001-20), dose dependent (16001-26) and low-level 

saturation (16001-01). As shown in Fig. 4. 5(b), the EGFP expression pattern of the 16001-

20 activator background lines displayed an unexpected parabolic response pattern to 

inducer application from lower to higher CuSO4 concentrations, indicating that there were 

likely more complex molecular interactions transpiring within this ACE1-HA activator line 

than the initially hypothesized and simplistic model of high ACE1 equates to high inductive 

potential of the effector transgene. 

Indeed, had the response pattern been a hyperbolic one, simple 

ligand:receptor/enzyme:substrate kinetic theory could have been applied to the system, 

wherein the ACE1-HA transcriptional activator or the MRE element of the MRE-minimal 35s 

promoter (or both) had become saturated, and therefore increasing concentrations of 

CuSO4 would be futile. However, this model did not hold true. Interestingly, the average 

EGFP gene expression profile for the 16002-23 background lines followed the same 

hyperbolic pattern seen in the 16001-20 line, with the cut-off concentration of CuSO4 after 

which gene induction declines shifting to the 100µM treatment as opposed to the 25µM 

seen in line 16001-20 Fig. 4. 6(a) and Fig. 4. 5(b) respectively. When comparing to the 

literature on the system, the unique parabolic inductive response pattern common to both 

transgenic lines has also been reported when the system was applied for copper inducible 

gene expression in Poplar 165. Mohamed, Meilan and Strauss, 2001 observed high activity of 

their GUS reporter gene at 0µM copper, which was followed by reduced activity of a 
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parabolic pattern, reaching a low at 25µM after which it rose again to reach a high at 50µM. 

At 50µM there appeared to be a cutoff point in GUS activity, with the signal dropping 

significantly thereafter at increasing CuSO4 concentrations, much like the responses to 

inducer of line 16001-20 and 16002-23 seen in Fig. 4. 5(b) and Fig. 4. 6(a) respectively. 

Mohamed and his colleagues hypothesized that this complex gene expression pattern was 

somehow caused by an endogenous Poplar transcription factor binding to the chimeric 

promoter independent of copper, and that Cu/ACE1 complexes which form at these lower 

concentrations may compete/interact with this hypothesized endogenous factor, 

potentially forming inactive heterodimeric complexes, explaining the reduction in 

expression at the lower concentration of copper observed. He hypothesized that at 50µM 

there was sufficient Cu/ACE1 to out-titrate the endogenous factor and fully stimulate 

transcription 165.  

Perhaps this same line of reasoning can be applied to the activator background lines 16001-

20 and 16002-23, with the optimal CuSO4 concentration to out titrate native Arabidopsis 

transcription factors being characteristic to each system. Perhaps significant Cu/ACE1 

complexed transcription factor binding to the 35s(-90bp) promoter temporally halts the 

constitutive basal leakage that domain A of this element confers as discussed above, 

resulting in the reduction in mRNA levels at higher copper concentrations observed in Fig. 

4. 5(b) and Fig. 4. 6(a). However, this line of reasoning cannot explain the response patterns 

of both line 16001-26 or 16001-01 to increasing inducer concentrations Fig. 4. 5(b). The 

favourable dose-dependent response of line 16001-26, though not statistically significant 

due to high SEM, resulted in greater fold induction ratios and comparative mean relative 

transcript levels compared to the 16001-20 line Fig. 4. 5(b) and Table. 4. 8 which has a 

constitutive ACE1-HA overexpression profile 26-fold higher (Fig. 3. 8(d), Chapter 3). These 

large SEM values were likely a function of the positional effects of T-DNA insertion loci upon 

averaging independent transgenic lines, rather than system functionality Fig. 4. 5(b). 

Indeed, this large variation in EGFP induction profile between transgenic lines was also 

reported by Grangr and Cyr, 2001 168 when they applied the same system in Arabidopsis to 

examine a time-course of GFP expression to determine optimal copper levels required for 

induction. They observed large variations in both the induction potential of GFP expression 

between the three transgenic lines of Arabidopsis they studied, as well as within regions of 

single transgenic lines. Though variability was also observed in the paper by Saijo and 

Nagasawa across all of the various constructs they tested, the lack of a lower visible error 

bar makes it hard to say how large this was 169. This discrepancy in ACE1 linked expression 
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profiles between the 16001-20/16002-23 lines compared to the two other lines assays for 

EGFP expression was likely connected to the anomalous molecular interactions unique to 

these parabolic response lines rather than any special features of the 16001-26 or 16001-01 

activator lines.  As the experiment did not include CuSO4 concentrations exceeding 500µM, 

the potential for the highly desirable dose dependent response of the effector transgene in 

line 16001-26 to continue above this concentration of copper would require further work. 

However, it is likely that toxicity effects would become apparent at concentrations above 

500µM.  

4.5.3 Systems responsiveness in comparison to previous iterations 

When examining fold change values for EGFP observed in my system compared to the 

literature, it is evident that other molecular elements could have been included/omitted to 

facilitate larger fold change values. As was concluded in Chapter 3 when examining the 

auto-regulatory version of the ACE1-HA overexpression construct, in comparison to other 

studies using a similar system, it appears as though the addition of x4 MRE elements, the 

shortening of the CaMV35s:: promoter to an ASF1 site deficient 35s(-46bp) promoter form 

and the inclusion of a VP16AD have much more pronounced effects on the magnitude of 

fold induction than the attempts made herein for an exceptionally low quiescent level that 

was hypothesized for the auto-regulation of the ACE1-HA transcriptional activator created 

using the pMRE-35s::ACE1-HA binary vector 163,164,169. The largest level of fold induction 

observed from my own system occurred in line 16001-26 at the 500µM CuSO4 treatment of 

5.55-fold (±4.34) over that observed via basal leakage Table. 4. 8. However, the 

accompanying large SEM value(s) that also came with induction responses in this line were 

undesirable. Furthermore, the 5.55-fold induction seen in this 16001-26 line at the mRNA 

level shows rough equivalency to the average fold-induction of sGFP reported to be 

expressed from Saijo and Nagasawa’s construct 21 (containing x1 MRE linked to the 35s(-

90bp) promoter) containing transgenic lines also treated with 100µM CuSO4 and harvested 

6hrs post-treatment 169. Perhaps this may shed light on the fact that in this particular 

iteration of this binary system, using x1 MRE linked to the 35s(-90bp) promoter, a fold 

change of ~4-6 is the level of saturation of the chimeric promoter used. Indeed, one of the 

experimental aims of this chapter was to determine the concentration at which the highest 

35s::ACE1-HA overexpression background line (16001-20) could be saturated to the 

Cu::ACE1-HA complex form as an indicator as to what concentration of CuSO4 could be used 

to across all lines for fair comparison of inductive potential, in the knowledge that all ACE1-

HA that could be activated was in the saturated Cu::ACE1-HA complex state. The potential 
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for the saturation of the single MRE element of the chimeric promoter used in the 

construct design may offer an potential explanation of a two-point bottleneck theory within 

the system, wherein high ACE1 levels can dictate high inductive GOI expression potential 

(when saturated with Cu2+ ) up to a certain point, after which the saturation of the MRE 

element of the MRE-35s:: promoter with Cu::ACE1-HA precludes further transgene 

induction due promoter saturation. The results in Fig. 4. 5(b) may be insightful when 

considering this two-point bottleneck premise, with both the 16001-20 and 16001-26 lines 

reaching relative EGFP expression levels of 0.690, though at the CuSO4 concentrations of 

25µM and 500µM respectively. Whether the 16001-26 line could have induced transgene 

expression beyond this level, or whether this is the threshold of MRE (and therefore 

promoter) saturation at the transcriptional level in this system (excluding positional effects) 

is unknown and requires further study. However, literature has shown that the addition of 

more MRE elements can increase the inductive potential of the system, as well as decrease 

the basal transgene leakage, though it still results in a very low inductive ratio and other 

changes are still needed for any meaningful inductive transgene expression 164,169. 

The response of transgenic lines containing this MRE-minimal 35s:: promoter in Arabidopsis 

to increasing CuSO4 concentrations has not previously been characterized, with studies 

instead opting to use the standard treatment applied across various reports of the system 

of 100µM 168,169. As such, the comparison of the results obtained here with the literature 

are challenging. In an attempt to compare these results with data obtained using a similar 

system in another plant species, the paper by Mohamed, Meilan and Straws, 2001 where 

they reported the use of the system in (Poplar) over various CuSO4 concentrations was 

examined 165.  As was discussed previous in section 4.5.2.2, the concentration at which 

transgene expression plateaus varied between the same MRE-minimal 35s:: promoter 

containing system used here and also applied in Poplar over increasing CuSO4 

concentrations 165. That the plateau of saturation varies amongst studies is normal, as the 

combination of differences in vector design and the randomization of integration take 

effect. 

4.5.4 EGFP cell wall targeting  

A further aim of this Chapter was the testing of the functionality of an extensin-3 cell wall 

signalling motif included in the second component binary vector creation Fig. 4. 1(1) to 

target genes expressed from ‘effector’ lines created from transformations with this second 

component of the system cloned with GOI’s to the plant cell wall of A.thaliana. To confirm 



P a g e  | 115 

 

EGFP cell wall localisation, plasmolysis experiments were performed with pGW-MRE-CW-

EGFP-Tnos and pGW-MRE-Cyto-EGFP-Tnos transgenic lines within either the constitutive 

p35s::ACE1-HA or self-inducible pMRE-35s::ACE1-HA ACE activator backgrounds, Fig. 4. 8 - 

Fig. 4. 10. The osmolyte mannitol was used at a concentration of 0.8M as seen across Fig. 4. 

8 – Fig. 4. 10(P, CF&BF). In the images generated from 0.8M mannitol induced plasmolysis 

containing functional inducible EGFP reporter gene systems (Fig. 4. 9 – Fig. 4. 10) EGFP 

signal appears to strongly localize to the plant cell wall/apoplastic space in the extensin-3 

containing transgenic line 16002-23 CW EGFP7. However, this strong cell wall associated 

signal lessens when mannitol is added and plasmolysis is induced, resulting in a stronger 

fluorescence signal within the vacuolar perimeter with a pattern of spherical ‘balling’ of 

EGFP signal, indicative of cell membrane localisation; though cell wall signal is still clearly 

seen (Fig. 4. 9(P, CF). In comparison, in the extensin-3 negative transgenic line 16001-26 

Cyto EGFP9, EGFP signal intensity appears to be widespread within the protoplast, and to a 

lesser degree the cell wall, in non-plasmolysis conditions Fig. 4. 10(NP, CF). Contrary to the 

strong cell wall associated signal seen in Fig. 4. 9(P, CF), a much weaker fluorescence 

intensity within the cell wall is seen in the extensin-3 negative transgenic line 16001-26 

Cyto EGFP9, indicated by the red arrows Fig. 4. 10(P, CF).  

However, when plasmolysis is induced in this transgenic line, though a similar pattern of 

slight ‘balling’ of EGFP signal can be seen, it is not as obviously concentrated at the 

perimeter of the vacuole as observed in Fig. 4. 9(P, CF). This difference in EGFP localisation 

pattern in plasmolysis inducing conditions between the extensin-3 containing and extensin-

3 negative lines indicates a difference in transgene localisation imparted by the signal 

peptide. It is hard to conclude the exact efficacy of the extensin-3 cell wall signal sequence 

in the 16002-23 CW EGFP7 line, as although strong cell wall signal is observed, even in 

plasmolysis inducing conditions (though less so), strong signal is also observed in what 

would indicate a cell membrane associated localisation. As such, the validation of cell wall 

transgene targeting through the inclusion of the 33 amino acid extensin-3 cell wall signal 

peptide was conclusively proven in normal plant growth conditions, even if this cell wall 

localisation was also accompanied by cell membrane localisation. Whether the cell wall 

localisation is due to leakage from a primarily cell membrane located reporter gene (or vice 

versa) is unclear. However, the presence of strong signal at the cell wall under normal plant 

growth conditions is sufficient POC for the application of the functional system towards 

inducible lignin degradation in planta in Chapter 5. On an added note there also appears to 

be no marked advantageous or detrimental effect of the presence or absence of the 33 
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amino acid extensin-3 cell wall signalling sequence on EGFP expression in these individual 

lines within any of the three activator backgrounds. 

4.6 Conclusion and outlook to the next chapter 

The study outlined above demonstrates the creation, transformation, genetic 

characterization and transcriptomic expression analysis of the x4 A.thaliana ACE1-HA 

containing activator lines isolated in Chapter 3 transformed with two different binary 

vectors for the inducible expression of EGFP to either the plant cell wall (pMRE-CW-EGFP-

Tnos) or cytosol (pMRE-Cyto-EGFP-Tnos) respectively. Multiple independent homozygous 

transformants were generated after transformation with the two outlined EGFP containing 

vectors of these x4 transgenic activator lines; 16001-01, 16001-26, 16001-20, and 16002-

23. These homozygous lines were subsequently tested for transgene inductivity at a 

preliminary 2hr incubation with 100µM CuSO4 and a subsequent 5hr incubation with 25, 

100 or 500µM CuSO4. Based on these analyses, two conclusions were made regarding the 

optimal activator background line(s) to be used in the next chapter. The medium ACE1-HA 

constitutive overexpression activator line (16001-26) emerged as the optimal constitutive 

ACE1-HA overexpression background in terms of inductive response to treatment with 

copper with this line being recommended as a background line into which GOI’s could be 

transformed for use in a basic research setting; though the fold changes observed in this 

line were much lower than has been reported in other literature using different iterations 

of the system. In addition to this, the self-inducible pMRE-35s::ACE1-HA activator line 

(16002-23) transformed with the aforementioned EGFP cw or cyto constructs, x7 

homozygous lines were created and tested in the same manner as outlined for the 

35s::ACE1 background lines. The inductive response of the EGFP transgene to treatment 

with copper in these lines was not as sensitive compared to the 16001-26 activator line. 

However, the level of relative EGFP mRNA expressed was significantly higher. Due to the 

amount of work that has gone into this system thus far, and the end goal of discovering 

whether net lignin degradation in planta is achievable, the 16002-23 activator line 

background was selected to be brought forward to be used for the expression of lignin 

degradation enzymes to the plant cell wall in planta in a bid to make sure a type II error was 

not achieved at the end of the three years of research. Overall, the fully assembled system 

protein expression functionality, and cell wall targeting capability of the extensin-3 cell wall 

signal sequence, was proven in normal plant growth conditions as outlined in Fig. 4. 8 – Fig. 

4. 10 through confocal imaging. 
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In the next chapter, this auto-inductive 16002-23 ACE1-HA activator line will be used as the 

genetic background into which an intron free Trametes versicolor derived Manganese 

dependent peroxidase isoform 3s (MnP3s) and an engineered monolignol-4-O-

methyltransferase, each cloned into the cell wall transgene directing second component 

binary vector created in this chapter pMRE-CW-Tnos, will be transformed. Homozygous 

lines will be obtained and the effect of these enzymes on lignin content in whole plants 

undergoing daily treatment with either 4ml of 100µM CuSO4 or ddH20 as control over a 28-

day period will be assessed via stem fixation, sectioning, histochemical staining of lignin and 

digital image analysis and quantification of these stained images. Furthermore, these 

homozygous lines will be crossed, and the effect of the two enzymes co-expression will be 

assessed in the same manner as discussed above. Conclusions will then be drawn in this 

final chapter as to whether a net degradation of lignin in planta can be achieved using the 

biotechnological application of a chemically inducible gene expression system. 
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5.1 Introduction 

Lignocellulosic biomass is a hugely underexploited feedstock used in the production of 

‘second-generation’ cellulosic ethanol and industrial bio-based products 197. The 

widespread and hardy nature of lignocellulosic biomass, as well as its relative disregard as a 

valuable commodity due to its cell wall possessing an intrinsic resistance to chemical and 

biological breakdown (known as biomass recalcitrance), make it an attractive alternative 

input biomass compared to ‘first generation’ input biomass (whose supply and demand 

impact the global commodities markets) to produce cellulosic ethanol and other bio-based 

products. Add to this the growing concerns around the environmental impacts of land use 

for these ‘first generation’ biomass input materials (sugarcane, sorghum, sugar beet and 

corn), and the enhancement of valorisation from lignocellulosic biomass requiring much 

less strenuous land usage becomes an environmentally and economically important area of 

research. This current underutilization, in terms of cost for valorisation (the realisation of 

capital or creation of surplus value), for this input biomass stems from the presence of the 

alkyl-aromatic and highly heterogenous plant polymer lignin 198,199,14,200,201. Lignin is 

primarily composed of three hydroxycinnamyl alcohol monomers (p-coumaryl, coniferyl- 

and sinapyl-alcohols) which ‘endwise’ couple together through radicalization mediated by 

cell wall associated oxidoreductases. In order to valorise lignocellulosic biomass, pre-

treatment is required to delignify the input biomass to make it amenable for applied uses, a 

key problem in industries including; paper pulp manufacture, advanced biofuels and in the 

production of renewable materials and chemicals. 

Three pre-treatment methods are widely used for the delignification of lignocellulosic 

biomass and can be categorised accordingly; 1) Physical, 2) Chemical and 3) Biological. 

Current approaches used in the biological pre-treatment for delignification of 

lignocellulosics rely on the application of microorganisms which can degrade lignin or in 

vitro enzymatic degradation of lignin with enzymes from these organisms. These 

microorganisms, and the lignolytic enzymes they produce, largely belong to a sub-kingdom 

of fungi, known as basidiomycetes (white-rot fungi), which secrete lignolytic heme 

peroxidases (a type of oxidoreductase) which act both separately, and in synergy, to 

degrade lignin signifcantly enough for these organisms to mineralize this complex 

biopolymer to CO2 and thus gain access to the plants energy rich cellulose 3. This special 

status of white-rot fungi as exceptional degraders of virtually all biochemical carbon in 

woody tissues resides in the fact that fungal lignin degrading enzymes secreted by 
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members of this species (Pleurotus ostreatus 63, Trametes (Coriolus) versicolor, Polyporus 

versicolor, Ganoderma applanatum and Fomes fomentarius) have been widely observed to 

possess a higher redox potential, and thus more powerful oxidative capacity, in comparison 

to any corresponding bacterial enzymes. As such, they therefore display greater lignolytic 

activity 5. Redox potential can be defined as a measure of the tendency of a chemical 

species to acquire electrons and thus become reduced, with high redox potentials 

correlating with high lignolytic activity 75,76. Indeed, the evolutionary emergence of white-

rot fungi in the Agaricomycetes at the end of paleozoic era is now thought to have been 

driven by the evolutionary emergence and subsequent deposition of lignin during the 

carboniferous and Permian period, with the evolutionary origin of these lignin degrading 

organisms coinciding with a sharp reduction in organic carbon burial (related to lignin) 54. Of 

the lignolytic enzymes secreted by white-rot fungi, only one is known to be exclusive to that 

sub-kingdom of fungi; Manganese peroxidases (MnPs) 85,86,87. 

MnPs are a group of extracellularly secreted and glycosylated peroxidases produced 

exclusively by basidomycetous white rot fungi which range in molecular mass between 40-

50 kDa 79. MnP, along with LiP (lignin peroxidases), and VP (versatile peroxidases), belong to 

the lignolytic class II (fungal) secreted heme peroxidases due to the presence of the 

protoporphyrin IX as a prosthetic group in each. The fungal class II secreted heme 

peroxidases (PODs) are a  group of enzymes which catalyse the oxidation of a substrate at 

the expense of hydrogen peroxide (H2O2) 80. The evolutionary origins of the first MnP are 

now thought to date to the end of the carboniferous period (~295 Ma), where they are 

thought to have been the first lignin degradation enzyme(s) to have evolved in response to 

the intense selection pressure posed by the newly evolved lignocellulosic biomass at that 

time 54. Though these lignolytic heme peroxidases are evolutionarily designed to delignify 

plant tissue, the cost for in vitro production of these enzymes at industrial levels is 

prohibitive to their use as a sole strategy for input biomass delignification, whilst whole 

fungi pre-treatment strategies are unfavorable due to loss of valuable polysaccharides and 

long residence times. However, the alternative methods of both physical and chemical pre-

treatment are often time consuming, economically strenuous and eco-detrimental 202,203,204. 

Furthermore, some chemical methods of biomass pre-treatment can actually reduce the 

total yield of fermentable sugars, whilst in parallel creating inhibitors to enzymes in 

subsequent conversion processes 205. These inhibitors include; aliphatic carboxylic acids 

from acid and chemical pulping pre-treatment, acetic/hydroxy and dicarboxylic acids from 
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alkaline pre-treatment and a plethora of inhibitory compounds from oxidative pre-

treatment methods ranging from aldonic and aldaric acids to phenolic and furoic acids 205.  

Clearly, current methods for biological pre-treatment are an inefficient way of removing 

lignin from feedstock biomass, and a robust new solution is needed for this applied 

problem. A potential divergent approach to this problem is the development of in vivo pre-

treatment approaches specifically targeting lignin under much milder biological conditions 

homeo-statically maintained by the plant. Such approaches could save inordinate amounts 

of time and money currently used to produce and finance biomass amenable to enzymatic 

hydrolysis and subsequent fermentation in vitro 206. Furthermore, such a novel approach 

has the potential to significantly increase the efficiency of production of pools of lignin 

degradation compounds in planta comprised of an aromatic structure with applications in 

the renewable fine chemicals sector 2. 

Though the expression of heterologous enzymes in plants for the modification/production 

of target biopolymers or compounds is not a new phenomenon in plant biotechnology, the 

literature on the expression of lignin degrading enzymes in planta is sparse, likely due to 

the challenging nature of working with lignin in comparison to other biopolymers, 

especially in the context that cleaved monolignols can repolymerise due to their radicalized 

nature 207. However, recent advances in enzyme engineering of lignin modification 

enzyme(s) may be refuelling a resurgence in the field by providing a solution to the long 

standing problem of the repolymerisation of cleaved monolignols/oligomers. In 2010, 

Bhuiya and Liu 77  generated a novel monolignol-4-O-methyltransferase through structure-

based iterative saturation mutagenesis of a C. breweri  (iso)eugenol-4-O-methyltransferase 

(IEMT). MOMT4 combines both the para-methoxylation capability of IEMT with the 

monolignol substrate specificity of Caffeate/5-hydroxyferulate 3/5-O-methyltransferase 

(COMT); the enzyme which naturally methoxylates the monolignols p-cinnamaldehyde and 

cinnamyl alcohol. As such, MOMT4 is capable of methoxylating the para-hydroxyl of 

cleaved monolignols. In nature O-methyltransferases show stringent regiospecificity for 

meta (3 or 5)-hydroxyl methylation of the phenyl ring 129,131,132,134,133.  

The para-hydroxyl of monolignol phenyl rings remains crucially unmethoxylated in all 

known cases, as it is the dehydrogenation of this para-hyroxyl group which generates 

phenoxy radicals that participate in randomized cross-coupling reactions to form inter-unit 

linkages and, ultimately, polymerize lignin 11,135,136. A follow up paper was published in 

which the engineered 4-O-methyltransferase was expressed in A.thaliana under a bean 
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(Phaseolus vulgaris) phenylalanine ammonia lyase-2 (PAL2) promoter. The expression of 

this engineered 4-O-methyltransferase resulted in substantial reductions in lignification and 

the accumulation of both de novo 4-O-methylated soluble phenolics and cell wall bound 

esters 78. This unnatural ability of MOMT4 to para-methoxylate cleaved monolignols 

effectively segregates their participation in subsequent repolymerisation reactions, a major 

hurdle to any prospective in vivo lignin degradation approach, allowing a net reduction in 

lignin in planta to be achieved. Since then, the novel enzyme has been shown to enhance 

both the digestibility and ethanol yield when expressed in transgenic Populus 208. Previous 

attempts at heterologous expression of fungal MnPs (high redox potential enzymes) have 

included the expression of the Coriolus versicolor gene for Mn-peroxidase in transgenic 

tobacco as a potential novel phytoremediation tool 128 and the expression of the 

Phanerochaete chrysosporium gene for Mn-peroxidase in transgenic maize 127. Lignolytic 

enzymes of a lower redox potential have also been expressed in planta, including a fungal 

laccase 177 and a bacterial peroxidase 126.  

However, of the two studies outlined above reporting the heterologous expression of the 

C.versicolor and P.chrysosporium Mn-peroxidase genes, only one targeted the Mn-

peroxidase to the plant cell wall, and even then, lignin content change was not examined as 

the overall goal of the study was as an alternative industrial overexpression host for Mn-

peroxidase. Furthermore, the study was carried out in transgenic maize, which is not a 

lignocellulosic plant. In this context, there is a clear lack of data on the effects of 

expressing a high redox potential fungal peroxidase to the plant cell wall in planta, and 

the effect this may have on the change in lignin content. In the context of these recent 

advances in this research area and current gaps in knowledge regarding the effect of fungal 

Mn-peroxidases on lignin content in lignocellulosic biomass, this chapter aims to provide a 

proof-of-concept novel pre-treatment strategy for the reduction of lignocellulosic biomass 

recalcitrance. To do this, this chapter will examine the potential for the application of the 

cell wall targeted Cu2+  inducible binary gene expression system created and characterised 

over the course of Chapters 3 and 4 of this thesis for the inducible control of plant 

delignification in a proof-of-concept study within the model organism Arabidopsis thaliana. 

In addition to the above-mentioned focus on MnP, known to be directly involved in lignin 

degradation by the Trametes versicolor fungi, this chapter will also explore the singular and 

synergistic effect (through hybrid lines) of inducible MnP3s expression with the previously 

published MOMT4 enzyme. 
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5.1.1 Summary of chapter results 

The major results from this chapter includes the cloning of both a Gateway™ 

recombinational cloning compatible engineered monolignol-4-O-methyltransferase 

(MOMT4) and a novel Trametes versicolor (strain BEOFB 320) intron free manganese 

dependent peroxidase isoform 3 (MnP3s) into the second ‘effector’ component and cell 

wall targeting binary vector (pGW-MRE-CW-Tnos) of my binary system which was created 

and characterised in Chapter 4. These vectors (pMRE-CW-MnP3s-Tnos and pMRE-CW-

MOMT4-Tnos), were then transformed into the homozygous self-inducible MRE-35s::ACE1-

HA containing ‘activator’ line (16002-23) that was created and characterised in Chapter 3 

and functionally tested in Chapter 4 in combination with the second ‘effector’ component 

inducible binary vector using EGFP. These A.thaliana transgenic lines were selected for 

homozygosity through mendelian segregation ratio analysis and subsequently confirmed 

via genotyping which identified lines in the following quantities: x7 16002-23 MnP3s and x3 

16002-23 MOMT4 cell wall directed lines, respectively (Table. 5. 1&Table. 5. 2). The 

functionality of transgene induction from the assembled two component system in 

A.thaliana was initially assayed via qPCR analysis of both MnP3s and MOMT4 expression 

5hrs post treatment with ddH20 or 100µM CuSO4, with the finding there was a low level 

positive gene induction was observed across all MnP3s and MOMT4 transgenic lines, 

though basal transgene leakage also varied across all transgenic lines. 

The best x4 MnP3s lines and x3 MOMT4 lines were then tested under a whole plant foliar 

spray treatment at 4ml/day of non-induced (ddH2O) vs induced (100µM CuSO4) conditions 

for transgene induction to the cell wall over a 28-day period. Through Ph-HCL based lignin 

staining of 2µM stem sections of these ~48 days old transgenic lines at the end of the 28-

day treatment period, and associated greyscale digital image quantification analysis, x2 

transgenic MnP3s lines (MnP2;t(11) = 6.828, p=<.0001, and MnP28;t(16) = 3.900, p=0.0013) 

and x2 transgenic MOMT4 lines (MOMT29;t(28) = 4.080, p=0.0003 and MOMT39;t(12) = 

2.769, p=0.0170) showed significant reduction in Ph-HCL stainable stem lignin content 

relative to both non-induced sibling plants and Col-0/EGFP T-DNA containing control 

transgenic lines. Subsequent crossing of the single best performing MnP3s/MOMT4 

transgenic lines (MnP2 and MOMT29) used in the initial whole plant foliar spray 

experiment to generate heterozygous hybrid lines containing both MnP3s and MOMT4, as 

well as backcrosses to the self-inducible 16002-23 ACE1-HA activator line, saw a significant 

decrease in the mean normalized greyscale pixel intensity across one of the 

MnP3sxMOMT4 crosses (MOMT29xMnP2-2) which was also observed in both the MOMT4 
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backcrosses to the self-inducible 16002-23 ACE1-HA activator line, but not in the MnP3s 

backcrosses; therefore the data presented here shows no observance of synergy between 

the two enzymes for the enhanced reduction of Ph-HCL stainable stem lignin content 

relative to backcrossed (to 16002-23 ACE1-HA activator line) heterozygous control lines. 

5.2 Aims 

Based on the information outlined in the section above, the aim of this section of my thesis 

was to apply the binary copper inducible gene expression system created and tested in 

Chapters 3 and 4 toward a proof of concept study on the inducible degradation of lignin in 

planta which has potential applications in enhanced bioethanol production from second 

generation biomass, as well the potential to generate a renewable source of aromatic value 

added compounds. Using the self-inducible 16002-23 activator background line 

characterised in Chapters 3 and 4, this chapter involved the cloning of two lignin 

degradation related enzymes; a Trametes versicolor derived Manganese Peroxidase and the 

repolymerisation preventing enzyme monolignol-4-O-methyltransferase, into the second 

‘effector’ component of my binary copper inducible genetic system. These finalized second 

component lignolytic enzyme containing binary vectors then needed to be transformed into 

the 16002-23 transgenic activator line characterized and brought forward from Chapters 3 

and 4 as the optimal transgenic activator line for the purposes of this chapter. 

5.2.1 Experimental Aims 

The experimental aims of this section are as follows: 

➢ To investigate the variance in the expression levels of both MnP3s and MOMT4 

genes before and after addition of 100µM CuSO4 to the separate homozygotic lines 

selected through mendelian segregation ratio analysis of the constitutive cassette 

marker gene. 

➢ To select two separate optimal transgenic lines homozygous for either the MnP3s 

gene or the MOMT4 gene based on the analysis of gene expression profiles both 

before and after the addition of 100µM CuSO4 to be used in genetic crossing 

experiments. 

➢ To carryout genetic crossing of both the optimal MnP3s and MOMT4 homozygous 

transgenic lines to determine whether there was a synergistic effect on lignin 
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degradation when the two enzymes are co-expressed as opposed to being singly 

expressed.  

➢ To carry out a back cross of the optimal MnP3s and MOMT4 homozygous lines to 

the self-inducible ACE1-HA activator background parent line in order to generate 

transgenic line(s) possessing a single copy of their respective transgene at the same 

genetic loci as the homozygous parent line(s) (MnP3s and MOMT4).  

➢ To investigate the potential for inducible lignin degradation in planta by treating 

the above transgenic lines with 100µM daily for a 28-day period followed by 

subsequent JB4 fixation, sectioning, histochemical staining and imaging for lignin in 

internodal stem tissue to quantitatively assess the change, if any, in secondary cell 

wall lignin content through quantification of average pixel intensity in grey scaled 

bright-field images of the above Ph-HCL stained internodal stem sections between 

control and copper induced lines. 

 

5.3 Materials and Methods 

Plasmid construction 

All primers used in PCR experiments are listed in Table. 2. 1. Summarized cloning steps are 

outlined below. 

MOMT4 Gene Synthesis  

The 1162bp (40.0 kDA protein) gene encoding an engineered monolignol-4-O-

methyltransferase with added attB1/2 BP cloning Gateway™ recombinational cloning 5’ and 

3’ sequences was synthesized by GenScript according to the gene sequence provided by 

Bhuiya and Liu 77 (GenBank: JX287369.1) with codon usage enhanced for expression in 

Arabidopsis. This recombinant gene was subsequently cloned by the same company into 

the backbone plasmid pUC57 and shipped as a lyophilized powder. This plasmid was 

reconstituted in MiliQ H2O and used for BP reaction with pDONR221. PCR product was then 

amplified (as both pDONR221 and pGW-MRE-CW-Tnos were kanamycin resistant) by M13.F 

and M13.R from the BP reaction product and used in the LR reaction with the destination 

vector pGW-MRE-CW-Tnos to generate pMRE-CW-MOMT4. 
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Fungal Growth Conditions, RNA Extraction, and Conversion to spliced cDNA 

The gene for the 1080bp (37.9kDa protein) Trametes versicolor Manganese dependent 

peroxidase isoform 3 (MnP3s) was identified from the 1.6Kb genome scaffold (GenBank: 

NW_007360330.1) submitted by Floudas et al., 2012 54 to the NCBI in 2014. 

In order to isolate intron free Manganese dependent peroxidase isoform 3 (MnP3s) for 

downstream cloning, Trametes versicolor strain BEOFB 320 (Kindly provided by Dr 

Aleksandar Knežević of the University of Belgrade) was first grown as described by Vrsanska 

et al., 2016 209 on potato dextrose agar (PDA) plates for 10 days at 22oC, after which 1x1cm2 

plugs were cut and used to inoculate 80ml of potato dextrose broth (PDB) within a 500ml 

Erlenmeyer flask. These cultures were then incubated at 28oC at 150rpm for 7 days before 

addition of 200µl of 1M MnCl2 to a final MnCl2 concentration of 2.5mM within the 80ml PDB 

growth culture. After 2.5hrs incubation, mycelium were separated from the supernatant by 

centrifugation (10,000 rpm, 4 °C, 5 min), the supernatant was frozen at -80oC and 

phenol/chloroform RNA extraction/cDNA conversion was carried out on the mycelium as 

outlined in Materials Chapter 2. This cDNA was subsequently used as the template for 

MnP3s amplification using the primers T.ver_MnP3s.F: 5’ CCCAGGCGAAGGAGTATAAAG  3’ 

and T.ver_MnP3s.R: 5’ CGATGGATCCCTAAGGAGTAAAG  3’ at a Ta of 52.8oC. This high 

fidelity gel purified amplicon was then used as template in a further round of PCR for the 

addition of the attB1 and attB2 Gateway recombination sequences to the 5’ and 3’ ends of 

the PCR product respectively using the primers Tmp.FattB1: 5’ 

GGGGACAAGTTTGTACAAAAAAGCAGGCTGCGTTCAAGCTCCTTGGTTC  3’ and Tmp.RattB2: 5’ 

GGGGACCACTTTGTACAAGAAAGCTGGGTCACAGGGGCGACGGTGGTG  3’ at a Ta 60.0oC. This 

gel purified product was used in the BP cloning reaction with the Gateway donor vector 

pDONR221 and the recombination product was transformed into electroporation 

competent TOP10 E.coli. The insert of the resultant pEntry clone was amplified using M13.F 

and M13.R primers to generate DNA to be used in the LR reaction with the destination 

vector pGW-MRE-CW-Tnos to generate pMRE-CW-MnP3s. 

qPCR Analysis 

Was carried out as outlined in Materials and Methods (Chapter 2). The primers 

MnP/MOMT4.qPCR.F and MnP/MOMT4qPCR.R (designed against the tagging region of the 

cDNA of both mRNA) were used. UBC (AT4G22350; 147) was used as the reference gene. 
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JB4 Infiltration, Embedding and Sectioning 

Stem sections were taken between the 9-10th stem internode from three sibling plants at 

principle growth stage 8 (~48 days old) according to Boyes Growth stage-based phenotypic 

analysis of Arabidopsis 210 from 11 transgenic lines after 28-day s treatment with 4ml of 

CuSO4 or ddH20 as control (22 transgenic lines in total). These samples were then fixed at 

4°C overnight in 2mls of 10% neutral buffered formalin (NBF). The following morning, the 

samples underwent 3 washes in PBS at 30mins per wash. Samples were then dehydrated 

using an ascending series of ethanol solutions. This included 2 washes in 50% ethanol for 

15mins, 2 washes in 70% ethanol for 15mins, 2 washes in 90% ethanol for 5mins and 2 

washes in 100% ethanol for 5mins. After complete dehydration, samples were then 

infiltrated in the infiltration solution JB-4, a water-soluble, glycidyl methacrylate (GMA) 

based, plastic resin kit intended for use in the preparation of embedded samples for high 

resolution light microscopy.  

Briefly, to make the JB-4 infiltration solution, 1.25g of benzoyl peroxide plasticised catalyst 

was added to 100mls of JB-4 solution A (monomer) and placed on a magnetic stirrer until 

dissolved, then stored at 4°C. The first infiltration step consists of a 50:50 JB-4 infiltration 

solution: 100% ethanol for 1hr or until tissues had sunk. This was followed by a 70:30 JB-4 

infiltration solution: 100% ethanol for another 1hr or until tissues had sunk. The samples 

were the infiltrated in 100% JB-4 infiltration solution overnight. The following morning, 

samples were changed into fresh 100% JB-4 infiltration solution for 15mins before 

embedding. To embed the samples, fresh embedding solution was made immediately 

before embedding. Briefly, embedding solution was made by adding 1ml of JB-4 solution B 

(accelerator) to 25mls of JB-4 infiltration solution. This solution was then mixed quickly, 

poured into capsules containing the samples of interest and made airtight via capping. 

Embedded samples were then allowed to set for 24hrs at room temperature. After 

solidification, the blocks were trimmed down and 2µM sections were taken using a Reichert 

Jung microtome Ultracut E. Each section was placed onto a drop of distilled water on an 8-

well slide and dried on a hotplate. 

Phloroglucinol-HCl (Wiesner) Staining 

0.1g of Phloroglucinol 79330 Sigma (mw 126.11) was weight out and dissolved in 10ml of 

37% HCL to prepare a 2% phloroglucinol solution. This solution was made fresh on the day 

of the staining. Sections were then observed under bright-field lighting.  
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Digital Image Processing and Quantification 

Quantitative measurements of change in secondary cell wall lignin content were carried out 

through greyscale transformation of Ph-HCL stained bright-field images in the open source 

image analysis software ImageJ followed by quantification of average greyscale pixel 

intensity using the same software within a custom designed image analysis macro 

‘LigninQuant.ijm’. The complete macro can be found in Fig. 8. 8 in the Appendices. 

Plant transformation and growth conditions  

Plant transformation and growth conditions were carried out as outlined in the Overall 

Materials and Methods Chapter of this thesis (Chapter 2). 

Transgenic plant cross pollination 

For reciprocal crosses between individual Arabidopsis plants, the female parents were 

emasculated one day prior to anthesis and pollinated the day after emasculation. 

Pollination was done when the stigmatic papillae were fully extended. Mature pollen from 

the pollen parent was gently dabbed onto the mature stigmas which was covered in cling 

film overnight. The stem of the crosses were labelled with tape. The process of 

emasculation was done carefully by selecting only 3-5 buds per branch and removing either 

a few or all the remaining flower buds around the emasculated buds to avoid self- and 

cross-pollination. Both emasculation and pollination were carried out under a Leica MZ6 

dissecting microscope. Hybrid plants from each cross/backcross were genotyped using the 

associated gene specific primers to select heterozygous MnP3s/MOMT4-containing plants. 

Copper Sulfate Treatments  

For all experiments outlined in this chapter using CuSO4, unless stated otherwise, this refers 

to copper(II) sulfate pentahydrate (CuSO4 · 5H2O) (Molecular Weight 249.69) ordered from 

Sigma Aldrich (C8027 Sigma). All CuSO4 solutions were prepared in double distilled H2O 

(ddH2O) according to the molecular weight of the compound and the final molarity needed 

for the experiment. 
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Fig. 5. 1 - T-DNA region constructs of the both the activator and effector binary gene expression system component Ti plasmids pMRE-CW-MnP3s-Tnos, pMRE-

CW-MOMT4-Tnos, pMRE-CW-EGFP-Tnos and pMRE-Mini35s::ACE1-HA contained within the pCambia1300 and pK2WG7 binary vector backbones respectively. 

Schematic representation of copper-inducible gene expression system vectors with cloned effector enzymes. 1 Schematic image of pMRE-CW-MnP3s-Tnos containing an intron 

free version of the Trametes versicolor BEOFB 320 manganese dependent peroxidase isoform 3 (MnP3s). 2 Schematic image of pMRE-CW-MOMT4-Tnos containing an engineered 

monolignol-4-O-methyltransferase previously published and shown to display unnatural methylation of the para-hydroxyl of monolignol phenyl rings, the hydroxyl group crucial in 

the endwise polymerisation of lignin monomers via oxidative radicalization. The amino acid sequence of the MOMT4 gene was synthesized with codon usage enhanced for 

expression in Arabidopsis. 3 Schematic image of pMRE-CW-EGFP-Tnos created and tested in Chapter 3. 4 schematic image of pMRE-Mini35s::ACE1-HA, the second, self-inducible, 

ACE1-HA activation component variant created and tested in Chapter 3. MRE Metal response element; Mini35s CaMV mini 35s RNA promoter; 5’ UTR Rubisco 5’ UTR of the 

A.thaliana RuBisCO 1A small subunit; Ext 3 signal seq 33 amino acid (99bp) cell wall signal sequence from the Extensin-3 mRNA of A.thaliana; AttB1/2 Gateway recombination 

sequence; KanR Kanamycin resistance gene; HygR Hygromycin resistance gene; TEV site Tobacco Etch Virus protease cleavage site; FLAG FLAG (DYKDDDDK) octapeptide epitope tag; 

x6 His Hexa-histidine epitope tag; Nos terminator Nopaline synthase terminator from Agrobacterium tumefaciens; Nos promoter Nopaline synthase promoter from Agrobacterium 

tumefaciens; CaMV poly(A) polyadenylation signal of cauliflower mosaic virus.
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5.4 Results 

Lignin is a key biomolecule in the secondary cell walls of lignin containing (lignocellulosic) 

biomass, providing structural support for the growing plant, acting as a barrier against 

microbial and macro level challenges whilst also having essential roles in water transport. 

However, this recalcitrance of lignin to degradation reduces valorisation from this biomass 

in diverse industries. Added to this, the constitutive reduction in lignin content impacts 

plant growth and development. Both these caveats reduce the value of lignocellulosic 

biomass for economic valorisation in its native state. With an obviously more measured 

approach needed to solve this problem, the results presented below aim to test whether a 

lignocellulosic plant can be made to carryout out the auto degradation of lignin in planta as 

a proof-of-concept (POC) novel biotechnological tool for enhanced bioethanol and 

potentially fine chemical production. The strategy to accomplish this increase in 

valorisation from this biomass will involve the  application of the auto-regulatory copper 

inducible gene expression system created and characterised in the thesis chapters previous 

to this into which will be cloned two key lignin degradation/modification enzymes: 1) The 

gene for the 1086bp (37.9kDa protein) Trametes versicolor Manganese dependent 

peroxidase isoform 3 (MnP3s) and 2) The 1162bp (40.0 kDA protein) gene encoding an 

engineered monolignol-4-O-methyltransferase. Through temporal/spatial 

induction/expression of these lignin degrading/modifying enzymes in the lignocellulosic 

model plant A.thaliana will use two lignin degradation enzymes in A.thaliana towards a 

POC study on the temporal/spatial inducible degradation of lignin in planta using a fungal 

manganese dependent peroxidase and engineered 4-O-methyltransferase. Initially, a 

cloning strategy of PCR amplification of the four exons of MnP3s, and overlap extension 

PCR joining of these exons, was adopted in order to remove fungal introns within the gene 

which could potentially promote unwanted alternative splicing when expressed with 

A.thaliana 211. 

5.4.1 Constructing an intron-free MnP3s 

Initially, the four exons comprising the coding region of the MnP3s gene, ranging in size 

from; 61bp (exon 1), 340bp (exon 2), 201bp (exon 3) and 484bp (exon 4), were attempted 

to be amplified separately and joined together to generate a contiguous CDS through a 

series of overlap extension PCR reactions. Due to limited space, these gel images will not be 

shown. 
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Fig. 5. 2 - Schematic representation of the intron containing MnP3s gene (Top) and the intron free version containing PCR added attB1 and attB2 Gateway™ 

recombination-compatible sequences (Bottom). After induction of Trametes versicolor with 2.5mM to promote organic expression and splicing of MnP3s RNA, 

subsequent conversion to cDNA and PCR from this cDNA as template to add attB1 and attB2 Gateway™ recombination-compatible sequences generated a 

Gateway™ cloning compatible intron free version of the gene to ameliorate potential aberrant mRNA splicing of the native protein in A.thaliana.
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However, some exons failed to amplify and the strategy for the cloning of the novel MnP3s 

was subsequently changed. The new strategy involved isolating the Trametes versicolor 

intron free MnP3s cDNA through induction of mycelia growth cultures with MnCl2  added at 

a final concentration of 2.5mM to induce the fungi itself to express and organically splice 

introns from the MnP3s transcript to generate the intron free MnP3s RNA, from which the 

cDNA could be enriched and used as template for PCR addition of attB1 and attB2 

Gateway™ recombination-compatible sequences as outlined schematically in Fig. 5. 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. 3 - Genotyping of homozygous MnP3s and MOMT4 transgenic A.thaliana lines and 

heterozygous crosses a) 1.0% gel showing genotyping results of x6 pGW-MRE-CW-MnP3s-Tnos transgenic 

lines and x3 pCambia pGW-MRE-CW-MOMT4-Tnos transgenic lines all carrying a single locus insertion of their 

respective transgenes: L1 = 1KB Ladder, L2 = N/A, L3 = MnP2 P3 , L4 = MnP17 P4, L5 = MnP19 P8 , L6 = MnP36 

P9, L7 = MnP33 P10 , L8 = MnP28 P7 , L9 = MnP15 P8 , L10 = 1KB Ladder , L11 = MOMT39 P8 , L12 = MOMT34 P4 

, L13 = MOMT29 P1 , L14 = Negative control (Col-0) , L15 = N/A. Ta (54oC, 40 cycles). b) 2% gel showing 

genotyping results of the T1 crosses of the following crossed heterozygous transgenic lines and their associated 

parent lines; ACE1-HA ACE1xMnP2, ACE1xMOMT29 and MOMT29xMnP2. L1 = GR1KB, L2 = MOMT29-4, L3 = 

MOMT29-1, L4 = MOMT29-5, L5 = MOMT29-3, L6 = ACE1xMOMT29-3, L7 = ACE1xMOMT29-1, L8 = MOMT29-

3xMnP2-3, L9 = ACE1xMnP2-3, L10 = MOMT29xMnP2-2, L11 = +ve control MOMT4 1:100 entry clone, L12 = 

MnP2-3, L13 = MnP2-2, L14 = MnP3s +ve ctrl entry clone, L15 = MOMT29xMnP2-3, L16 = ACE1xMnP2-3, L17 = 

ACE1xMOMT29-3, L18 = MOMT29-3xMnP2-2, L19 = ACE1xMOMT29-1. L20 – Negative control (Col-0). Ta (57oC, 

40 cycles). 
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Table. 5. 1 - Chi-square goodness-of-fit for the hypothesis that there is a single T-DNA insertion in the selected 

vectors pGW-MRE-CW-MnP3s-Tnos transgenic lines conferring hygromycin resistance. Critical point with one degree of 

freedom (117) is χ2 0.05 =142.5 

 

Transformant 

(MnP3s) 

Obs 

KanR:KanS 

Exp 

KanR:KanS 

 Ratio tested χ2  Sig. 

16002-23-01 29:22 38:13  3:1 340.5 <.0001 

16002-23-02 41:12 40:13  3:1 
 

 

16002-23-03 55:09 48:16  3:1   

16002-23-04 NA NA  3:1   

16002-23-05 NA NA  3:1   

16002-23-06 NA NA  3:1   

16002-23-07 NA NA  3:1   

16002-23-08 NA NA  3:1   

16002-23-09 NA NA  3:1   

16002-23-10 NA NA  3:1   

16002-23-11 NA NA  3:1   

16002-23-12 NA NA  3:1   

16002-23-13 NA NA  3:1   

16002-23-14 25:24 37:12  3:1   

16002-23-15* 30:8 29:10  3:1   

16002-23-16 NA NA  3:1   

16002-23-17* 29:9 29:10  3:1   

16002-23-18 60:10 53:18  3:1   

16002-23-19* 8:42 38:13  3:1   

16002-23-20 NA NA  3:1 
 

 

16002-23-21 45:18 47:16  3:1   

16002-23-22 NA NA  3:1   

16002-23-23 0:67 50:17  3:1   

16002-23-24 NA NA  3:1   

16002-23-25 11:18 22:7  3:1   

16002-23-26 NA NA  3:1   

16002-23-27 13:0 10:3  3:1   

16002-23-28* 35:14 37:12  3:1   

16002-23-29 NA NA  3:1   

16002-23-30 0:51 38:13  3:1   

16002-23-31 NA NA  3:1   

16002-23-32 NA NA  3:1   

16002-23-33* 44:12 42:14  3:1   

16002-23-34 6:36 32:11  3:1   

16002-23-35 21:39 45:15  3:1   

16002-23-36* 48:16 48:16  3:1   

16002-23-37 NA NA  3:1   

16002-23-38 NA NA  3:1   

16002-23-39 NA NA  3:1   

16002-23-40 NA NA  3:1   
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Table. 5. 2 - Chi-square goodness-of-fit for the hypothesis that there is a single T-DNA insertion in the selected 

vectors pMRE-CW-MOMT4-Tnos transgenic lines conferring hygromycin resistance. Critical point with one degree of 

freedom (117) is χ2 0.05 = 142.5 

 

 

 

Transformant 

(MOMT4) 

Obs 

KanR:KanS 

Exp 

KanR:KanS 

 Ratio tested χ2  Sig. 

16002-23-01 NA NA  3:1 112.4 0.6021 

16002-23-02 NA NA  3:1 
 

 

16002-23-03 NA NA  3:1   

16002-23-04 NA NA  3:1   

16002-23-05 NA NA  3:1   

16002-23-06 NA NA  3:1   

16002-23-07 NA NA  3:1   

16002-23-08 NA NA  3:1   

16002-23-09 NA NA  3:1   

16002-23-10 NA NA  3:1   

16002-23-11 NA NA  3:1   

16002-23-12 NA NA  3:1   

16002-23-13 NA NA  3:1   

16002-23-14 NA NA  3:1   

16002-23-15 NA NA  3:1   

16002-23-16 NA NA  3:1   

16002-23-17* 24:11 26:9  3:1   

16002-23-18 NA NA  3:1   

16002-23-19 NA NA  3:1   

16002-23-20 NA NA  3:1 
 

 

16002-23-21 26:29 41:14  3:1   

16002-23-22 NA NA  3:1   

16002-23-23 8:19 20:7  3:1   

16002-23-24 NA NA  3:1   

16002-23-25 NA NA  3:1   

16002-23-26 NA NA  3:1   

16002-23-27 NA NA  3:1   

16002-23-28 NA NA  3:1   

16002-23-29 NA NA  3:1   

16002-23-30* 48:15 47:16  3:1   

16002-23-31 72:40 84:28  3:1   

16002-23-32 14:31 34:11  3:1   

16002-23-33 52:32 63:21  3:1   

16002-23-34* 48:15 47:16  3:1   

16002-23-35 NA NA  3:1   

16002-23-36 76:12 66:22  3:1   

16002-23-37 17:18 26:9  3:1   

16002-23-38 14:43 43:14  3:1   

16002-23-39 NA NA  3:1   

16002-23-40 NA NA  3:1   
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20 independent hygromycin-resistant transformants were obtained at the T1 stage for each 

gene. For MnP3s, 7 transformants were selected through 3:1 hygromycin-resistant 

segregation ratio in the T2 generation (Table. 5. 1). For MOMT4, 3 transformants were 

selected through 3:1 hygromycin-resistant segregation ratio in the T2 generation (Table. 5. 

2). Normally, to determine whether the observed patterns of hygromycin resistance within 

the T2 progeny are related to the expected patterns based on mendelian segregation 

principles, a chi-square analysis of goodness-of-fit for the hypothesis that there is a single T-

DNA insertion in the selected transgenic lines conferring hygromycin resistance has been 

calculated in previous chapters using GraphPad Prism. However, due to the low sample size 

for both MnP3s/MOMT4, the validity of such a statistical test would be questionable and as 

such was omitted in this chapter. Instead, subsequent DNA extraction and genotyping of 

the 3:1 segregating T2 progeny of these 2 floral dip transformations was used as the 

conclusive test as to whether T-DNA located resistance genes were causing the observed 

segregation ratios. Fig. 5. 3(a) showed that of the x7 MnP3s lines showing 3:1 segregation, 

x5 MnP3s, as well as all x3 MOMT4 lines, displayed strong bands at 1169bp and 431bp 

(respectively) indicating the genomic presence of the pMRE-CW-MnP3s-Tnos or pMRE-CW-

MOMT4-Tnos constructs respectively. As lines 16002-23 MnP28 and 16002-23 MnP15 had 

previously displayed a strong band on the gel lost in the school move, these were also 

progressed with the other strong positive lines, assuming PCR contaminants had caused the 

weaker bands in genotyping seen in Fig. 5. 3(a, Lanes 8 and 9 respectively). As was 

mentioned in Chapter 4 when explaining the apparently lower than expected amplicon size 

for genotyping products in Fig. 4. 4, It is worth noting that the lower than expected MW of 

the genotyping amplicons in Fig. 5. 3(a) is likely due to the same reason, as this gel was a re-

run of a genotyping gel lost during the school move. These x6 MnP3s and x3 MOMT4 

homozygous lines were then brought forward to assay the induction kinetics of their 

respective transgenes in response to 100µM CuSO4 (Fig. 5. 4). In order to assess the specific 

leakage and inductive level of both the MnP3s and MOMT4 transgene within the 16002-23 

activator background to determine which two lines should be crossed to investigate the 

synergistic effect of both enzymes on lignin degradation, a qPCR was carried out Fig. 5. 

4(a&b). 
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Fig. 5. 4 - Characterisation of MnP3s and MOMT4 leakage and inductivity within my binary system 

within A. thaliana – Self-inducible ACE1-HA background (5hr incubation). a) MnP3s leakage level vs 

induction level harvested from ten-day old T3 seedlings 5hrs post treatment with ddH20 or 100µM CuSO4 in 

seven pMRE-CW-MnP3s-Tnos transgenic lines carrying a single locus insertion of both MnP3s and ACE1. b) 

Average MOMT4 leakage level vs induction level harvested from ten-day old T3 seedlings 5hrs post treatment 

with ddH20 or 100µM CuSO4 in three pMRE-CW-MOMT4-Tnos transgenic lines carrying a single locus insertion 

of both MOMT4 and ACE1. 

 

Though a low-level of induction was observed across all the 7 homozygotic MnP3s lines 

tested, only one line (MnP17 P4) showed significant transgene induction 5hrs after 

treatment with 100µM CuSO4 (Fig. 5. 4(a) and Table. 5. 3). One line (MnP2 P3) displayed a 

roughly 100-fold increase in constitutive transgene expression compared to the 6 remaining 

lines (Fig. 5. 4(a)). No significant transgene induction was observed in the 3 homozygous 

MOMT4 lines tested 5hrs after treatment with 100µM CuSO4  (Fig. 5. 4(b) and Table. 5. 3). 

To determine whether the mean MnP3s or MOMT4 expression level was significantly 

different between the ddH2O and 100µM CuSO4 treated seedlings 5hrs post incubation with 

100µM CuSO4 an unpaired t-test was conducted Table. 5. 3. 
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Table. 5. 3 - Post-hock unpaired t-test comparison of mean MnP3/MOMT4 mRNA level of non-

induced (ddH2O) vs induced (100µM CuSO4) conditions in the 16002-23 self-inducible ACE1-HA 

activator background of 7 transgenic A.thaliana lines homozygous for the construct pMRE-CW-

MnP3s-Tnos and 3 transgenic lines homozygous for the construct pMRE-CW-MOMT4-Tnos after 5hrs 

incubation post induction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Significant differences were observed between non-induced (ddH20) and induced (100µM 

CuSO4) conditions in one of the x7 MnP3s lines assayed (16002-23 MnP17 P4); t(3) = 3.596, 

p=0.0369, whilst no significant difference between ddH20 and 100µM CuSO4 treatments 

was observed in the x3 MOMT4 lines assayed. These results suggest that only one MnP3s 

transgenic line showed significant induction of the MnP3s transgene over after a single 

treatment with 3ml 100µM CuSO4; line MnP17 P4, whilst no MOMT4 lines showed 

significant auto-induction of the MOMT4 transgene over the same period and treatment 

conditions. 

 

 

Line No. Time(hrs) t df Sig. 

16002-23 MnP2 P3 5 0.1872 2 0.8687 

16002-23 MnP19 P4 

16002-23 MnP28 P7 

16002-23 MnP17 P4 

16002-23 MnP36 P9 

16002-23 MnP33 P10 

16002-23 MnP15 P8 

16002-23 MOMT34 P4 

16002-23 MOMT39 P8 

16002-23 MOMT29 P1 

5 

5 

5 

5 

5 

5 

5 

5 

5 

 

2.121 

0.8341 

3.596 

1.177 

2.500 

0.4287 

1.789 

0.5721 

1.780 

 

4 

2 

3 

2 

2 

2 

2 

3 

3 

 

0.1012 

0.4920 

0.0369 

0.3602 

0.1296 

0.7099 

0.2155 

0.6073 

0.1731 
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Based on the gene expression results seen in Fig. 5. 4(a&b) and the associated statistics in 

Table. 5. 3, the most promising lines were chosen to be brought forward for a 28-day  

whole plant treatment regime as foliar spray with either 4ml/day of non-induced (ddH2O) 

vs induced (100µM CuSO4) conditions to assess transgene mediated lignin degradation 

through Ph-HCL based lignin staining of stem sections and associated digital image analysis 

through greyscale digital image quantification (Fig. 5. 5(a-d)). Based on the qPCR data seen 

in Fig. 5. 4(a&b), and due to limited time and resources, only the four best performing 

MnP3s containing transgenic homozygous lines were chosen (MnP2, MnP33, MnP28 and 

MnP15) and all three MOMT4 containing transgenic homozygous lines were brought 

forward (MOMT34, MOMT39 and MOMT29). To control for the potential of off-target 

lignin degradation by Cu2+ activated ACE1, the background activator line 16002-23 was 

included. To control for any off-target effects on lignin deposition that may have been 

caused by second effector component Ti binary vector DNA integration, two EGFP lines in 

the same ACE1 background were included (16002-23 EGFP7 and EGFP20). These plants 

were subsequently pricked to soil and grown until the apical meristem was visible between 

1-5mm before starting the foliar treatment regime. All lateral shoots were cut back to 

prevent any non-transgene related impact on the lignin content of the primary shoot. Stem 

sections were taken between the 9-10th internode from three sibling plants at principle 

growth stage 8 (~48 days old) according to Boyes Growth stage-based phenotypic analysis 

of Arabidopsis 210 from these 11 transgenic lines after 28-days treatment. These stem 

samples were then processed as outlined in the methods section of this chapter and 

schematically represented in Fig. 5. 7(a). The data generated from the workflow in Fig. 5. 

7(a) were first tested for normality of variance in line with a gaussian distribution using the 

D’Agostino and Pearson normality test to ascertain whether the data was parametric or 

non-parametric. Returning a K2 test statistic of 1.768, and a P value of 0.4132, the data 

passed normality testing at p=<.05 (alpha = 0.05). Therefore, the analysis of the differences 

among the mean greyscale pixel intensity between non-induced (ddH2O) vs induced 

(100µM CuSO4) conditions of 2% Ph-HCL stained internode could proceed using an unpaired 

t-test.  
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Fig. 5. 5– Brightfield microscope images of phloroglucinol-HCl stained 2µM stem cross sections 

staining for secondary cell wall associated lignin content in selected A. thaliana control line(s) 

treated with 4ml CuSO4 as foliar spray daily over 28-day treatment period. Phloroglucinol-HCl 

staining (pink or fuchsia color) of: a) 16002-23 ACE1-HA (section 16-2-2) b) 16002-23 EGFP7 (section 

20-1-2). The positions of the epidermis and cortex (Ep), interfascicular fibers (Fi), pith (Pi), and xylem 

(Xy) are indicated. Magnification: 20X; Scalebar = 100 μm.  
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Fig. 5. 6 – Brightfield microscope images of phloroglucinol-HCl stained 2µM stem cross sections 

staining for secondary cell wall associated lignin content in selected A. thaliana lignolytic enzyme 

containing transgenic lines treated with 4ml CuSO4 as foliar spray daily over 28-day treatment 

period. Phloroglucinol-HCl staining (pink or fuchsia color) of: a) 16002-23 MnP2 (section 2-1-4) b) 

16002-23 MOMT29 (section 14-1-11). The positions of the epidermis and cortex (Ep), interfascicular 

fibers (Fi), pith (Pi), and xylem (Xy) are indicated. Magnification: 20X; Scalebar = 100 μm.  
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Fig. 5. 7 - MnP3s and MOMT4 significantly reduce stem lignin content in transgenic A. thaliana 

after a 28-day daily foliar spray treatment with 100µM CuSO4. a) Schematic image of the workflow for 

the treatment, harvesting, staining, imaging and image processing/quantification of lignolytic enzyme 

containing transgenic A.thaliana stem sections after 28-days treatment with or without 100µM CuSO4. b) 

Average mid-max normalized greyscale pixel intensity of 2µM stem sections stained for lignin with 2% Ph-HCL 

taken from 9-10th stem internode from three sibling plants/transgenic line at principle growth stage 8 (~48 days 

old)210 after 28-days treatment with foliar spray application of either 4ml/day of non-induced (ddH2O) vs 

induced (100µM CuSO4) conditions. c) Mean change in normalized greyscale pixel intensity as fold over control 

lines for both the MnP3s and MOMT4 transgenic line(s) excluding non-responsive lines (MnP15 and MOMT34). 

d) Average mid-max normalized greyscale pixel intensity of 2µM stem sections stained for lignin under the same 

conditions as above in (b) in ACE1xMnP2, ACE1xMOMT29 and MOMT29xMnP2 crossed heterozygous transgenic 

lines. 

a) 

b) c) 

d) 
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From Fig. 5. 7(b), copper alone appears to decrease mean normalized greyscale pixel 

intensity (a function of Ph-HCL stainable stem lignin content) after a 28-day treatment 

regime as foliar spray with 4ml/day of CuSO4 in all three of the control lines tested, though 

not significantly. Three of the of the MnP3s overexpressing transgenic lines (MnP2, MnP33 

and MnP28) showed a significant decrease in lignin content, after treatment for 28-days 

with 100µM CuSO4 (Table. 5. 4). Two of the MOMT4 overexpressing transgenic lines (16002-

23 MOMT29 and MOMT39) showed a significant decrease in lignin content, after 

treatment for 28-days with 100µM CuSO4 (Table. 5. 4). Fig. 5. 7(c) shows that mean lignin 

content change (decrease) in Ph-HCL stained Arabidopsis stem sections was significantly 

different for responsive lines of both MnP3s and MOMT (as compared to induced control 

lines) (Table. 5. 5). Examples of the stained stem sections used for greyscale image 

quantification can be seen in Fig. 5. 5 and Fig. 5. 6, with a clearly visible decrease in staining 

intensity in MnP3s and MOMT4 containing transgenic lines (Fig. 5. 6) compared to control 

lines (Fig. 5. 5). All four sections shown in Fig. 5. 5 and Fig. 5. 6 were taken from the Cu+2 28-

day treatment regime. A graph and table with associated statistical analysis including all 

lines, regardless of responsiveness to inducer, were also generated and resulted in no 

significant difference in mean normalized greyscale pixel intensity after 28-days treatment 

with 4ml/day 100µM CuSO4. These can be found in Appendix.8.7.2. 

Based on the results observed in Fig. 5. 7(b&c), lines 16002-23 MnP2 (Sibling plants 2 and 

3) and 16002-23 MOMT29 (sibling plants 1 and 3) were selected as the optimal parent lines 

to be used in genetic cross to assess any synergistic effect the two enzymes might have 

together. As a control, these lines were also backcrossed to the 16002-23 ACE1 self-

inducible binary activator line to assess the level of effect, if any, of heterozygosity. DNA 

extraction and genotyping of the progeny of these crossed lines can be seen in Fig. 5. 3(b) 

and confirmed the presence of the transgene(s) of interest only in each of the crossed lines 

as well as the single transgene in the parent lines. Of the five crossed lines assayed, only 

two of these heterozygous lines displayed a significant change (decrease) in mean 

normalized greyscale pixel intensity (ACE1 x MOMT29-3) and (MOMT29 x MnP2-2) in 

Table. 5. 6 (a measure of Ph-HCL stainable stem lignin). 
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Table. 5. 4 - Post-hock unpaired t-test comparison of mean change in normalized greyscale pixel 

intensity after a 28-day treatment regime as foliar spray with 4ml/day of non-induced (ddH2O) vs 

induced (100µM CuSO4) conditions of 100µM CuSO4 in the 16002-23 self-inducible ACE1-HA 

activator background lines also homozygous for either the homozygous for the construct pGW-MRE-

CW-MnP3s-Tnos or pGW-MRE-CW-MOMT4-Tnos. 

 

 

 

 

 

 

 

 

 

 

 

 

The results of an unpaired t-test (Table. 5. 4) found that there was a significant difference in 

stem lignin content after 28-day treatment in the following two transgenic lines 

homozygous for MnP3s; (MnP2); t(11) = 6.828, p=<.0001, and (MnP28); t(16) = 3.900, 

p=0.0013 and in the following two lines homozygous for MOMT4;(MOMT29); t(28) = 4.080, 

p=0.0003 and (MOMT39); t(12) = 2.769, p=0.0170. No significant difference in Ph-HCL 

stainable stem lignin content was observed in any of the of the three control lines. These 

results suggest that a daily whole plant treatment with 4ml of 100µM CuSO4 as foliar spray 

results in a significant decrease in Ph-HCL stainable stem lignin content (compared to 

control treatment) due to induction of transgene expression within my two component 

gene expression system in two of the four individual MnP3s transgenic lines assayed and 

within two of the three individual MOMT4 transgenic lines assayed over a 28-day period. 

Line No. t n (control) n (treated) df Sig. 

16002-23 ACE1 1.754 12 10 20 0.0948 

16002-23 EGFP7 

16002-23 EGFP20 

16002-23 MnP2 

16002-23 MnP33 

16002-23 MnP28 

16002-23 MnP15 

16002-23 MOMT34 

16002-23 MOMT29 

16002-23 MOMT39 

0.6163 

1.229 

6.828 

2.082 

3.900 

1.891 

0.8150 

4.080 

2.769 

 

8 

6 

7 

7 

9 

9 

10 

14 

10 

10 

7 

6 

13 

9 

8 

8 

16 

4 

16 

11 

11 

18 

16 

15 

16 

28 

12 

 

0.5463 

0.2448 

<.0001 

0.0519 

0.0013 

0.0781 

0.4270 

0.0003 

0.0170 
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Table. 5. 5 - Post-hock unpaired t-test comparison of mean change in normalized greyscale pixel 

intensity after a 28-day  treatment regime as foliar spray with 4ml/day of 100µM CuSO4 in the 

16002-23 self-inducible ACE1-HA activator background lines also homozygous for either the binary 

vector plasmid pMRE-CW-MnP3s-Tnos or pMRE-CW-MOMT4-Tnos relative to the mean control 

line(s) greyscale pixel intensity change. 

 

 

 

 

 

 

The results of an unpaired t-test Table. 5. 5 found that there was a significant difference in 

the mean change (decrease) in Ph-HCL stainable stem lignin content after 28-day  

treatment between the average generated for control transgenic lines (includes 16002-23 

ACE1, 16002-23 EGFP7 and 16002-23 EGFP20) vs the average generated for both 16002-23 

MnP3s; and 16002-23 MOMT4; when excluding non-responsive lines (16002-23 MnP15 

and 16002-23 MOMT34). These results suggest that in lines with a functional version of my 

binary gene expression system a daily treatment as foliar spray with 100µM CuSO4 results in 

a significant reduction in the Ph-HCL stainable stem lignin content in transgenic lines 

containing a lignin degrading/modifying effector enzyme compared to that seen under the 

same treatment conditions in control lines. 

 

 

 

 

 

 

 

Line No. t     df Sig. 

16002-23 MnP3s   4.074         4 0.0152 

16002-23 MOMT4 

 

    3.610          3 

 

 

0.0365 
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Table. 5. 6 - Post-hock unpaired t-test comparison of mean change in normalized greyscale pixel 

intensity after a 28-day  treatment regime as foliar spray with 4ml/day of 100µM CuSO4 in the 

heterozygous hybrid lines containing a single copy of both MnP3s and MOMT4 as well as 

backcrossed lines for each of these enzymes to the 16002-23 self-inducible ACE1-HA parent line. 

 

 

 

The results of an unpaired t-test (Table. 5. 6) found that there was a significant difference in 

stem lignin content after 28-day treatment in the following three heterozygous crosses; 

(ACE1xMOMT29-1); t(13) = 2.181, p=0.0482, (ACE1xMOMT29-3); t(25) = 7.162, p=<.0001 

and (MOMT29xMnP2-2); t(25) = 3.863, p=0.0007. These results suggest that a daily whole 

plant treatment with 4ml of 100µM CuSO4 as foliar spray results in a significant decrease in 

Ph-HCL stainable stem lignin content (compared to control treatment) due to induction of 

transgene expression within my two component gene expression system in three of the 

four individual MnP3s transgenic lines assayed and within two of the three individual 

MOMT4 transgenic lines assayed over a 28-day period. 

 

 

 

 

 

Line No. t  n (control) n (treated)  df Sig. 

ACE1xMnP2-3 0.4850 17 13  28 0.6315 

ACE1xMOMT29-1 

ACE1xMOMT29-3 

MOMT29xMnP2-3 

MOMT29xMnP2-2 

2.181 

7.162 

0.2369 

3.863 

 

6 

13 

15 

12 

9 

14 

12 

15 

 13 

25 

25 

25 

 

0.0482 

<.0001 

0.8147 

0.0007 
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5.5 Discussion 

The purpose of this chapter was to apply the two component inducible gene expression 

system created and functionally validated across Chapters 3 and 4 towards the inducible 

degradation of lignin in planta within the model plant species Arabidopsis thaliana. As such, 

this final empirical research chapter, and the thesis as a whole, aims to act as a proof-of-

concept study towards a novel strategy for a more sustainable and cost-effective biological 

method for lignin reduction in lignocellulosic biomass. From Fig. 5. 4(a) of the 7 transgenic 

lines identified as homozygous for the Trametes versicolor derived manganese dependent 

peroxidase 3s (MnP3s) only one line displayed a significant increase in MnP3s transcript 

level 5hrs after induction with 100µM CuSO4 (Table. 5. 3). Furthermore, 6 of the 7 lines 

identified displayed low basal leakage levels of the fungal transgene in uninduced 

conditions, whilst one line (16002-23 MnP2), displayed a 100-fold increase in constitutive 

gene expression over the other six (Fig. 5. 4(a)). This low level of transgene leakage was a 

promising sign, as previous attempts at using a constitutive overexpression strategy 

towards manganese-dependent peroxidase overexpression in field trials with Medicago 

sativa L. (Alfalfa) and in laboratory based experiments with Zea mays (Maize) have shown 

that constitutive high-level overexpression of MnP can have significant negative, if not 

lethal, consequences on plant health 178,127. However, it also offered the possibility to study 

the high level expression of a fungal lignin degrading MnP to the plant cell wall within 

A.thaliana, which to my knowledge has not been reported in the literature. 

5.5.1 MnP3s and MOMT4 self-induction kinetics  

Fig. 5. 4(b) shows that of the x3 transgenic lines identified as homozygous for the 

engineered monolignol-4-O-methyltransferase (MOMT4), none showed significant 

induction of MOMT4 gene expression 5hrs after induction with 100µM CuSO4 (also in Table. 

5. 3). The low level of transgene induction of MnP3s and MOMT4 in self-inducible ACE1 

background lines is not surprising, and although the fold-change in gene expression is lower 

than observed for 16002-23 EGFP lines treated with 100µM CuSO4 in Chapter 4, the same 

pattern of low-leakage but low inductive capacity is recapitulated (Fig. 5. 4(a&b)). Indeed, 

the apparent lack of responsiveness of some lines (MnP19, MnP15 as well as all three 

MOMT4 homozygous lines) is likely due to positional effects of integration loci or transgene 

silencing as was discussed in the previous chapters. This randomized variation is a systemic 

limitation of the floral dipping method for generating transgenic A.thaliana. 
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5.5.2 Whole plant foliar spray induction of cell wall directed lignolytic 

enzyme(s) over a 28-day period 

Based on the homozygous lines available, four MnP3s and all three MOMT4 transgenic lines 

were brought forward to test if these enzymes could be induced to effect a net degradation 

of stem lignin in over a 28-day period with a daily treatment regime of 4ml/day of either 

ddH2O as a control treatment, or 100µM CuSO4 as the chemical inducer as foliar spray in 

soil grown whole plant conditions. To measure this change, Ph-HCL staining was used to 

stain stem sections of lignin in each transgenic plant, subsequently followed by brightfield 

imaging and digital image processing, analysis and greyscale average pixel intensity 

quantification (a function of Ph-HCL stainable stem lignin content). Digital image analysis, 

and greyscale image quantification in particular, is a widely used computational method 

adopted in biological image analysis applications including (but not limited to); automated 

quantification of genotype effects in A.thaliana 212,  in the biomedical evaluation of tissue 

section staining intensity 213 and in CT imaging for atherosclerotic plaque characterisation 

214. 

5.5.3 Control lines 

In Fig. 5. 7(b) it can be seen that all three of the control lines (16002-23-ACE1 controlling for 

off-target gene activation causing lignin modification and 16002-23 EGFP7 and 16002-23 

EGF20 second component T-DNA integration causing lignin modification) displayed a non-

significant but reproducible reduction in mean normalized greyscale pixel intensity for the 

induced condition vs the non-induced after the 28-day treatment (Table. 5. 4). The most 

obvious reason for this pattern of lignin reduction in control lines could be related to 

osmotic stress or heavy metal stress arising from daily treatment with 100µM CuSO4, 

leading to lower than normal lignin deposition during growth and development. Indeed 

Landa et al., 2017 215 looked at the transcriptomic response of A.thaliana in response to 

treatment with three different types of copper, including ionic copper (Cu2+ ) from 

CuSO4.5H2O over a 1 week application period. The group found that of the three different 

types of copper applied to the root tissue through application to the growth medium in the 

study (CuO nanoparticles, CuO bulk particles and ionic Cu2+ ), ionic Cu2+  from CuSO4.5H2O at 

a concentration of 0.16mg L-1
 (equal to ~0.64µM Cu2+ ) over a 1 week period changed the 

most genes of the three treatments; with 2692 genes displaying a fold-change of ≥2 215. 

Furthermore, the same study reported that , according to biological function, the genes 

which were most upregulated after 7-days treatment with ionic Cu2+  were those involved in 
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stress response including; oxidative stress (CSD1 and CSD2), water deprivation and salt 

stress (AT5GO6530, SIP3 and ATAF1), whilst genes involved in the transport of water; 

aquaporins (PIP1C, TIP2), amino acids (AAP6), nitrate (NRT2.7), peptides (YSL3) and 

micronutrients such as zinc (ZIP3, ZIP5 and ZIP9) and copper (COPT2) were all down-

regulated 215. In addition to the measurement of the transcriptomic response of A.thaliana 

to different concentrations and types of copper, the group also monitored biomass growth 

through assessment of the weight of plant rosettes after treatment with Cu2+  from 

CuSO4.5H2O at a concentration of 31.38mg L-1 (equal to ~125µM Cu2+ ) over a 2 week period 

and found that the retardation to rosette growth was significantly higher than that caused 

by either the CuO ENP or bulk particle copper types tested. Translating the findings of 

Landa et al., 2017 215 to my own work, it is clear that the 100µM CuSO4.5H2O daily 

treatment regime applied as foliar spray over the 28-day  experiment could easily have 

resulted in a significant chronic stress to both the control and MnP3s/MOMT4 transgenic 

lines.  

Even more interesting in the context of the decrease in mean stem lignin content observed 

across all control lines under induced conditions in Fig. 5. 7(b) was the observation that in 

the study carried out by Landa et al., 2017 215 that according to cellular component, across 

all three copper treatment types the largest decrease in gene transcripts was found in 

genes involved in the extracellular and cell wall associated regions 215. Of notable exception 

to the downregulation trend observed in transcripts in the extracellular and cell wall 

associated regions were the up-regulation of both Laccase LAC 3 across all copper 

treatments and the exclusive upregulation of peroxidase 33 PRXCA in response to ionic Cu2+  

treatment 215.  Laccases are a group of extracellularly secreted multi-copper oxidase (MCO) 

enzymes, belonging to a sub-family of the larger blue multi-copper protein family, which 

utilize the characteristic redox capacity of copper ions as a co-factor to catalyse the 

oxidation of an array of aromatic compounds in a radical-catalysed reaction mechanism, 

with a concomitant reduction of molecular oxygen (O2) to water.  

Endogenous laccases are known to play a key role in lignin biosynthesis and in the 

degradation of phenolic lignin to quinones as plant defense strategy 216. Likewise, 

peroxidase 33  belongs to a group of enzymes called the class (III) peroxidases which are 

targeted to either the vacoule or extracellularly targeted via processing through the 

endoplasmic reticulum and which catalyse the oxidation of a substrate at the expense of 

hydrogen peroxide (H2O2) 80. Much like laccases, endogenous plant peroxidases are 

involved in a wide range of functional roles including lignification, defense/stress response, 
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suberization as well as other developmental processes 217.  Based on these transcriptomic 

analyses, at ~100-fold lower Cu2+  µM concentrations than used in the experiments in this 

chapter (and previous chapters), it is likely that the reproducible decrease in mean lignin 

content across all control lines treated with 100µM CuSO4 is due to a lack of proportional 

lignin deposition during development compared to control (ddH2O) treatment due to 

malnourishment and water deprivation caused by excess Cu2+ . Added to this, it would not 

be unreasonable to assume that the daily 100µM CuSO4 treatment also potentially 

heightened the activity of endogenous A.thaliana cell wall associated laccases and 

peroxidases, enzymes known to be involved in lignin biosynthesis and degradation, causing 

a further reduction in lignin content when synergized with the stress response outlined 

previously. Alternatively, the heightened activity of these enzymes during CuSO4 treatment 

may have caused a net increase in lignin content through increased monolignol 

polymerisation, essentially buffering any further decrease in normal developmental lignin 

deposition caused by the Cu2+ stress response outlined above. The potential effect of 

endogenous cell wall associated laccases in particular have further weight added to these 

assumptions when considering copper is co-factor required by laccases (4 

molecules/laccases) to be fully functional 218. Overall it seems as though treatment with 

ionic Cu2+  at the concentration and duration used in this chapter acts as a stress stimuli to 

the plant, and when comparing to other literature on the subject, the net effect may have 

resulted in the detrimental effects on plant health and normal secondary cell wall 

deposition as seen in the mean stem lignin content data in Fig. 5. 7(b&c) 

5.5.4 T.versicolor MnP3s homozygous lines 

From Fig. 5. 7(b) and Table. 5. 4 there was a significant decrease in the mean normalized 

greyscale pixel intensity across two of the four homozygous MnP3s containing lines assayed 

over the 28-day treatment regime and stem section processing/analysis outlined in Fig. 5. 

7(a), with a third line (16002-23 MnP33) also showing a substantial, though not significant, 

decrease. Indeed, the transgenic line with the most significant decrease over the 28-day 

period (MnP2); t(11) = 6.828, p=<.0001, was also the line with the both the highest 

absolute uninduced and induced levels of the MnP3s transgene seen in Fig. 5. 7(b). 

Furthermore, the mean reduction in stem lignin content of the three responsive MnP3s 

lines was significantly higher (16002-23 MnP3s; t(4) = 4.074, p=0.0152) when comparing as 

fold change relative to the control lines average (Fig. 5. 7(c) and Table. 5. 5). Indeed, the 

fact that the decrease in lignin content observed in the ACE1 and GFP control lines was not 

significant, whilst that seen in the responsive MnP3s and MOMT4 lines was significant, 



P a g e  | 168 

 

suggests that the decrease in mean stem lignin content for both MnP3s and MOMT4-

expressing lines was not simply a function of foliar spray treatment of the plants with 

CuSO4, nor was it a result of T-DNA insertion causing any off-target changes in stem lignin 

content, as the EGFP control lines show no significant decrease in stem lignin content after 

the 28-day treatment period. Rather, the significant change observed in these lines must be 

attributable to the lignin degrading/modifying (respectively) enzymes expressed in these 

transgenic lines. 

The finding that two of the four homozygous MnP3s containing lines assayed over the 28-

day treatment regime, as well as the average for the three responsive MnP3s transgenic 

lines, resulted in a significant decrease in the mean normalized greyscale pixel intensity, 

was unexpected. Previously reported literature expressing lignin degrading enzymes in 

planta have eluded to the fact that, although activity is evident, the net result is always an 

increase in lignin content within the plant 177,219,128,127. However, the data presented here 

from transgenic A.thaliana lines inducibly expressing the intron free T.versicolor MnP3s 

gene run contrary to this narrative, and in a novel finding display a net decrease in lignin 

content after 28-days of induction in a whole plant setting (relative to non-induced 

conditions). The only exception to this consensus of increased lignin content upon lignolytic 

enzyme overexpression was from a recent Nature Scientific Report article reporting an 

increase in fermentable sugars of nearly 200% from transgenic tobacco (compared to 

control lines) when expressing a bacterial derived peroxidase. However, the linkage of this 

increase in saccharification efficiency to reductions in lignin content were not proven 126. 

Furthermore, the DypB bacterial peroxidase used in this study was directed to the plant 

cytosol, and therefore could not have effected change in lignin content in planta. It is likely 

that the method used for biomass saccharification and sugar analysis in the study (grinding 

of the top 25% of transgenic lines and incubation at room temperature at 250rpm) was the 

mechanism by which this DypB peroxidase gained access to the lignin rich secondary cell 

wall 126. In this context, the question arises as to how this net reduction in mean lignin 

content within MnP3s transgenic lines was accomplished when juxtaposed to other 

reported literature on the topic. One potential explanation may be that the observed 

reductions in mean stem lignin content are related to the chemical inducer used for 

transgene induction; CuSO4.5H2O. 

Ionic copper (Cu2+), the activating form of copper used in this body of work, is known to  

generate ROS as shown by Yu et al., 2008 220 and these ROS are known to produce a stress 

response in the plant as shown through transcriptomic analyses by Landa et al., 2017 215. As 
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such, these ROS species may also provide the H2O2 needed by MnP3s to oxidize Mn2+ to 

Mn3+ (or co-oxidize any other endogenous cell wall mediators) which in turn can go on to 

degrade lignin in the plant cell wall. Upon exploring the literature, the biochemical 

mechanism by which this H2O2  generation by my chemical inducer (CuSO4.5H2O.) is fuelling 

the MnP3s enzyme in these transgenic lines is proposed as follows; spraying plants with 

100µM CuSO4 generates reactive oxygen species as has been previously shown by Yu et al., 

2008 220, through membrane perturbation based activation of phospholipase D (PLD) and 

subsequent dysregulation of phosphatidic acid (PA), a product of PLD catalysis, as a 

function of Cu+2 levels. This activation of PLD and upregulation of PA leads to the activation 

of NADPH oxidase, which is responsible for the production of superoxide radicals and 

ultimately, through superoxide dismutase activity as outlined in Fig. 1. 2, the production of 

H2O2 within the cell (as well as lipid peroxidation products (TBAR) production through 

another mechanism). As this is the same concentration of CuSO4 primarily used within this 

body of work on MnP3s containing transgenic lines, I postulate that the decrease in lignin 

content (as a function of normalized greyscale pixel intensity) has been exacerbated in 

MnP3s containing transgenic lines through the increased production of H2O2 by Cu+2 

generated ROS species. 

As such, Cu2+ appears to display a two-fold effect on plant cell wall lignin composition within 

my binary chemically inducible gene expression system when containing the T.versicolor 

lignin degrading enzyme MnP3s. As stated previously, Cu2+ appears to act as a stress 

inducing compound and is detrimental to the natural deposition of the plant cell wall and 

the associated lignin therein, as discussed in section 5.5.3. However, it may be that when 

used as the inducer alongside the high redox potential T.versicolor MnP3s peroxidase 

enzyme, the H2O2 generated by Cu2+  may be enhancing the activity of this enzyme, 

potentially allowing it to generate more freely diffusible radicalized intermediates which 

can themselves go on to oxidize a variety of substrates including lignin. As such, using Cu2+  

as the chemical inducer in my system may exacerbate the ability of MnP3s to co-oxidize a 

variety of endogenous mediator compounds residing within the plant cell wall environment 

and which would be capable of degrading non-phenolic lignin residues in planta as opposed 

to the direct oxidation of mainly phenolic lignin residues by Mn3+  alone. If so this would 

extend the catalytic activity of MnP3s in my system to the 80-90% of the biopolymer 

comprised of non-phenolic residues 13,102. Furthermore, from the data presented in Fig. 5. 

7(b&c), the necessity for MOMT4 mediated occlusion of radicalized cleaved lignin 
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monomers or oligomers does not seem to be necessary in the MnP3s containing transgenic 

lines which were responsive to Cu2+ induction. 

5.5.5 MOMT4 homozygous lines 

The finding that two of the three homozygous MOMT4 containing lines assayed over the 

28-day treatment regime, as well as the average for the two responsive MOMT4 transgenic 

lines, resulted in a significant decrease in the mean normalized greyscale pixel intensity, 

though welcome, was not unexpected. These results recapitulate previously reported 

literature on MOMT4 where it has been shown to substantially reduce lignification and 

cause the accumulation of both de novo 4-O-methylated soluble phenolics and cell wall 

bound esters when expressed in A.thaliana under the control of a bean (Phaseolus vulgaris) 

phenylalanine ammonia lyase-2 (PAL2) promoter 78. The enzyme has also been applied to 

the enhancement of both digestibility and ethanol yield in Poplus by Cai et al., 2016 208, 

resulting in an increase in the release of simple sugars of up to 62% and an increase in the 

yield of ethanol from S.cerevisiae mediated fermentation of these simple sugars of up to 

49%. Cai et al., 2016 also showed the decrease in lignin content in transgenic aspen stems 

using phloroglucinol-HCL, as can be clearly seen in Fig.2(b-e) in their 2016 paper. Though 

this study did not extend its scope to assays in simple sugar release and/or ethanol 

production efficiencies, the data presented in Fig. 5. 7(b&c) concur with previously reports 

that MOMT4 does indeed cause substantial reductions in lignin content in transgenic 

A.thaliana. As was reported by Zhang et al., 2012 78, the significant decrease in mean lignin 

content in the MOMT4 transgenic A.thaliana lines analysed above was likely accompanied 

by the generation of both de novo 4-O-methylated soluble phenolics and cell wall bound 

esters, and may have also been accompanied by increases in stem polysaccharides if the 

results observed by Cai et al., 2016 208  in Poplus translate to A.thaliana. The reproducibility 

of this novel engineered 4-O-methyltransferase across multiple studies and plant species is 

encouraging, as the unnatural ability of MOMT4 to para-methoxylate cleaved monolignols 

effectively segregates their participation in subsequent repolymerisation reactions, a key 

hurdle in the in planta lignin degradation field which, now removed, allows for a net 

reduction in lignin in planta to be achieved. However, this previously unique ability to 

catalyse a net reduction in lignin content carried out by MOMT4 may now be challenged by 

the use of the novel Trametes versicolor MnP3s outlined in section 5.5.4. 
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5.5.6 MnP3s x MOMT4 crossed lines  

From Fig. 5. 7(d) and Table. 5 .6 there was a significant decrease in the mean normalized 

greyscale pixel intensity across one of the MnP3sxMOMT4 crosses (MOMT29xMnP2-2) 

which was also observed in the MOMT4 backcrosses to the self-inducible 16002-23 ACE1-

HA activator line, but not in the MnP3s backcrosses. The fact that this MOMT29xMnP2-2 

cross displayed a significant reduction in Ph-HCL stainable stem lignin compared to either 

MOMT4 or MnP2 backcrosses, or the ACE1 parent line, was not surprising given the 

significant reduction in Ph-HCL stainable stem lignin observed in the homozygous lines after 

28-days treatment for each of the enzymes in Fig. 5. 7(b&c). However, what was surprising 

was the fact that this apparent reduction in stem lignin content in these crossed lines was 

not significantly higher after the same 28-day treatment regime carried out in Fig. 5. 7(b&c) 

compared to their back crossed counterparts (ACE1-MOMT29 and ACE1xMnP2). Indeed, 

the lack of a clearly higher reduction of Ph-HCL stainable lignin in this MOMT29xMnP2-2 

line compared to each enzymes backcrossed counterparts would indicate no synergy 

between the two enzymes in the enzyme mediated degradation of lignin in planta when 

using this binary system. A caveat to this conclusion, and one which may allow it to be 

altered in future work, is the fact that the MnP2 transgenic line shows no significant 

reduction in lignin content in backcrossed line (ACE1xMnP2-3) nor does it show added 

synergy with MOMT4 in either of the crossed lines (MOMT29xMnP2-2 and MOMT29-

MnP2-3). MOMT4, however, maintained its significant reduction in Ph-HCL stainable stem 

lignin in both backcrosses (ACE1xMOMT29-1 and ACE1xMOMT29-3) and in one of the two 

hybrid crosses (MOMT29xMnP2-2), which may indicate the potential silencing of the locus 

for the MnP2 transgene (which was by far the most strongly expressed in the homozygous 

lines, Fig. 5. 4(a)) in these crosses. This would explain why the strong lignin reducing 

potential of MnP2 as seen for the homozygous MnP2 line Fig. 5. 7(a) were not recapitulated 

in the crossed lines treatment in Fig. 5. 7(d). 

 

5.6 Conclusion 

The study outlined above demonstrates the application of the self-inducible variant of the 

binary copper inducible gene expression system created and characterised in Chapters 3 

and 4 of this thesis towards an applied role in a proof-of-concept study for the inducible 

degradation of the highly recalcitrant plant biopolymer lignin. The study outlined in this 
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final empirical chapter provides compelling evidence that the binary copper inducible gene 

expression system created herein can be used for the temporal control of lignin 

degradation as a novel in planta auto pre-treatment strategy for lignocellulosic biomass. 

Furthermore, this thesis puts forward the novel finding that an intron free version of the 

MnP3s gene from Trametes versicolor is capable of causing a net degradation of lignin in 

planta within the model plant Arabidopsis thaliana in a Cu2+ inducible system, likely due to 

the co-effect of the chemical inducer used throughout this study (Cu2+  from CuSO4.5H2O) 

generating ROS within the plant cell wall during lignin degradation. In addition to validating 

the temporal and cell wall targeting functionality of the created novel binary copper 

inducible gene expression system, the results outlined above also challenge the widely held 

belief that lignin degrading oxidoreductase enzymes, even of a high redox potential, cannot 

effect a net reduction of lignin content in planta due to the radicalized repolymerisation 

potential of cleaved lignin monomers.  

Furthermore, the work in this chapter has reinforced the efficacy of the novel engineered 

MOMT4 in the reduction of lignin content within plant stem cell wall lignin as previously 

reported in the literature and which has been shown to enhance digestibility and ethanol 

yield as a function of this activity 208. However, when examining the effect of dual MnP3s 

and MOMT4 expression, this study found no evidence alluding to synergism between the 

two enzymes to engender a more pronounced reduction in stem lignin content from the 

data shown (though the caveat of this in relation to potential transgene silencing was 

covered in the discussion section). These results will add to the literature in this area and 

provide a steppingstone for future research into the functional role of these enzymes at 

homozygous levels and potentially within an applied future context within transgenic 

bioenergy/renewable fine chemicals crops. 

5.7 Future work  

Future outlooks based on this work may include the testing of the homozygous 16002-23 

MnP3s and MOMT4 transgenic lines in Chapter 5 for both saccharification and ethanol yield 

efficiency changes both before and after transgene induction with Cu2+  relative to control 

lines, ideally within a host plant species of a lignocellulosic biomass composition which is 

already grown commercially for renewable energy/fine chemical generation. This would 

also involve bringing the heterozygous MnP3s x MOMT4 lines through to homozygous stage 

and re-testing the effect on stem lignin content after another 28-day foliar spray treatment 

period. Prior to bringing forward any crossed lines, this thesis would also recommend that 
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any future work with crossed lines assay the genes at the transcriptional level prior to any 

experiments to make sure no gene silencing has occurred, as was suspected for the strongly 

expressed MnP2-3 transgenic line. In addition, the testing of enzyme activity during 

treatment and at different timepoints post harvesting may serve to further inform future 

use of this system for the renewable energy sector, with particular testing of any potential 

continued enzyme activity post-harvest to be focused on. 

The discovery that MnP3s from Trametes versicolor can cause a net degradation of lignin in 

a Cu2+ inducible system may prompt future work in the renewable fine chemicals field. In 

particular, this thesis recommends that future work repeat the experiments in Chapter 5 

but in addition researchers should aim to investigate what pools, if any, of phenolic and 

non-phenolic compounds have been generated as cleavage products from MnP3s activity in 

the plant cell wall. This may involve various methods using complex mass spectroscopy-

based methods or optical methods such as raman spectroscopy. In doing so, this type of 

future study may reveal a dual utility for novel transgenic lignocellulosic biomass in both 

the renewable energy sector but also in the renewable fine chemicals sector. Thus, future 

outlooks in this field should examine the potential for MnP3s, as well as other class II fungal 

heme peroxidases, to breakdown lignin in vivo both as a standalone enzyme and in 

combination with a conglomerate of other LME’s and CAZ enzymes. The potential coupling 

of inducibly expressed fungal and bacterial lignolytic enzymes, along with the inducible 

knockdown of cell wall β-glucosidase and inducible expression of the efficacious MOMT4 

engineered 4-O-methyltransferase may provide a strong foundation for a ‘Fourth 

Generation’ of input biomass for use in both the biofuel and renewable fine chemicals 

industries, lacking the need for any major pre-treatment approaches post-harvest. 

Visualisation of lignification/delignification in vivo using bioorthogonal labelling imaging 

sequential strategy (BLISS) to visualize and analyse the incorporation/cleavage products of 

both p-hydroxyphenyl (H) and guaiacyl (G) units within lignin in vivo with a combination of 

strain-promoted and copper-catalyzed azide-alkyne cycloadditions. Such experiments may  

provide a more detailed molecular understanding of the inducible lignin deconstruction 

carried out by these lignolytic class II fungal secreted heme peroxidases, and inhibition of 

re-polymerisation, which could facilitate more diversified research avenues for the 

enhancement of bioethanol production, as well as providing novel insights into zones of 

active/inactive delignification dynamics in these transgenic lines.  
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Future work using the binary copper (self)inducible gene expression system created may 

seek to make improvements to the inductive capacity of the self-inducible ACE1-HA 

construct (pMRE-35s::ACE1-HA) within the activator 16002-23 line such as was previously 

outlined in Chapters 3 and 4 which briefly summarized include; the addition of x4 MRE 

elements, the shortening of the CaMV35s promoter to a -46bp form, the inclusion of a 

VP16AD or some such similar strong activation domain as a fusion protein with the ACE1-

HA copper responsive transcriptional activator to impart a much more pronounced 

magnitude of fold auto-induction of the ACE1-HA transcriptional activator. For those 

interested in the idea of a potentially advantageous mRNA longevity imparted by the 5’UTR 

RuBisCO element included in the pMRE-35s::ACE1-HA and pGW-MRE-CW-Tnos/pGW-MRE-

Cyto-Tnos constructs, future work may involve the creation of a 5’UTR negative version of 

these constructs and testing in a similar fashion as carried out in Fig. 3. 8 (Chapter 3). 

 

5.8 Bibliography 

1. Zeng, Y., Zhao, S., Yang, S. & Ding, S. Y. Lignin plays a negative role in the biochemical 

process for producing lignocellulosic biofuels. Curr. Opin. Biotechnol. 27, 98–45 

(2014). 

2. White, J. Top Value-Added Chemicals from Biomass Volume II—Results of Screening 

for Potential Candidates from Biorefinery Lignin. (2007). 

3. Hatakka, A. Lignin-modifying enzymes from selected white-rot fungi: production and 

role from in lignin degradation. FEMS Microbiol. Rev. 13, 125–135 (1994). 

4. Robinson, J. M. Lignin, land plants, and fungi: Biological evolution affecting 

Phanerozoic oxygen balance. Geology 18, 607 (1990). 

5. Brown, M. E. & Chang, M. C. Y. Exploring bacterial lignin degradation. Curr. Opin. 

Chem. Biol. 19, 1–7 (2014). 

6. Vogt, T. Phenylpropanoid biosynthesis. Mol. Plant 3, 2–20 (2010). 

7. Liu, C.-J. Deciphering the enigma of lignification: precursor transport, oxidation, and 

the topochemistry of lignin assembly. Mol. Plant 5, 304–17 (2012). 

8. Dixon, R. A., Chen, F., Guo, D. & Parvathi, K. The biosynthesis of monolignols: a 

‘metabolic grid’, or independent pathways to guaiacyl and syringyl units? 



P a g e  | 175 

 

Phytochemistry 57, 1069–84 (2001). 

9. Alejandro, S. et al. AtABCG29 is a monolignol transporter involved in lignin 

biosynthesis. Curr. Biol. 22, 1207–12 (2012). 

10. Vanholme, R., Demedts, B., Morreel, K., Ralph, J. & Boerjan, W. Lignin biosynthesis 

and structure. Plant Physiol. 153, 895–905 (2010). 

11. Ralph, J. et al. Lignins: Natural polymers from oxidative coupling of 4-hydroxyphenyl- 

propanoids. Phytochem. Rev. 3, 29–60 (2004). 

12. Reale, S., Di Tullio, A., Spreti, N. & De Angelis, F. Mass spectrometry in the 

biosynthetic and structural investigation of lignins. Mass Spectrom. Rev. 23, 87–126. 

13. Schoemaker, H. E., Harvey, P. J., Bowen, R. M. & Palmer, J. M. On the mechanism of 

enzymatic lignin breakdown. FEBS Lett. 183, 7–12 (1985). 

14. Boerjan, W., Ralph, J. & Baucher, M. Lignin biosynthesis. Annu. Rev. Plant Biol. 54, 

519–46 (2003). 

15. Strong, P. J. & Claus, H. Laccase: A Review of Its Past and Its Future in 

Bioremediation. Crit. Rev. Environ. Sci. Technol. 41, 373–434 (2011). 

16. Heitner, C., Dimmel, D. R. & Schimidt, J. a. ‘�ƒLignin and Lignans: Advances in 

Chemistry. (2010). 

17. Dixon, R. A. & Srinivasa Reddy, M. S. Biosynthesis of monolignols. Genomic and 

reverse genetic approaches. Phytochem. Rev. 2, 289–306 (2003). 

18. Miao, Y.-C. & Liu, C.-J. ATP-binding cassette-like transporters are involved in the 

transport of lignin precursors across plasma and vacuolar membranes. Proc. Natl. 

Acad. Sci. U. S. A. 107, 22728–33 (2010). 

19. Wang, Y., Chantreau, M., Sibout, R. & Hawkins, S. Plant cell wall lignification and 

monolignol metabolism. Front. Plant Sci. 4, 220 (2013). 

20. Lanot, A. et al. The glucosyltransferase UGT72E2 is responsible for monolignol 4-O-

glucoside production in Arabidopsis thaliana. Plant J. 48, 286–95 (2006). 

21. Wang, Y.-W. et al. Over-expression of a putative poplar glycosyltransferase gene, 

PtGT1, in tobacco increases lignin content and causes early flowering. J. Exp. Bot. 63, 

2799–2808 (2012). 



P a g e  | 176 

 

22. Withers, S. et al. Identification of grass-specific enzyme that acylates monolignols 

with p-coumarate. J. Biol. Chem. 287, 8347–55 (2012). 

23. Marcinowski, S. & Grisebach, H. Enzymology of lignification. Cell-wall bound beta-

glucosidase for coniferin from spruce (Picea abies) seedlings. Eur. J. Biochem. 87, 37–

44 (1978). 

24. Xu, Z. et al. Functional genomic analysis of Arabidopsis thaliana glycoside hydrolase 

family 1. Plant Mol. Biol. 55, 343–67 (2004). 

25. Chapelle, A. et al. Impact of the absence of stem-specific β-glucosidases on lignin 

and monolignols. Plant Physiol. 160, 1204–17 (2012). 

26. Ralph, J. Hydroxycinnamates in lignification. Phytochem. Rev. 9, 65–83 (2009). 

27. Carpita, N. C. & Gibeaut, D. M. Structural models of primary cell walls in flowering 

plants: consistency of molecular structure with the physical properties of the walls 

during growth. Plant J. 3, 1–30 (1993). 

28. Cosgrove, D. J. & Jarvis, M. C. Comparative structure and biomechanics of plant 

primary and secondary cell walls. Front. Plant Sci. 3, 1–6 (2012). 

29. Cosgrove, D. J. Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 6, 850–861 

(2005). 

30. 0120883910 - Plant Biochemistry by Heldt, Hans-walter; Piechulla, Birgit - AbeBooks. 

http://www.abebooks.co.uk/book-search/isbn/0120883910/. 

31. Zhong, R. & Ye, Z.-H. Secondary cell walls: biosynthesis, patterned deposition and 

transcriptional regulation. Plant Cell Physiol. 56, 195–214 (2015). 

32. Green Biomass Pretreatment for Biofuels Production. (Springer Netherlands, 2013). 

doi:10.1007/978-94-007-6052-3. 

33. Murphy, J. D. & McCarthy, K. Ethanol production from energy crops and wastes for 

use as a transport fuel in Ireland. Appl. Energy 82, 148–166 (2005). 

34. Grabber, J. H. How Do Lignin Composition, Structure, and Cross-Linking Affect 

Degradability? A Review of Cell Wall Model Studies. Crop Sci. 45, 820 (2005). 

35. Lope Tabil, P. A. and M. K. Biofuel’s Engineering Process Technology. (InTech, 2011). 

doi:10.5772/961. 



P a g e  | 177 

 

36. Baskin, T. I. On the alignment of cellulose microfibrils by cortical microtubules: a 

review and a model. Protoplasma 215, 150–71 (2001). 

37. Burk, D. H., Liu, B., Zhong, R., Morrison, W. H. & Ye, Z. H. A katanin-like protein 

regulates normal cell wall biosynthesis and cell elongation. Plant Cell 13, 807–27 

(2001). 

38. Burk, D. H. & Ye, Z.-H. Alteration of oriented deposition of cellulose microfibrils by 

mutation of a katanin-like microtubule-severing protein. Plant Cell 14, 2145–60 

(2002). 

39. Yoshida, S. et al. A SOSEKI-based coordinate system interprets global polarity cues in 

Arabidopsis. Nature Plants vol. 5 160–166 (2019). 

40. van Dop, M. et al. DIX Domain Polymerization Drives Assembly of Plant Cell Polarity 

Complexes. Cell 180, 427-439.e12 (2020). 

41. Timell, T. E. Recent progress in the chemistry of wood hemicelluloses. Wood Sci. 

Technol. 1, 45–70 (1967). 

42. Martone, P. T. et al. Discovery of lignin in seaweed reveals convergent evolution of 

cell-wall architecture. Curr. Biol. 19, 169–75 (2009). 

43. Sibout, R., Plantegenet, S. & Hardtke, C. S. Flowering as a condition for xylem 

expansion in Arabidopsis hypocotyl and root. Curr. Biol. 18, 458–63 (2008). 

44. Srivastava, V. et al. Downregulation of high-isoelectric-point extracellular superoxide 

dismutase mediates alterations in the metabolism of reactive oxygen species and 

developmental disturbances in hybrid aspen. Plant J. 49, 135–48 (2007). 

45. Kim, Y.-H. et al. Overexpression of sweetpotato swpa4 peroxidase results in 

increased hydrogen peroxide production and enhances stress tolerance in tobacco. 

Planta 227, 867–81 (2008). 

46. Donaldson, L. A. Lignification and lignin topochemistry — an ultrastructural view. 

Phytochemistry 57, 859–873 (2001). 

47. Fromm, J., Rockel, B., Lautner, S., Windeisen, E. & Wanner, G. Lignin distribution in 

wood cell walls determined by TEM and backscattered SEM techniques. J. Struct. 

Biol. 143, 77–84 (2003). 

48. Schmidt, M. et al. Label-free in situ imaging of lignification in the cell wall of low 



P a g e  | 178 

 

lignin transgenic Populus trichocarpa. Planta 230, 589–97 (2009). 

49. Crawford, D. L. Lignocellulose decomposition by selected streptomyces strains. Appl. 

Environ. Microbiol. 35, 1041–5 (1978). 

50. Kirby, R. Actinomycetes and lignin degradation. Adv. Appl. Microbiol. 58, 125–68 

(2006). 

51. Kanaly, R. A. & Harayama, S. Biodegradation of high-molecular-weight polycyclic 

aromatic hydrocarbons by bacteria. J. Bacteriol. 182, 2059–67 (2000). 

52. Burlage, R. S., Hooper, S. W. & Sayler, G. S. The TOL (pWW0) catabolic plasmid. Appl. 

Environ. Microbiol. 55, 1323–8 (1989). 

53. Robinson, J. M. & M., J. Lignin, land plants, and fungi: Biological evolution affecting 

Phanerozoic oxygen balance. Geology 18, 607 (1990). 

54. Floudas, D. et al. The Paleozoic origin of enzymatic lignin decomposition 

reconstructed from 31 fungal genomes. Science 336, 1715–9 (2012). 

55. Nelsen, M. P., DiMichele, W. A., Peters, S. E. & Boyce, C. K. Delayed fungal evolution 

did not cause the Paleozoic peak in coal production. Proc. Natl. Acad. Sci. 113, 2442–

2447 (2016). 

56. Ohm, R. A. et al. Genomics of wood-degrading fungi. Fungal Genet. Biol. 72, 82–90 

(2014). 

57. Eastwood, D. C. et al. The plant cell wall-decomposing machinery underlies the 

functional diversity of forest fungi. Science 333, 762–5 (2011). 

58. Wood-Rotting Fungi of North America on JSTOR. 

http://www.jstor.org/stable/3759417?seq=1#page_scan_tab_contents. 

59. Vares, T., Kalsi, M. & Hatakka, A. Lignin Peroxidases, Manganese Peroxidases, and 

Other Ligninolytic Enzymes Produced by Phlebia radiata during Solid-State 

Fermentation of Wheat Straw. Appl. Environ. Microbiol. 61, 3515–20 (1995). 

60. Aust, S. D. Mechanisms of degradation by white rot fungi. Environ. Health Perspect. 

103 Suppl, 59–61 (1995). 

61. Kaal, E. E. J., Field, J. a. & Joyce, T. W. Increasing ligninolytic enzyme activities in 

several white-rot Basidiomycetes by nitrogen-sufficient media. Bioresour. Technol. 



P a g e  | 179 

 

53, 133–139 (1995). 

62. Martinez, D. et al. Genome, transcriptome, and secretome analysis of wood decay 

fungus Postia placenta supports unique mechanisms of lignocellulose conversion. 

Proc. Natl. Acad. Sci. U. S. A. 106, 1954–9 (2009). 

63. Palmieri, G. et al. A novel white laccase from Pleurotus ostreatus. J. Biol. Chem. 272, 

31301–7 (1997). 

64. Hibbett, D. S. et al. A higher-level phylogenetic classification of the Fungi. Mycol. 

Res. 111, 509–47 (2007). 

65. Kudanga, T. & Le Roes-Hill, M. Laccase applications in biofuels production: Current 

status and future prospects. Appl. Microbiol. Biotechnol. 98, 6525–6542 (2014). 

66. Riva, S. Laccases: blue enzymes for green chemistry. Trends Biotechnol. 24, 219–226 

(2006). 

67. Pollegioni, L., Tonin, F. & Rosini, E. Lignin-degrading enzymes. FEBS J. 282, n/a-n/a 

(2015). 

68. Camassola, M., da Rosa, L. O., Calloni, R., Gaio, T. a. & Dillon, A. J. P. Secretion of 

laccase and manganese peroxidase by Pleurotus strains cultivate in solid-state using 

Pinus spp. sawdust. Brazilian J. Microbiol. 44, 207–213 (2013). 

69. Masai, E. et al. A bacterial enzyme degrading the model lignin compound beta-

etherase is a member of the glutathione-S-transferase superfamily. FEBS Lett. 323, 

135–40 (1993). 

70. Mahdi, J. G. & Kelly, D. R. 2 Lyases. 

71. Chen, Y., Sarkanen, S. & Wang, Y.-Y. Lignin-degrading enzyme activities. Methods 

Mol. Biol. 908, 251–68 (2012). 

72. Peralta, R. M. et al. Chapter 5 – Enzymes from Basidiomycetes—Peculiar and 

Efficient Tools for Biotechnology. in Biotechnology of Microbial Enzymes 119–149 

(2017). doi:10.1016/B978-0-12-803725-6.00005-4. 

73. Knežević, A. et al. Lignin degradation by selected fungal species. Bioresour. Technol. 

138, 117–123 (2013). 

74. Sharma, P., Goel, R. & Capalash, N. Bacterial laccases. World J. Microbiol. Biotechnol. 



P a g e  | 180 

 

23, 823–832 (2006). 

75. Li, K., Xu, F. & Eriksson, K. E. Comparison of fungal laccases and redox mediators in 

oxidation of a nonphenolic lignin model compound. Appl. Environ. Microbiol. 65, 

2654–60 (1999). 

76. Xu, F. et al. A study of a series of recombinant fungal laccases and bilirubin oxidase 

that exhibit significant differences in redox potential, substrate specificity, and 

stability. Biochim. Biophys. Acta - Protein Struct. Mol. Enzymol. 1292, 303–311 

(1996). 

77. Bhuiya, M.-W. & Liu, C.-J. Engineering monolignol 4-O-methyltransferases to 

modulate lignin biosynthesis. J. Biol. Chem. 285, 277–85 (2010). 

78. Zhang, K. et al. An engineered monolignol 4-o-methyltransferase depresses lignin 

biosynthesis and confers novel metabolic capability in Arabidopsis. Plant Cell 24, 

3135–52 (2012). 

79. Hofrichter, M. Review: lignin conversion by manganese peroxidase (MnP). Enzyme 

Microb. Technol. 30, 454–466 (2002). 

80. Heme Peroxidases. (Royal Society of Chemistry, 2015). doi:10.1039/9781782622628. 

81. Kuwahara, M., Glenn, J. K., Morgan, M. A. & Gold, M. H. Separation and 

characterization of two extracelluar H2O2-dependent oxidases from ligninolytic 

cultures of Phanerochaete chrysosporium. FEBS Lett. 169, 247–250 (1984). 

82. Purification and characterization of an extracellular Mn(II)-dependent peroxidase 

from the lignin-degrading basidiomycete, Phanerochaete chrysosporium. Arch. 

Biochem. Biophys. 242, 329–341 (1985). 

83. PaszczyÅ„ski, A., Huynh, V.-B. & Crawford, R. Enzymatic activities of an extracellular, 

manganese-dependent peroxidase from Phanerochaete chrysosporium. FEMS 

Microbiol. Lett. 29, 37–41 (1985). 

84. Paszczyński, A., Huynh, V. B. & Crawford, R. Comparison of ligninase-I and 

peroxidase-M2 from the white-rot fungus Phanerochaete chrysosporium. Arch. 

Biochem. Biophys. 244, 750–65 (1986). 

85. Cairney, J. W. G. & Burke, R. M. Do ecto- and ericoid mycorrhizal fungi produce 

peroxidase activity? Mycorrhiza 8, 61–65 (1998). 



P a g e  | 181 

 

86. Hatakka, A. Lignin-modifying enzymes from selected white-rot fungi: production and 

role from in lignin degradation. FEMS Microbiol. Rev. 13, 125–135 (1994). 

87. Peláez, F., Martínez, M. J. & Martínez, A. T. Screening of 68 species of 

basidiomycetes for enzymes involved in lignin degradation. Mycol. Res. 99, 37–42 

(1995). 

88. Hamid, M. & Khalil-ur-Rehman. Potential applications of peroxidases. Food Chem. 

115, 1177–1186 (2009). 

89. Ong, S.-T., Keng, P.-S., Lee, W.-N., Ha, S.-T. & Hung, Y.-T. Dye Waste Treatment. 

Water 3, 157–176 (2011). 

90. Bending, G. D., Friloux, M. & Walker, A. Degradation of contrasting pesticides by 

white rot fungi and its relationship with ligninolytic potential. FEMS Microbiol. Lett. 

212, 59–63 (2002). 

91. Kasai, N. et al. Metabolism of mono- and dichloro-dibenzo-p-dioxins by 

Phanerochaete chrysosporium cytochromes P450. Appl. Microbiol. Biotechnol. 86, 

773–780 (2010). 

92. Hatakka, A., Lundell, T., Hofrichter, M. & Maijala, P. Manganese Peroxidase and Its 

Role in the Degradation of Wood Lignin. in 230–243 (2003). doi:10.1021/bk-2003-

0855.ch014. 

93. V., A., M., H., M., A., E., M. & A., B. The use of extracellular enzymes from 

Streptomyces albus ATCC 3005 for the bleaching of eucalyptus kraft pulp. Appl. 

Microbiol. Biotechnol. 57, 92–97 (2001). 

94. Bibi, I., Bhatti, H. N. & Asgher, M. Decolourisation of direct dyes with manganese 

peroxidase from white rot basidiomycete Ganoderma lucidum -IBL-5. Can. J. Chem. 

Eng. 87, 435–440 (2009). 

95. Heinfling, A., Martínez, M. J., Martínez, A. T., Bergbauer, M. & Szewzyk, U. 

Transformation of industrial dyes by manganese peroxidases from Bjerkandera 

adusta and Pleurotus eryngii in a manganese-independent reaction. Appl. Environ. 

Microbiol. 64, 2788–93 (1998). 

96. Sundaramoorthy, M., Gold, M. H. & Poulos, T. L. Ultrahigh (0.93A) resolution 

structure of manganese peroxidase from Phanerochaete chrysosporium: 

implications for the catalytic mechanism. J.Inorg.Biochem. 104, 683–690 (2010). 



P a g e  | 182 

 

97. Sundaramoorthy$, M., Kishio, K., Gold, M. H. & Poulossn, T. L. THE JOURNAL OF 

BIOLOGICAL CHEMISTRY The Crystal Structure of Manganese Peroxidase from 

Phanerochuete chrysosporium at 2.06-A Resolution*. 269, 32759–32767 (1994). 

98. Sutherland, G. R. J., Zapanta, L. S., Tien, M. & Aust, S. D. Role of Calcium in 

Maintaining the Heme Environment of Manganese Peroxidase †. Biochemistry 36, 

3654–3662 (1997). 
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6 Thesis conclusions and outlooks  
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6.1 Introduction 

This thesis set out to find a novel way to sustainably achieve a net degradation of the highly 

recalcitrant biopolymer lignin in planta in a controlled manner which did not detrimentally 

impact plant growth and development. Lignin is a key biomolecule in the secondary cell 

walls of lignin containing (lignocellulosic) biomass, providing structural support for the 

growing plant, acting as a barrier against microbial and macro level challenges whilst also 

having essential roles in water transport. Lignocellulosic biomass is a widely used input 

biomass within variety of industries to produce various end products including:  the paper, 

textile and cosmetic industries, for bioethanol production and within the construction 

industry. However, the remarkable recalcitrance of lignin, a highly aromatic and 

heterogeneous biopolymer, within this input biomass has adverse effects on the output 

efficiency of the various products manufactured by the above-mentioned industries. As 

such, the potential ability to remove or decrease lignin present in the input biomass 

involved in these processes, without effecting normal plant growth or development, would 

offer significant economic dividends across various industries. 

Conversely, with such wide ranging and crucial functions, the degradation of lignin in the 

developing plant (using lignin degrading –lignolytic- enzymes) should not be carried out in 

an uncontrolled manner, as the consequences of such a course of action has been reported 

to be detrimental, or even lethal, to plant growth and development with the severity 

correlated to the expression level of the lignin degrading enzyme used. Furthermore, the 

discrete location of lignin within the secondary plant cell wall in lignocellulosic biomass 

adds a dimension of spatial targeting to any controlled mechanism which would potentially 

be able to achieve net lignin degradation in planta. Though the expression of heterologous 

enzymes in plants for the modification/production of target biopolymers or compounds is 

not a new phenomenon in plant biotechnology, the new understanding of the effects of 

expressing a high redox potential fungal Mn-peroxidase to the plant cell wall in planta, has 

begun the process of filling the gap on lignolytic enzyme expression, and the effect this may 

have on the change in lignin content, in first generation input biomass (such as maize) to a 

real world lignocellulosic biomass whole plant system (A.thaliana). 
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6.2 Aims 

As such, this thesis sought to answer the following major research question;  

‘Can an inducible gene expression system be created and used to carry 

out the temporospatially controlled degradation of lignin in planta 

within the model plant species Arabidopsis thaliana? ‘ 

In order to answer the research question, two key objectives were established which, if 

met, would act as a solid basis of empirical data from which an answer could be derived for 

the overall research question of the thesis: 

1. To create a cell wall targeted Cu2+  inducible gene expression system within the 

model organism Arabidopsis thaliana and to provide a proof-of-concept for the 

inducibility and sub-cellular targeting capacity of this novel inducible system using 

an engineered form of the well-studied and commonly used protein fluorophore 

marker gene engineered green fluorescent protein (EGFP). 

1. To transform a Trametes versicolor manganese peroxidase and an engineered 4-O-

methyltransferase into this inducible system and assess lignin content both before 

and after induction independent transgenic lines and synergistically in a hybrid line 

for in planta lignin degradation as a proof-of-concept for a novel auto-pre-

treatment strategy for lignin degradation in lignocellulosic biomass. 

 

6.3 Overview of thesis findings 

This chapter will act as an overall conclusion to the thesis, examining the empirical results 

generated in a synthesized manner and evaluating their relevance to answer the main 

research question posed as well as identifying theoretical and potential policy implications 

for the area of biological lignin degradation/valorisation. The empirical findings presented 

in this body of work are chapter specific and as such were summarized within the 

conclusion section c empirical chapters: Chapter 3 -Creation, transformation and 

characterisation of the first component of a novel binary cell wall directed copper inducible 

gene expression system in Arabidopsis thaliana; Chapter 4 - Functional validation of a 

binary copper inducible gene expression system using the fluorescent reporter gene 

engineered green fluorescent protein (EGFP) in Arabidopsis thaliana; Chapter 5 - 
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Application of a binary copper inducible gene expression system for the degradation of 

lignin in planta using a Trametes versicolor manganese peroxidase 3s (MnP3s) and an 

engineered monolignol-4-O-methyltransferase (MOMT4) in Arabidopsis thaliana). This 

section will amalgamate the empirical findings from each of these chapters to answer the 

overarching research question of the thesis: ‘Can an inducible gene expression system be 

created and used to carry out the temporospatially controlled degradation of lignin in 

planta within the model plant species Arabidopsis thaliana? ‘ 

6.3.1 Chapter 3 

In Chapter 3 of this thesis, the first empirical chapter, a large amount of molecular cloning, 

recombinant construct and vector creation were all carried out which comprised the work 

required for the creation of two variants of the activator component of the copper 

dependent S.cerevisiae derived ACE1-HA transcriptional activator binary gene expression 

system; the system which was subsequently used throughout all of the empirical chapters 

of this thesis. The major biological output of this chapter was the Agrobacterium 

tumefaciens mediated transformation and characterisation of transgenic A.thaliana Col-0 

overexpressing one or the other of the two variants the copper dependent S.cerevisiae 

derived ACE1-HA transcriptional activator; either constitutively (p35s::ACE1-HA) or auto-

inductively (pMRE-35s::ACE1-HA). This culminated in the generation of three lines 

constitutively expressing ACE1-HA (16001-01,26 and 20) to a low, medium or high level 

respectively, and an auto-inductive line (16002-23) which expressed ACE1-HA on a 

spectrum between the low constitutive level of 16001-01 and the medium constitutive level 

of 16001-26 upon induction. Having generated this first component (activator component) 

of the two component gene expression system which would act as the platform through 

which lignolytic enzymes could be expressed for inducible lignin degradation, the next step 

was to create the effector component of the system into which the transgenes of interest 

could be cloned. 

6.3.2 Chapter 4 

Chapter 4 of this thesis, much like the previous chapter, was comprised of a large amount 

of molecular cloning, recombinant construct and vector creation for the creation of two 

variants of the second component (effector component) of the copper dependent 

S.cerevisiae derived ACE1-HA transcriptional activator binary gene expression system. 

However, in contrast to Chapter 3, Chapter 4 sought to functionally validate the fully 

assembled binary copper inducible gene expression system and test its gene induction 
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capabilities and putative cell wall targeting/cytosol targeting capacity in planta in A.thaliana 

of the two novel binary vectors created as the ‘effector’ component of the binary copper 

inducible gene expression containing either the extensin-3 cell wall signalling motif for cell 

wall targeting (pGW-MRE-CW-Tnos) or a binary vector without the extensin-3 cell wall 

signalling motif for cytosolic expression (pGW-MRE-Cyto-Tnos). To test this the inductive 

capacity of this system and the cell wall targeting functionality of the 33-amino acid 

extensin-3 cell wall signal sequence, EGFP was cloned into the two binary vectors that were 

created as outlined above. The major biological output of this chapter was the 

Agrobacterium tumefaciens mediated transformation and characterisation of transgenic 

A.thaliana Col-0 ‘activator’ lines characterised in Chapter 3 transformed with binary vectors 

for either the either cell wall (pGW-MRE-CW-EGFP-Tnos) or cytosol (pGW-MRE-Cyto-EGFP-

Tnos) directed copper inducible expression of EGFP. Significant amounts of transcriptomic 

work in the form of qPCRs in response to various copper concentrations highlighted various 

inductive response patterns, culminating in line 16001-26 showing the most optimal dose-

dependent response pattern of the p35s::ACE1-HA activator background lines. However, 

the self-inducible line pMRE-35s::ACE1-HA 16002-23, although showing a much higher 

leakage level than in previous chapters (Chapter 3), was chosen to be brought forward for 

lignolytic enzyme cloning in Chapter 5 in order to avoid a type II error at the end of the 3 

years of research during the PhD. The efficacy of the 33-amino cell wall signalling motif was 

was proven conclusive under normal plant growth conditions, though pointed towards 

potential cell wall/cell membrane co-localisation of the EGFP transgene. 

6.3.3 Chapter 5 

Chapter 5 of this thesis sought to apply the binary copper inducible gene expression system 

created and characterised in Chapters 3 and 4 towards an applied biotechnological use in 

an investigation into its utility in carrying out the inducible degradation of lignin in planta 

when the following lignin degradation/modification (respectively) enzymes were cloned 

into the system; a Trametes versicolor derived manganese peroxidase (MnP3s) or an 

engineered monolignol-4-O-methyltransferase. These transgenic lines were then tested 

under a whole plant foliar spray treatment at 4ml/day of non-induced (ddH2O) vs induced 

(100µM CuSO4) conditions for transgene induction to the cell wall over a 28-day period, and 

through Ph-HCL based lignin staining of 2µM stem sections and associated greyscale digital 

image quantification analysis, changes in stem lignin content could be assayed. Crosses 

were also carried out to assess any synergy between the two enzymes. The major biological 

outputs of this chapter was the novel finding that under the binary copper inducible gene 
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expression system created herein, homozygous lines inducibly expressing the intron free 

putative T.versicolor MnP3s gene displayed a net decrease in lignin content after 28-days of 

induction in a whole plant setting, a finding which to our knowledge has not been 

previously reported in the literature to date and which challenges the widely held belief 

that net lignin depolymerisation may not be possible without a repolymerisation strategy. 

Furthermore, the binary copper inducible expression system also recapitulated in a whole 

plant setting the previously reported literature on the efficacy of the MOMT4 gene in 

reducing lignin content 78. Another major finding of this chapter was the apparent increased 

inductivity of the system in a whole plant foliar spray setting, as opposed to a 10-day old 

seedling qPCR assayed setting. Finally, the system also generated data that after crossing 

these homozygous lines that there was no clearly apparent synergy between the two 

enzymes when co-expressed (heterozygous) in comparison to backcrosses to the 16002-23 

self-inducible ACE1-HA activator line. 

6.4 Overall Conclusion  

In light of the evidence presented within this thesis, the theory that MOMT4, or any other 

biological repolymerisation preventative strategy used in the lignocellulosic biomass area, is 

necessary for a net degradation of lignin in planta needs to be revisited. This thesis suggests 

that using a lignolytic enzyme of a high enough redox potential (fungal derived), a net 

degradation of lignin can be achieved, likely due to the co-effect of the chemical inducer 

used throughout this study (Cu+2 from CuSO4.5H2O) generating ROS within the plant cell 

wall during lignin degradation, and which likely caused quenching of the reactive radical 

nature of cleaved lignin monomers/oligomers by donating electrons to form a stable 

electron pair. 

6.5 Policy implications 

Due the unique geo-political situation the UK finds itself in currently regarding BREXIT, this 

chapter may also serve to inform future policy on renewable energy technology 

advancements. With regards to any implications for governmental policy based on the 

novel knowledge furnished in this thesis that biological in planta pre-treatment strategies in 

lignocellulosic biomass may not need more than one lignolytic enzyme for significant 

reductions in the stem lignin content, any future policies created surrounding the use of 

lignocellulosic biomass as the primary input biomass for renewable energy purposes may 

take guidance from this point; as indeed may the amount and/or volume of any future 
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subsidies for renewable energy schemes, start-ups or currently operating companies that 

are dispensed by the government, an area likely to undergo some reform in the chaotic 

event of a UK BREXIT by October 31st
.
 In particular, any governmental initiatives to innovate 

in the lignocellulosic biomass renewable energy industry and to a lesser extent renewable 

fine chemicals industry, especially any transgenic initiatives, may find the results from this 

thesis to be of particular utility. Indeed, this work may add to the body of literature which 

could provide the knowledge for a niche GMO lignocellulosic energy industry in the UK 

which would both diversify energy input streams to the national grid as well as helping to 

reduce greenhouse gas emissions from non-renewable energy sources. 

6.6 Future Work 

The work outlined herein is not an exhaustive account of the degradation of lignin in 

planta, as even the processes and materials outlined in the preceding chapters is likely a 

simplification of the biochemical processes occurring within the secondary cell wall of my 

chosen model species A.thaliana. As such, this study will bolster the current literature on 

the topic of in planta lignin degradation and in doing so deposits into this body of 

knowledge the most interesting novel data generated from this thesis; that a net 

degradation of lignin in planta can be inducibly achieved with only one enzyme and the 

right chemical inducer (Trametes versicolor MnP3s and CuSO4.5H20). However, though the 

research question of this thesis has been answered (See Chapter 1), there is a plethora of 

unanswered questions of both a theoretical/basic biochemical nature, as well as of a more 

practical nature, which it has raised which should carried out in any future work. 

Forecasting of future trends in any area of life is fraught with high levels of uncertainty, 

however, it is also necessary to prepare for the future and give direction to any field. 

Future research on this topic, and the direction and areas for this future research with 

respect to the overall study area may include: 1 Repeating the lignin degradation 

experiments carried out in Chapter 5 of this thesis to test for both saccharification and 

ethanol yield efficiency changes both before and after transgene induction with Cu2+ 

relative to control lines in parallel to lignin content change. Reduction in lignin content is 

known to correlate with enhanced saccharification efficiencies, but changes in the 

crystalline cellulose structure are also known to decrease this, even in the presence of a 

reduced lignin content background. Non-biological methods for lignin reduction in 

lignocellulosic biomass are known to change cellulose structure, whilst biological methods 

are much milder, compound specific, often more cost effective and often do not modify the 
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molecular structure of crystalline cellulose. 2 Though it is beyond the scope of this thesis, 

the discovery that MnP3s from Trametes versicolor is capable of causing a net degradation 

of lignin in a Cu2+ inducible system may prompt future work in the renewable fine chemicals 

field. In particular, this thesis recommends that future work repeat the experiments in 

Chapter 5 but in addition researchers should aim to investigate what pools, if any, of 

phenolic and non-phenolic compounds have been generated as cleavage products from 

MnP3s activity in the plant cell wall. This may involve various methods using complex mass 

spectroscopy-based methods or optical methods such as raman spectroscopy. In doing so, 

this type of future study may reveal a dual utility for novel transgenic lignocellulosic 

biomass in both the renewable energy sector but also in the renewable fine chemicals 

sector. A key future prospective study naturally  

3 As outlined at the end of Chapter 3, future work using this system may look to 

improvements in fold induction upon inducer application to the self-inducible gene 

expression system by translationally fusing the VP16 activation domain to the ACE1-HA, 

adding more MRE elements and reducing the –90bp CaMV promoter to the –46bp CaMV 

promoter for reduced basal transgene leakage. Future uses of the system could also test 

other cell wall signalling sequences to see if a more robust cell wall localised signal can be 

achieved (though extensin-3 has been shown to be functional for this purpose). 4 The 

continuation of the hybrid line(s) for MnP3sXMOMT4 to homozygous stage to see if 

transgene dosage is the cause of the lack of decreased lignin degradation when these 

enzymes are present together. 5 The cloning of more lignin degrading enzymes into the 

system, in isolation and in synergy, to see if there is a greater or lesser reduction in lignin 

content after transgene induction from the system is also recommended. Of particular 

interest would be future work cloning both cellulases and lignin degrading enzymes 

together into the system, with subsequent testing of the saccharification and ethanol yield 

efficiencies. A working transgenic of this genetic make-up may serve as the foundation for a 

novel ‘4th Generation’ of bioethanol production, all self-contained within the biomass itself. 

In this ‘4th Generation’ model of bioethanol production, modifications of cell wall properties 

in input lignocellulosic biomass to reduce lignin content or make it more amenable to 

degradation would also be recommended for future work. 
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8 Appendices 
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8.1 RNA Quality Control Gels 

8.2 Chapter 3 - 24hr screen of basal transgene leakage/ auto-

induction 

 

8.2.1 3hr, 7hr and 24hr time points 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. 1 – a) 1.0% agarose gel run at 100 volts to check RNA quality of x6 pMRE_35S::ACE1-HA transgenic lines 

16002-15, 27, 07, 39 and 23 carrying a single locus insertion post Dnase digestion to remove genomic DNA. b) 

1.0% agarose gels run at 100 volts to check RNA quality of x6 MRE_35S::ACE1-HA transgenic lines 16002-15, 27, 

07, 39 and 23 carrying a single locus insertion before Dnase digestion to remove genomic DNA. 
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8.3 Important vectors used in cloning 

8.3.1 pDONR221 binary vector map 

 

 

 

 

 

 

Fig. 8. 2 – S… BP reactions were performed using the BP Clonase II enzyme mix …chematic image of plasmid 

map for the binary vector pDONR221 used as the backbone vector for cloning of the S.cerevisiae derived ACE1-

HA copper response transcription factor to generate the binary vectors p35S::ACE1 and pMRE-35S::ACE1 as 

seen in Chapter 3, Fig. 3. 1(1&2). This comprised the ‘(trans)activating’ binary component of the binary CuSO4 

inducible gene expression system. 
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8.3.2 pK2WG7 binary vector map 

 

 

 

 

 

 

 

Fig. 8. 3 – Schematic image of plasmid map for the binary vector pK2WG7 used as the backbone vector for 

cloning of the S.cerevisiae derived ACE1-HA copper response transcription factor to generate the binary vectors 

p35S::ACE1 and pMRE-35S::ACE1 as seen in Chapter 3, Fig. 3. 1(1&2). This comprised the ‘(trans)activating’ 

binary component of the binary CuSO4 inducible gene expression system. 
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8.4 Chapter 4 – EGFP leakage and inductivity – Constitutive 

ACE1-HA 

8.4.1 ddH2O and 25µM CuSO4 treatments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Fig. 8. 4- a) 1.0% agarose gel ran at 100 volts to check RNA quality of (x54) 35S::ACE1-HA_GFP transgenic lines 

(post Dnase digestion) carrying a single locus insertion harvested 5hrs post-induction with 3ml of ddH20. b) 

1.0% agarose gel ran at 100 volts to check RNA quality of (x54) 35S::ACE1-HA_GFP transgenic lines (post Dnase 

digestion) carrying a single locus insertion harvested 5hrs post-induction with 3ml of 25µM CuSO4. 

a) 

b) 
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8.4.2 100µM and 500µM CuSO4 treatments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. 5- a) 1.0% agarose gel ran at 100 volts to check RNA quality of (x54) 35S::ACE1-HA_GFP transgenic lines 

(post Dnase digestion) carrying a single locus insertion harvested 5hrs post-induction with 3ml of 100µM CuSO4. 

b) 1.0% agarose gel ran at 100 volts to check RNA quality of (x54) 35S::ACE1-HA_GFP transgenic lines (post 

Dnase digestion) carrying a single locus insertion harvested 5hrs post-induction with 3ml of 500µM CuSO4.  

 

a) 

b 
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8.5 Important vectors used in cloning 

8.5.1 pCambia1300 binary vector map 

 

 

 

Fig. 8. 6 – Schematic image of plasmid map for the binary vector pCambia1300 used as the backbone vector 

into which the constructs which generated the binary vectors pGW-MRE-CW-Tnos and pGW-MRE-Cyto-Tnos as 

seen in Chapter 4, Fig. 4. 1(1&2). Genes of interest to be inducibly expressed by CuSO4 activated ACE1-HA were 

subsequently cloned into the novel binary vectors created using this backbone. This comprised the ‘effector’ 

component of the binary CuSO4 inducible gene expression system. 
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8.6 Chapter 5 – MnP3s and MOMT4 leakage and inductivity - 

Self-inducible ACE1-HA background 

8.6.1 100µM CuSO4 treatment (5hr incubation) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. 7 – a,b&c) 1.0% gel of MnP/MOMT4 ddh20/100um cuso4 5hr induction experiment ran on the 19-07-

18. All RNA's appear to be free of gDNA contamination and have not degraded.  

 

a) 

b) 

c) 
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8.7 Supplementary Lignin Staining Data 

8.7.1 Custom ImageJ macro used for image transformation, processing, 

analysis and quantification of Ph-HCL stained Arabidopsis stem 

sections 

 

LigninQuant.ijm 

run("8-bit"); 

run("Bandpass Filter...", "filter_large=40 filter_small=3 suppress=None 

tolerance=5"); 

run("Subtract Background...", "rolling=50 light"); 

run("Properties...", "channels=1 slices=1 frames=1 unit=microns pixel_width=0.4292 

pixel_height=0.4292 voxel_depth=25400.0508000"); 

makeRectangle(365, 142, 1829, 1747); 

run("Crop"); 

//run("Threshold..."); 

setAutoThreshold("MinError"); 

setThreshold(174, 242); 

//setThreshold(174, 242); 

setOption("BlackBackground", false); 

run("Measure"); 

 

Fig. 8. 8 – ‘LigninQuant.ijm’ ImageJ macro used for the greyscale transformation and average pixel intensity 

quantification of 2% Ph-HCL stained transgenic Arabidopsis stem sections. 
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8.7.2 MnP3s and MOMT4 significantly reduce stem lignin content in 

transgenic Arabidopsis thaliana after a 28-day daily foliar spray 

treatment with 100µM CuSO4 - Non-responsive lines included. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. 9 - Mean change in normalized greyscale pixel intensity as fold over control lines for both the MnP3s and 

MOMT4 transgenic line(s) including both responsive and non-responsive lines. 
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Table. 8. 1 - Post-hock unpaired t-test comparison of mean change in normalized greyscale pixel 

intensity after a 28-day treatment regime as foliar spray with 4ml/day of 100µM CuSO4 in the 16002-

23 self-inducible ACE1-HA activator background lines also homozygous for either the binary vector 

plasmid pMRE-CW-MnP3s-Tnos or pMRE-CW-MOMT4-Tnos relative to the mean control line(s) 

greyscale pixel intensity change. 

 

 

 

 

 

 

The results of an unpaired t-test Table. 8. 1 found that there was no significant difference in 

the mean change (decrease) in Ph-HCL stainable stem lignin content after 28-day  

treatment between the average generated for control transgenic lines (includes 16002-23 

ACE1, 16002-23 EGFP7 and 16002-23 EGFP20) vs the average generated for both 16002-23 

MnP3s; and 16002-23 MOMT4; when excluding non-responsive lines (16002-23 MnP15 

and 16002-23 MOMT34). These results suggest that when taking into account both 

responsive and non-responsive transgenic lines of my binary gene expression system a daily 

treatment as foliar spray with 100µM CuSO4 does not result in a significant reduction in the 

Ph-HCL stainable stem lignin content in transgenic lines containing a lignin 

degrading/modifying effector enzyme compared to that seen under the same treatment 

conditions in control lines. 

 

Line No. t     df Sig. 

16002-23 MnP3s   0.8636         6 0.4210 

16002-23 MOMT4 

 

    1.312          4 

 

 

0.2597 

 


