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Abstract 
 

Analysis of Roles of Laccases in Lignin Biosynthesis in  

Arabidopsis thaliana 
 

by 

Adisorn Chaibang 

Doctor of Philosophy in Plant Biology 

University of California, Berkeley 

Professor Chris R. Somerville, Chair 

 
 
Laccases (benzenediol: oxygen oxidoreductase; EC 1.10.3.2) are multi-copper oxidases 
that have a loose substrate definition, capable of oxidizing a wide range of phenolic 
compounds, and transferring electrons to molecular oxygen to generate water. Previous 
genetic studies identified roles for Arabidopsis Lac 4 and 17 in lignin deposition, but did 
not address the mechanism of their actions.  In this study, I further characterized T-DNA 
insertion lines in the lac4 and lac17 genes.  I reproduced the xylem collapsed phenotype 
and the reduced lignin content from lac 4-2/17 double knock out mutant. I also 
complemented the double mutant by using a native promoter of Lac4 or Lac17 to drive 
the expression of Lac4 or Lac17 coding DNA sequence.  I showed that the transgene 
restored the Mäule stain phenotype of lac4-2/17, making them become indistinguishable 
from wild type plants. Lignin from lac4-2/17 double mutant in Arabidopsis thaliana was 
further characterized using 2D NMR spectroscopy.  My collaborator and I found that the 
Guaiacyl (G) unit was reduced, and the phenylcoumaran inter-unit linkages almost 
disappeared in lignin samples of the double mutant compared to that of the wild type.  I 
then tested whether changing the ratio of guaiacyl (G) and sinapyl (S) subunit of lignin 
up-stream of laccase could rescue the lignin content of the laccase double mutant.  The 
lac4-2/17/fah1-2/C4H-F5H quadruple hybrid was generated by transforming the lac4-
2/17/fah1-2 triple mutant with the C4H-F5H construct.  The lignin of the quadruple 
hybrid lines was rich in S and very low in G unit.  However, the lignin content was not 
restored to the wild type level, which indicated that the two laccases, 4 and 17, were not 
specific to either S or G. Efforts to express and purify Lac4 from heterologous hosts to 
study the enzyme property were not successful.  I further investigated whether other 
laccases were interchangeable with Lac4 and 17 by attempting to complement the Mäule 
stain phenotype of 4-2/17 plants with one of the other laccases from A. thaliana, Rhus 
vernicifera, or Trametes versicolor.  I found that Lac10, 11 and 17 fully restored the 
phenotype of 4-2/17, while Lac 1, 2, 5, 12 restored the phenotype only partially.  Lac 3, 
15, and Laccases from R. vernicifera, T. versicolor did not complement. The results 
indicated that not all laccases in A. thaliana were functionally equivalent. 
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1 

1 Introduction 

1.1 Lignin in Plant cell walls 
Lignin is the second most abundant biopolymer in the biosphere after cellulose 

(Battle et al. 2000).  It is a complex phenolic heteropolymer that gives structural strength 
to water transport elements allowing them to withstand the negative pressure from 
transpiration, as well as supporting their weight by providing compressive resistance 
(Boerjan et al. 2003; Bonawitz and Chapple 2010).  In addition, lignin is deposited in 
response to biotic and abiotic stress and wounding.  Lignin is also highly resistant to 
chemical and mechanical disruption, protecting plants from herbivores and pathogens.  
These qualities prevent efficient use of cellulosic material for animal feeds, pulping and 
for biochemical feedstock (Bonawitz and Chapple 2010). Understanding the mechanisms 
of lignin biosynthesis and structure will benefit us by not only filling in the gaps in our 
knowledge about lignin, but will also benefit industrial uses of lignocellulosic biomass. 

1.1.1 Compositions and structures 
It is difficult to determine the whole structure of lignin polymers.  Extraction is 

often inefficient, and favors smaller structures.  After extraction, studies using destructive 
methods such as thioacidolysis or DFRC only cleave one type of bond (β-O-4), therefore 
not giving a complete picture of the polymer (Ralph et al. 2004a).  Whole cell wall NMR 
analysis requires ball-milling until the wall particle size is small enough to be soluble in 
the solvent system, which also breaks lignin polymers (Chang et al. 1975). A mass 
spectrometry-based method to read the sequence of lignin monomer is under 
development, but have not been able to read longer than an octamer (Morreel et al. 2010). 
The state of the art method, NMR spectroscopy, can only detect the type and frequency 
of the subunits, and the inter-unit linkages, but not the actual structure of the whole 
polymer (Morreel et al. 2010; Ralph et al. 2004a). Because of these technical difficulties, 
it is currently not possible to determine the exact molecular structures of native lignin 
polymers. The prevailing model of lignin formation is based on the proposal that lignin is 
formed by free radial polymerization processes, and there has been no conclusive 
evidence of assistance from proteins or any types of templates. Therefore, the sequence 
of the monolignols is believed be indeterminate, unlike DNA or proteins. Rather, the 
probability of adding a specific monomer onto existing chains of lignin polymer depends 
on physical factors such as relative concentrations, the stability of intermediates, or steric 
interactions (Bonawitz and Chapple 2010). 

 
The best current description of lignin structure is based on two measurable 

quantities: the subunit composition, and the relative frequency of the different inter-unit 
linkages.  In angiosperms, lignin is composed of three major types of subunits:  coniferyl 
alcohol (G) and sinapyl alcohol (S),  with p-coumaryl alcohol (H) as a minor component 
(Figure 1-1) (Boerjan et al. 2003).  Some plant species or certain developmental stages 
contain more H than others (Rencoret et al. 2011).  Each subunit has the chemical 
propensity to form a certain type of linkage more often than others.  As a result, the 
composition of the subunits influences the overall structure of the polymer.  Monocots 
have ferulate and p-coumarate in addition to S, G, and H subunits.   Gymnosperms do not 
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have S (Baucher et al. 1998; Faix 1991).  Most non-flowering, non seed plants do not 
have S, with a few exceptions (Bonawitz and Chapple 2010). In plants with mutations in 
the phenylpropanoid synthesis pathway, other non-standard lignin monomers such as the 
aldehydes of S, G or H were also detected (Marita et al. 2003; Ralph et al. 2001). 

 
 Inter-unit linkages are one other aspect of lignin structure that has been studied 
extensively.  The majority of inter-unit linkages are β-O-4 (A), which forms when a 
monolignol is added to an oligomer (Figure 1-1).  This linkage is the easiest to cleave 
chemically.  Phenylcoumaran or β-5 (B) forms when a monolignol is added to a guaiacyl 
unit; finally β-β or resinol (C) forms when two monolignols dimerize.  These three types 
of linkages are present in linear polymers.  The next two types of linkages: 5-5 and 4-O-
5, create branched structures.   In 5-5 linkage, a cyclic structure detectible with NMR 
spectroscopy, called dibenzodioxocin, is formed after the 5-5 bond, creating one growing 
end from the two original linear polymers.  Another branching structure, the 4-O-5 bond, 
is not been detected with NMR, but was detected in analysis with degradative methods 
(Peng et al. 1998).   The information about types and frequency of inter-unit linkages led 
to the proposal that lignin polymers are mostly linear, with infrequent branch points.  The 
order of each monomer within each polymer is assumed to be random.  Units linked 
together with bonds other than the β-O-4 are nonhydrolyzable, and appear to be a racemic 
mixture (Ralph et al. 1999).  Models of lignin molecules were proposed (Boerjan et al. 
2003; Ralph et al. 2004a), but it remains impossible to confirm the structure 
experimentally because of the technical difficulties discussed earlier.  The details of how 
radical coupling creates and favors each type of linkage are discussed in 1.1.4. 
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Figure 1-1 Major subunits and Inter-unit linkages in lignin 
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1.1.2 Monolignol synthesis 
The biosynthesis pathway of monomers was extensively studied genetically and 

biochemically.  The monomers are synthesized from phenylalanine via the 
phenylpropanoid pathway (Figure 1-2).  The first committed step is catalyzed by PAL 
(phenylalanine ammonia-lyase), which deaminates phenylalanine to form cinnamate, 
which is then hydroxylated at position 4 of the aromatic ring by C4H (cinnamate 4-
hydroxylase) to form p-coumarate. 4CL (4-coumarate-CoA ligase) and HCT (shikimate 
by shikimate p-hydroxycinnamoyl-CoA transferase) then convert p-coumarate to 
intermediate p-coumaroyl-CoA, and then to a shikimate conjugate, so that C3H can 
hydroxylate at position 3 of the aromatic ring.  Afterward, a methoxylation reaction 
catalyzed by CCoAOMT (caffeoyl-CoA O-methyltransferase), followed by the cleavage 
of CoA by CCR (cinnamoyl-CoA reductase) produces coniferaldehyde, a common 
intermediate between G (coniferyl alcohol) and S (sinapyl alcohol) subunit.  From this 
point, the aldehyde intermediate can be reduced by CAD (cinnamyl alcohol 
dehydrogenase) to form coniferyl alcohol.  Coniferaldehyde can also be hydroxylated at 
position 5 by F5H (ferulate 5-hydroxylase), which is then methoxylated by COMT 
(caffeic acid O-methyltransferase), and reduced by CAD to form sinapyl alcohol which 
forms S unit in lignin.  P-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol are the 
major three monolignols (Boerjan et al. 2003; Bonawitz and Chapple 2010). 

 
Figure 1-2 Phenylpropanoid synthesis pathway, figure reprinted from Bonawitz  (2010).  
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1.1.3 Monolignol transport  
 Lignin monomers are synthesized in the cytoplasm.  Before they can be 
polymerized into the cell wall, they need to be transported into the apoplast.  Genetic 
evidence of this process is not well-established.  It was previously hypothesized that 
monolignols are transported in glucoside form called coniferin, via vesicle trafficking.  
This hypothesis was proposed based on experiments in which labeled coniferin was fed 
into developing xylem (Pickett-Heaps 1968; Terashima and Fukushima 1988).  
Autoradiograph signals were detected in the lignified cell walls.  Later experiments 
showed that β-glucosidase activity and coniferin accumulation correlates with secondary 
cell wall formation in gymnosperms.  Golgi-like structures were identified from the 
autoradiograph, leading to the hypothesis that monolignols were transported via vesicles 
(Pickett-Heaps 1968).  However, a recent study from Kaneda et al. (2008) presented 
evidence contrary to this hypothesis.  Radiolabeled phenylalanine was fed to developing 
xylem, and the tissue was fixed by rapid cryofixation to limit vesicle formation and 
diffusion.  The accumulation of radioactivity in the Golgi was inhibited by a protein 
synthesis inhibitor, but the transport of radiolabeled compound to the wall was not 
affected (Kaneda et al. 2008).  The results suggested that the majority of radioactivity in 
the ER and Golgi are from protein, and that the vesicle transport hypothesis is likely 
inaccurate. 
 
 An ABC transporter hypothesis was proposed by Liu (2012), based on transporter 
uptake experiments with plasma membranes (PM) and tonoplasts.  They found that 
monolignols can be transported into inverted plasma membrane vesicles in an ATP-
dependent manner, while sugar-conjugates were transported specifically by vacuolar 
membranes.  For either the plasma membrane or the tonoplast, the uptake could be 
saturated, indicating that the transport process involves protein binding and not 
channeling.  ABC transporter inhibitors could reduce the uptake for both types of the 
membrane.  The PM transporter appears to be less substrate-specific, able to transport p-
hydroxycinamyl alcohol and other related aldehydes.  The less-substrate specific nature 
of the PM transporter might explain the plasticity of lignin polymer, where non-native 
monomers generated by a mutation or a transgene insertion could be incorporated into the 
lignin polymer.  The genetic evidence of these monolignol transporters has not been 
established, however (Liu 2012).  

1.1.4 Radical coupling in lignin formation 
After being transported into the wall space, the monolignols are then oxidized by 

oxidative enzymes forming the corresponding radical species, which then polymerize, 
creating inter unit linkages in lignin structures.  Unlike many radical polymerizations that 
are chain reactions, radical coupling in lignin consumes two radicals to produce a bond.  
In order for another bond to form, more free radicals need to be generated.  When a 
monolignol molecule is oxidized into a radical species, the unpaired electron delocalizes 
throughout the conjugated bond system, and favors the β position of the monomer 
(Figure 1-3).  When the unpaired electron on the β position couples with another unpaired 
electron on oxygen at position 4 of the aromatic residue at the end of a growing polymer, 
a β-O-4 bond is formed.   The immediate product is a quinone methide (Figure 1-4 A) 
which is then reacts with water to re-aromatize, and adding a hydroxyl group at gamma 
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position. β-O-4 is the most abundant form of inter-unit linkages in natural lignin. This 
unit then becomes the new end of the polymer, and the cycle can repeat. 

 

                         
Figure 1-3   Electron delocalization on a coniferyl alcohol molecule  
 
 If the end of the polymer is a G unit, a phenylcoumaran linkage can sometimes be 
formed.  Instead of reacting with the unpaired electron on position 4 oxygen of a growing 
end of the polymer, the electron can couple at position 5 of the aromatic ring, forming β-5 
bond.  This position is not available in S unit, because it is already occupied by a 
methoxy group.  The quinone methide intermediate re-aromatized using the oxygen from 
position 4 instead of water, producing a cyclic structure called phenylcoumaran which 
has a carbon-carbon bond, making it more rigid, more hydrophobic, and more chemical 
resistant than β-O-4  (Figure 1-4 B).  The last type of common inter unit linkage in lignin 
is resinol, which is formed when two free monolignols couple at the β position, followed 
by the re-aromatization reaction by the OH end groups (Figure 1-4 C).  This is the most 
abundant product when an oxidizing enzyme such as peroxidase or laccase is added to a 
solution of free monolignols in vitro, which demonstrates the high propensity of radical 
coupling at β position.  In native plant lignin, however, resinol is a minor product.  
 
 In addition to monomer-monomer, and monomer-polymer condensation, two 
chains of polymer can also fuse. When a guaiacyl unit at the end of one polymer 
condenses with the end of another polymer, a 4-O-5 or a 5-5 linkage is created.  Both of 
these units can accept further monolignols, creating a branched structure.  When unpaired 
electrons at position 5 of two guaiacyl end units couple, a 5-5 linkage is formed.  The 
hydroxyl groups at position 4 of both oligomers can then condense with another 
monomer, forming a ring structure called dibenzodioxocin detectable with 2D NMR 
analysis (Figure 1-1).  This monomer becomes a new growing end of the branched 
polymer.  Another type of branched structure, 4-O-5, is formed when an unpaired 
electron at position 5 of a guaiacyl end couples with position 4 hydroxyl of another chain 
(Figure 1-1).  The guaiacyl unit can be oxidized again, and forms a bond at the 4-hydroxy 
position, which becomes a new growing end of the polymer (Bonawitz and Chapple 
2010; Ralph et al. 2004a). 
  
 Enzymes proposed to carry out these radical formation reactions are peroxidases 
and laccases.  Peroxidases play a role in the development of the endodermis of the root 
(Geldner 2013), and laccases are involved in vascular tissue and fibers (Berthet et al. 
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2011; Zhao et al. 2013).  The focus of this thesis will be on laccases, which will be 
discussed in detail in section 1.2.  
 
 

 
Figure 1-4 Diagram of three patterns of radical coupling, generating the 3 main types of 
lignin inter-unit linkages.  Figure reprinted from Bonawitz (2010).  
  

1.1.5 Lignin-Carbohydrate complex 
Lignin is covalently bound to hemicellulose and pectin in the cell wall. A Lignin-

carbohydrate complex (LCC) can be extracted from cell walls of gymnosperms, 
angiosperms and grasses (Azuma and Koshijima 1988; Azuma et al. 1981).  In 
hardwoods and softwoods the carbohydrate was identified to consist of arabinose, xylose, 
mannose, galactose, glucose and uronic acids (Azuma and Koshijima 1988; Azuma et al. 
1981; Koshijima et al. 1984), which are components of hemicellulose and pectin.  The 
linkage between lignin and sugar was identified to be an ether (Watanabe et al. 1989) or 
ester bond (Watanabe and Koshijima 1988). The analysis using 13C NMR was 
accomplished by enriching the alpha carbon of coniferyl alcohol with 13C and feeding it 
to plant stems allowing the identification of the ether and ester carbohydrate linkage to be 
at the alpha position of the lignin subunit (Xie et al. 2000).  The same experiment but 
with enriched beta or gamma carbon did not detect any lignin-carbohydrate bond, 
suggesting that the bonds are primarily at the alpha carbon (Xie et al. 2000). These bonds 
were proposed to be produced when a hydroxyl or carboxyl group from carbohydrates, 
instead of water, undergoes a nucleophilic attack at the alpha carbon of the quinone 
methide after a radical coupling event (Barakat et al. 2007).  However, water is present in 
much higher concentration than the hydroxyl groups, which lead some authors to be 
skeptical about this model (Ralph et al. 1995).  But the presence of these ether or ester 
bonds is strongly supported by the NMR study  (Xie et al. 2000). 
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 The possibility to form the ether or ester bond between lignin and carbohydrate 
was demonstrated by polymerizing lignin in presence of hemicellulose. Barakat et al. 
(2007) detected the ether and ester bonds at the alpha position of the lignin subunit.  The 
group proposed that the hydrophobic microenvironments produced by the growing lignin 
polymer might play a role in the formation of the carbohydrate-lignin bonds.  However, 
because the linkage between lignin and carbohydrate is rare compared to other types of 
linkages, NMR or other spectrographic signals reported in model studies are usually 
weak.  In addition, it is possible that the in vivo process differs from the results from 
model lignin studies.  The mechanism behind the formation of the ether and ester bonds 
remains an open question.  
 

Another type of lignin-carbohydrate complex that was studied extensively is the 
linkage between lignin based ferulate conjugated to polysaccharides. In grasses as in 
other Commelinoid monocotyledons, ferulate can comprise up to 4% of the cell wall 
mass (Saulnier et al. 1999).  Ferulate is conjugated to the arabinose side chain of 
glucurono-arabinoxylans (GAX) (Vogel 2008).  These ferulate conjugates can dimerize 
and cross-link the polymer chains together (Ralph et al. 2004a). In addition, they can also 
act as a radical nucleation site that starts the lignin radical coupling polymerization 
process (Ralph et al. 1995), and as a result anchor the lignin polymer to the hemicellulose 
of the wall.  
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1.2 Laccase 
Laccase (benzenediol: oxygen oxidoreductase; EC 1.10.3.2) was first described in 

the sap of the Japanese lacquer tree Rhus vernicifera more than a hundred years ago 
(Yoshida 1883).  The enzyme was found in a large gene family in plant species, as well 
as in fungi and bacteria.  Arabidopsis has 17 putative laccase genes, which was the reason 
why little genetic work had been done on them at the time I began this study.  Lac4 and 
Lac17 were on the list of genes whose expression pattern was highly correlated with that 
of cellulose synthases of the secondary cell walls (Persson et al. 2005).  In a preliminary 
genetic analysis of the genes, I discovered that single knock out mutants of Lac4 and 
Lac17 led to a mild xylem collapse phenotype, which implied their roles in lignin 
formation (See chapter 3.1, Figure 3-1).  This was an interesting result, because at the 
time, laccase was not believed to be involved in lignin biosynthesis.  Shortly after I began 
to investigate the genetics of Lac4 and Lac17, another research group (Berthet et al. 
2011) published a comprehensive genetic study of the two laccases, and convincingly 
showed genetic evidence confirming that they are involved in lignin formation.  

1.2.1 Properties and Enzymatic activity 
 Laccases belong to a group of multi-copper oxidases, catalyzing oxdidation 
reactions of a variety of small molecule substrates including phenolic compounds and 
monolignols, producing the corresponding radical species, and using molecular oxygen as 
an electron acceptor.  The free radical species can then react non-enzymatically in 
polymerization reactions, polymer degradations, or aromatic ring cleavage reactions 
(Dwivedi et al. 2011).  Although the genetic evidence of laccase’s involvement in 
lignification has only recently been established, in vitro studies had established that 
laccase can react with lignin monomers and produce a lignin-like polymer or DHP 
(Berthet et al. 2011). Laccases of plants and fungi are secreted glycoproteins, with 
molecular weights ranging from 50-100 kDa and have 10-45% of glycosylation by mass 
(Dwivedi et al. 2011).  The crystal structures of many fungal laccases had been solved 
(Ferraroni et al. 2007).  Each molecule of the enzyme contains 4 copper atoms, which 
transfer electrons from the substrate and reduce molecular oxygen into water (Figure 
1-5).  The copper clusters were classified into 3 types based on their spectroscopic 
signature.  The Type 1 copper center is characterized by its strong absorption at 600 nm, 
giving the blue color to the enzyme.  Type 2 copper shows no absorption in visible 
wavelengths, and has a characteristic EPR signal.  Type 3 copper centers are 
characterized by a pair of copper atoms which are EPR-silent and antiferromagnetically 
coupled.   Type 2 and 3 coppers form a tri-nuclear cluster, where the reduction of oxygen 
molecules takes place (Ferraroni et al. 2007).   
 

Substrate molecules are oxidized via direct interaction with the active site of 
laccase, transferring electrons to a type 1 copper center.  Electrons are then shuttled to the 
tri-nuclear cluster via Cys and His residues, where the reduction of oxygen takes place.  
In the fully oxidized state, all 4 coppers are Cu(II) and there are two atoms of oxygen 
trapped in the tri nuclear cluster.  Four electrons from the substrate rapidly reduce both 
oxygen atoms, combining them with hydrogen ions from the solution, and releasing two 
water molecules.  All copper atoms in the enzyme become Cu(I), the tri-nuclear cluster 



 

 
 

10 

then traps an oxygen molecule, all copper atoms are then oxidized to Cu(II) state, 
regenerating an oxidized enzyme for the next reaction cycle  (Claus 2004; Ferraroni et al. 
2007). 
 
 
 

 
Figure 1-5 Schematic drawing of copper centers in laccases (Adapted from Dwivedi et 
al., 2011) 
 

1.2.2 Genetic Studies 
At the beginning of this study, laccase was not believed to be involved in lignin 

formation due to genetic experiments performed in the pre-genome era.  Notably, 
Ranocha and colleagues (2002) studied laccase knock-down lines in poplar, using anti-
sense technology, and found that there was no significant change in lignin content despite 
the significant reduction of specific laccase transcripts.  Berthet et al. (2011) and Zhao et 
al. (2013) later produced strong genetic evidence indicating that laccases play a key role 
in lignification, at least in Arabidopsis.  

  
Berthet et al. noticed that Lac4 and Lac17 were the major species of expressed 

laccase in Arabidopsis stems.  When both of them were knocked out, the Arabidopsis 
mutant had a 40% reduction in lignin content.  The majority of the missing unit was G, 
while the S unit remained almost unchanged. They also showed that the lignin phenotype 
of a Lac17 knockout mutant could be complemented with a genomic fragment of Lac17, 
but only when it was driven by the native Lac17 promoter and the 3’ untranslated region 
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(3’ UTR) was included in the construct.  Constructs driven by the 35S promoter did not 
complement. Transcription analysis showed an overall reduction of the phenylpropanoid 
pathway transcripts.  The transcript level of F5H, which converts G intermediates to S 
units, was reduced in the double mutant, which should have resulted in more G unit being 
accumulated.  Instead, they observed that the G unit was reduced, and therefore, the 
transcription data could not explain why the some of the G units were missing (Berthet et 
al. 2011).  

 
A later study published by Zhao and colleagues (2013) showed that when Lac4, 

17 and 11 were knocked out together, lignin deposition was almost abolished, the 
mutants were dwarfed, and their pollen did not mature.  Their roots appeared to be 
completely devoid of lignin, and the vascular system did not develop normally.  Stems 
did not progress from the juvenile stage, and very little lignification was detected by UV 
autofluorescence or by histochemical staining.  The Casparian strips, however were 
unaffected.  Transcription profiling analysis using microarray revealed that many 
peroxidases were up regulated, but the fact that there was no lignification in root 
suggested that peroxidase could not substitute the function of laccases. Overall, this study 
indicated that Lac 4, 11, and 17 were the major contributors to lignification in vascular 
tissues.  The possibility that peroxidases work down-stream of laccases could not be ruled 
out, which would have explained why peroxidase transcripts were upregulated in the 
absence of laccases.  Metabolite analysis showed an increase in glucosides of 
monolignols and lignans, which are dimers of monolignols, but there was no significant 
change in the levels of free monolignols. The developmental defects observed in the 
triple mutant were not believed to be the results of monolignol accumulation, but rather, a 
consequence of lignin deficiency (Zhao et al. 2013). 

 
Ronocha’s results were, however, not necessarily in conflict with these findings.  

The poplar genome had been sequenced by the JGI (Tuskan et al. 2006). A BLAST 
search using A. thaliana lac4 (AtLac4) amino acid sequence against the translated poplar 
genome database identified more than 60 Coding DNA Sequences (CDS) that matched 
with the AtLac4 sequence, and 50 of them grouped together in the same clade with 
Arabidopsis laccases, indicating that they are laccase orthologs and paralogs.  Thus, it is 
possible that in the experiments of Ranocha et al. (2002) other laccases compensated for 
the missing transcripts, leading to normal levels of lignin.  In addition, some localized 
defects might not translate to a significant change in the overall lignin contents.  Ranocha 
(2002) discovered through transmission electron microscopy (TEM) imaging that in one 
knock-down line, poplar lac3, the lignified cell walls show some defects.  They found 
that some cell walls were separated at the middle lamella, or at the secondary cell wall.  
Such a defect might be too small to appear in a gross lignin content analysis.  

1.2.3 Evolution of laccases  
Genes coding for laccase were detected in fungi, bacteria, and plants.   

When a phylogenetic tree was constructed using laccase from flowering plants and 
gymnosperms to lower plants and algae, seven clades were observed (Figure 1-6).  
Laccases from angiosperms were present in all seven, but those from gymnosperms were 
missing in a cluster containing AtLac7, 8, 9, which suggested that the six clades diverged 
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before the separation of gymnosperms and angiosperms.  Sequences from lower land 
plants clustered with AtLac1 and AtLac6.  In Arabidopsis Lac17 was in a different 
cluster from that of Lac4 and Lac11.  There were no orthologs of Lac4, 11, and 17 in 
lower plants, suggesting that they had diverged after seed plants evolved (Zhao et al. 
2013). 
 

 
Figure 1-6 Laccase evolution tree, reprinted from Zhao et al. (2013)  
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1.3 Thesis objective 
While convincing genetic evidence supporting the role of laccases in cell wall 

lignification have recently been published, a few questions about the functions of laccase 
remained unanswered.  Berthet (2011) could not explain the mechanism of the changes in 
the S/G ratio they observed in the lignin of laccase mutants.  They also have not 
characterized the inter-unit linkages in the mutants.  In addition, questions about the 
substrate specificity of laccases, and why there are so many laccases in many plant 
genomes remained unanswered.  By agreement with that group, I obtained the double 
mutant they generated, and further analyzed it using 2D NMR spectroscopy.  In addition, 
I explored the possibility of studying the enzymatic properties of laccases in recombinant 
hosts, which might help explain the phenotype of the double mutant. 

 
The objective of this study was to address the following questions: 
 

-How are the inter-unit linkages changed in the Lac4 and Lac17 mutants? 
-Is there substrate specificity or preference in plant laccase?   
-How can laccase activity, which is a down stream process from monomer 

synthesis, affect the composition of lignin? 
-Are the coding regions of Arabidopsis laccases functionally redundant?  

 
 



 

 
 

14 

2 Materials and Methods 

2.1 Media and growth conditions 

2.1.1 Growth Media 
Growth media for E. coli, P. pastoris, and A. thaliana were prepared by combining all the 
components except the antibiotics in deionized water.  The solution was autoclaved with 
a 30 minute cycle, cooled to 55°C in a water bath, before adding the appropriate 
antibiotics.  For agar media plates, agar powder was added before autoclaving. Bacto agar 
was added to 1.5% (w/v) for E. coli, and P. pastoris media.  Agar was added to 0.7% 
(w/v) for 1/2 MS media.  
 
 
Media Contents 

BMG 
4 × 10-5% biotin2 , 1% glycerol3, 100 mM potassium phosphate pH 6.0, 
1.34% YNB1, 2 

BMGY 
4 × 10-5% biotin2 , 1% glycerol3, 2% peptone, 100 mM potassium 
phosphate pH 6.0, 1% yeast extract, 1.34% YNB1, 2 

BMM 
4 × 10-5% biotin2 , 0.5% methanol2, 100 mM potassium phosphate pH 
6.0, 1.34% YNB1, 2 

BMMY 
4 × 10-5% biotin2 , 0.5% methanol2, 2% peptone, 100 mM potassium 
phosphate pH 6.0, 1% yeast extract, 1.34% YNB1, 2 

LB 1% sodium chloride, 1% tryptone, 0.5% yeast extract 
Low Salt LB 0.5% sodium chloride, 1% tryptone, 0.5% yeast extract 

1/5 MS 
0.217% Murashige and Skoog Basal Salt (MS) Mixture (Sigma), 0.05% 
MES, 1% sucrose, pH 5.7 with KOH 

YPD 2% glucose,  2% peptone, 1% yeast extract 
 
Percentages are measured in weight per volume for solid components, and volume per 
volume for liquid components. 
 
1YNB: Yeast Nitrogen Base with ammonium sulfate without amino acids, purchased 
from Invitrogen 
2 Stock was filter-sterilized, and added after the other components were autoclaved and 
cooled down to 55°C 
3 Stock was sterilized by autoclaved separately, and added after the other content was 
autoclaved and cooled down to 55°C 
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2.1.2 Antibiotics Concentrations 
Unless noted otherwise, the following are the concentrations of antibiotics used in 
selection media.  The units were ug/ml unless noted on the table otherwise. 
 
Antibiotics Concentrations (ug/ml) Organisms/Notes 
Carbenicillin 100 E. coli, A. tumefaciens 
Gentamicin 25 A. tumefaciens GV3101 
Kanamycin 60  E. coli, A. tumefaciens 
Kanamycin 50 A. thaliana  
Rifampicin 10 A. tumefaciens GV3101 
Zeocin* 25 E. coli 
Zeocin 100 P. pastoris 
 L-Methionine 
sulfoximine (MSO) 

5.0 uM A. thaliana 

 
*Zeocin selection plates require low salt LB to be effective.  However, normal liquid LB 
media with Zeocin provided sufficient selection power when used to propagate a bacteria 
clone hosting a Zeocin resistance plasmid. 
 
Special plasmid:  
pGA482-C4H-F5H plasmid from Meyer (1998); for E. coli, 3 ug/ml of tetracycline and 
25 ug/ml kanamycin.  For A. tumefaciens GV3101, 3 ug/ml of tetracycline, 25 ug/ml 
kanamycin, 25 ug/ml gentamicin, and 10 ug/ml of rifampicin. 
 

2.1.3 Sterilization of A. thaliana seeds 
Two protocols were used interchangeably for surface sterilization of A. thaliana seeds.  
 
A. Seeds were vortexed continuously in 0.5-1mL of 75% Ethanol with 0.05% Triton X-
100 for 10 minutes in a 1.5 mL microcentrifuge tube.  Ethanol was then removed, and the 
seeds were washed with 95% ethanol twice.  After the last wash, seeds were either dried 
in a laminar flow hood inside the microcentrifuge tube, or for large seed volume, 
resuspend in 95% ethanol, and then pipetted onto an autoclaved filter paper, and allowed 
to dry in a laminar flow hood.  
 
B. Seeds were mixed in 500 uL of 30% bleach solution, with 0.001% SDS vortexed 
briefly, then incubated at room temperature for 8 minutes. Then they were washed in 
600ul of sterilized deionized water twice, before resuspended in 0.15% agar solution, 
before plating on ½ MS agar plates.  

2.1.4 A. thaliana growth conditions 
Two methods were used to start A. thaliana cultivation.  The first method starts with 
seeds on the soil.  A. thaliana seeds were sprinkled on water-saturated soil (Promix HP 
mycorrhizae High porosity).  The pots were then stratified at 4°C for 2-4 days before 
moving into the growth chamber. 
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The second method starts from a plate.  Sterilized seeds were put on ½ MS plate with 0.6-
1.5% agar (see 2.1.1), stratified at 4°C for 2-4 days before moving into a growth chamber 
with 16h light.  The seedlings were transplanted into pots with water-saturated soil 
(Promix HP mycorrhizae High porosity) when they are 10 days old. The tray was moved 
into the growth chamber, covered with a transparent dome for 24 hours.  
 
Growth chamber conditions:  
For all experiments except NMR spectroscopy (3.3.4), A. thaliana plants were grown in a 
growth chamber, with 16 h light, 8 h dark, and 22°C ambient temperature.  Fertilizer 
(Miracle Gro, Scotts) was applied once at half the suggested strength, when the seedling 
is at 2 weeks after germination. 
 
For NMR spectroscopy experiments, A. thaliana seeds were germinated on ½ MS agar 
plates, and transplanted to 3-inch pots at 10 days, and grown in the green house supplied 
with evening light to make 16 hours of total light period.   
 

2.1.5 N. benthamiana growth conditions  
N. benthamiana seeds were germinated on a water-saturated soil in a growth chamber 
with 16 hours light at 26°C and 8 hours dark at 22°C.  At 10 days old, the seedlings were 
transplanted into 3-inch pots filled with water-saturated soil (Promix HP mycorrhizae 
High porosity).   They were fertilized once with Miracle Gro (Scotts) at 1 week old, and 
also with ½ teaspoon of Osmocote Controlled Release (3-4 month formula, 14-14-14, 
Scotts). 

2.1.6 E. coli growth conditions 
E. coli were grown at 37°C, on an LB agar plate or liquid LB media (shake at 220 RPM), 
with the appropriate antibiotics added.  

2.1.7 A. tumefaciens growth conditions 
A. tumefaciens were grown at 30°C, on an LB agar plate or liquid LB media (shake at 
220 RPM), with the appropriate antibiotics added.  
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2.2 Molecular biology  

2.2.1 Extraction of genomic DNA from plant tissue  
Genomic DNA from A. thaliana was extracted using a modified Edwards protocol 
(Edwards et al. 1991).  Fresh plant material 2-20 mg was collected in a microcentrifuge 
tube and ground with a plastic pestle, and 400 uL of Edward buffer (200mM Tris-HCl pH 
8.0, 250 mM NaCl, 25 mM EDTA, 0.5% SDS) was added.  The tube was vortexed for 10 
s, then centrifuged for 5 m at max speed on a table top centrifuge, then 300 uL of the 
supernatant was pipetted into a new microcentrifuge tube.  Isopropanol (300 uL) was 
added, and the tube inverted to mix, and incubated at room temperature for at least 2 
minutes.  Afterward, the tube was centrifuged on a table top microcentrifuge at maximum 
speed, at room temperature for 5 minutes.  DNA precipitated into a pellet. The 
supernatant was then discarded, and the DNA pellet was washed with 70% ethanol once, 
centrifuged 5 minutes at max speed, and the supernatant was discarded.  The DNA pellet 
remained in the tube and was dried in a laminar flow hood for 15 minutes, and then 
dissolved with 100uL of sterilized deionized water.  

2.2.2 Plasmid preparation 
Five to ten milliliters of E. coli cells were cultured in LB overnight, with an appropriate 
amount of antibiotics added.  The cells were collected by centrifugation at 3000-5000 
RCF for 10 minutes.  Plasmid DNA was extracted from the pellets using Qiagen 
miniprep kit, following the manufacturer's instructions with a minor modification.  To 
maximize elution yield and to minimize the effect of buffer EB in the following digestion 
steps, 120uL of 1/5 dilution of buffer EB was used to elute the plasmid from the column.  

2.2.3 Adding restriction sites or sticky ends to DNA by PCR 
When possible, primer pairs for cloning were generated using Primer3web by  
Untergasser et al. (2012), http://bioinfo.ut.ee/primer3/  The optimal TM (melting 
temperature) was set to 60°C.   If Primer3web did not give any primer for a given 
template, 20-25 nt around the target priming site were chosen and the length were 
adjusted until it has the right TM.  TMs were calculated using a web tool, using the 
Nearest-Neighbor method.  http://arep.med.harvard.edu/kzhang/cgi-bin/myOligoTm.cgi   
Restriction sites can be added at the end of the primer, and 6 random nucleotides were 
added at the end of the restriction site to improve the digestion efficiency.  The primers 
were then checked for self-priming with a web tool developed by Kalendar (2011), 
http://primerdigital.com /tools/PrimerAnalyser.html  Phusion DNA Polymerase 
(Finnzymes) was used to amplify the piece of DNA.  The PCR reactions were set up 
according to manufacturer's recommendation.  One microliter of plant genomic DNA or 
0.05-0.5 ng of plasmid DNA was used as template.  The yield varies with primer pairs, 
and with the length of the amplicon, but in general, 50uL of PCR reaction is sufficient to 
generate 1-4 ug of product.  The PCR reactions were purified with Qiagen PCR 
purification kit before using in the next step.   
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2.2.4 Restriction digestion and purification 
DNA pieces for restriction enzyme based cloning (2.2.5.1) were digested with the 
appropriate restriction enzyme in 50-100 uL of reaction volume. Restriction enzyme was 
added at 5-10 units per microgram of plasmid DNA, and 30-50 units per microgram of 
PCR products smaller than 1kb. The original amounts of DNA were calculated such that 
with the minimal yield, the final concentration would be high enough to be used in the 
ligation reaction (2.2.5.1).   The digestion time was 8 hours, although digestion time as 
short as 1 hour had been shown to work.  The digestion products were then purified in 
one of the following two ways.  If the piece to be discarded was smaller than 40 bp, the 
restriction reaction was purified with the MinElute PCR Purification Kit (Qiagen).  The 
elution step was done using deionized water.  The yield of the digestion was usually 
greater than 70%.  If the piece to be discarded was larger than 40 bp, then the DNA piece 
was run in agarose gel electrophoresis, and the gel piece containing DNA at the correct 
length was excised.  DNA in the cut out gel pieces was then purified using the MinElute 
Gel Extraction Kit (Qiagen), and elute using deionized water. The yield was usually 20-
25% of the target piece.  The input amount used in this yield calculation was calculated 
only from the piece that was cut out.  The amount of DNA in the discarded pieces was 
not included.  

2.2.5 Cloning methods 
All of the plasmids constructed in this study were cloned with the combination of the 
three methods: Restriction enzyme based cloning and ligation, TOPO/TA cloning, and 
Golden Gate cloning.  The intermediate and final clones were identified with colony PCR 
(2.2.19).  The DNA sequence was confirmed with Sanger Sequencing (2.2.10).  

2.2.5.1 Restriction enzyme based cloning, ligation 
Successful ligation reactions began with a high enough concentration of the plasmid 
backbone, which was the piece of DNA with the origin of replication and selection 
marker gene.  The concentration of the backbone piece had to be above 2.7 nM, 
preferably 5 nM.  The insert was the piece of DNA to be ligated to the backbone. Small 
inserts (less than 1000bp) were more efficient to be ligated than larger pieces (larger than 
2 kb).  The source of DNA of the insert can be a plasmid or can be from a PCR reaction.  
Each piece of DNA was digested with appropriate restriction enzyme(s), and purified as 
described in 2.2.4.  Each piece of the inserts was added at 2-3 folds of the molarity of the 
backbone.  More than one piece of inserts can be ligated in one step, with the requirement 
that none of their sticky ends repeat.  Each compatible junction between two DNA pieces 
can only be used once in one ligation reaction. I have successfully ligated up to 5 pieces 
in the one step.  The minimum size of the inserts was found to be around 20 nt.  If the 
two ends of backbone of the plasmid were compatible, the backbone had to be 
dephosphorylated (2.2.6) to prevent self-ligation. 

 
The appropriate amount of purified backbone and insert DNA pieces were combined with 
1 uL of T4 Ligase buffer, and 0.5 uL of T4 Ligase (NEB, 2,000,000 units/ml), and water 
to 10 uL.  The final concentration of the T4 Ligase was 100 units per uL.   The ligations 
were performed at 16°C for 30 minutes to 8 hours, then the reaction was heated to 65°C 
for 10 minutes, and kept at 4°C or frozen at -20°C until used.  Thirty minutes of ligation 
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time was sufficient for most ligation reactions.  Estimated from the amount of colonies 
formed after the transformation process, each ligation reaction typically produced about 
50-500 pg of plasmid DNA.  

2.2.5.2 Golden Gate cloning 
The method of Golden Gate cloning was described by Engler et al. (2008).  The plasmid 
designs were done as described in the paper.  The digestion/ligation method used was 
adapted from the paper, modified by Heidi J. Szemenyei (personal communication). One 
microliter of BsaI (10 units/uL, NEB), 0.5 uL of NEB T4 DNA Ligase (2,000,000 
units/ml),1 uL of 10x NEB Ligase buffer, and 50-100 ng of each plasmid were combined 
in a 200uL PCR tube. Each of the pieces can be purified PCR products or digested 
plasmid insert pieces; each was added at 2-3 times the molarity of the backbone plasmid.   
Water was added to make the volume 10 uL.  The reaction tubes were incubated at 37°C 
for 30 minutes, 16°C for 5 minutes, 37°C for 5 minutes, 50°C for 5 minutes, and then 
80°C for 5 minutes, then cooled to 4°C.  If there was no internal BsaI site in any of the 
inserts, the reaction was ready to be used in a transformation reaction.  If there was at 
least one internal BsaI site, 0.5uL of T4 DNA Ligase was added to each reaction, and the 
reaction tubes were incubated at 16°C for 10 minutes, and 65°C for 10 minutes before 
cooling down to 4°C until used.   
 
For 1 piece of insert, the reaction was so efficient that it produced a lawn even as low as 5 
uL plating volume.  Ten to twenty percent of the total backbone was converted to 
complete plasmids.  I tested this method with a backbone plasmid that has a blue/white 
screen system (X-gal plate).  Parental plasmid produced blue colonies, while plasmid 
with a new insert produced white colonies.  All colonies produced were white, which 
made the use of blue/white selection plate unnecessary.  The yield dropped about 5 fold 
for every extra piece of insert.   
 
When assembling multiple pieces of DNA in one step, every DNA-DNA junction in the 
reaction has to be unique, and they cannot be blunt ends.  In some cases, similar sticky 
ends might ligate with the wrong pair.  Short linkers can be synthesized as primers, but 
they should not be shorter than about 20 nucleotides, or they will not assemble readily. 

2.2.5.3 Topo/TA cloning 
The construction of lac4 and lac17 promoter was done through Topo/TA cloning. The 
desired sequence was amplified using Phusion Taq as described in 2.2.3, and purified 
with gel electrophoresis.  Forty-eight microliters of the purified PCR reaction was mixed 
with 0.28 uL of KAPA (KAPA2G Robust Taq-HOT START, KapaBiosystems), 5.6 uL 
dNTP (2.5 mM each), 14 uL of 5X Kapa buffer A, and 2.1 uL of water.  The reaction was 
incubated at 72°C for 10 minutes, before purified with the MinElute PCR purification kit 
from Qiagen.  The resulting elution was used in the TOPO TA cloning kit (Life 
Technologies) according to the manufacturer’s protocols, and transformed with TOP10 
chemically competent cells.  
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2.2.6 Dephosphorylation of plasmid DNA backbone 
When the plasmid backbone had compatible ends, it was dephosphorylated with 
Antarctic Alkaline Phosphatase (NEB) to reduce the rate of self-religation.  After the 
restriction digestion was finished, the enzyme was heat inactivated according to the 
manufacturer's recommendation.  Antarctic Alkaline Phosphatase and the reaction buffer 
was then added directly to the restriction digest reaction following the manufacturer's 
instructions.  

2.2.7 Transforming chemically competent cells 
Most construct smaller than 9 kb were transformed with chemically competent cells.  
Chemically competent cells were purchased from vendors (e.g. Invitrogen).  Cells were 
thawed on ice, and incubated on ice for 10 minutes.  Two to four microliters of the 
ligation reaction was added to the thawed competent cells, and the cells were incubated 
on ice for 10 minutes, followed by 30 seconds heat shock at 42°C and, then 5 minutes on 
ice.  Afterward, 250 uL of SOC media (Invitrogen) was added to the cells, and the cells 
were incubated at 37°C with shaking for 1 hour, before plating on the appropriate 
selection plates.  The plates were incubated at 37°C overnight.  4-8 of colonies formed 
were tested for the presence of the transgene by colony PCR.  

2.2.8 Transforming electrocompetent cells 
Constructs larger than 9 kb were transformed with chemically competent cells (purchased 
from Invitrogen, or Life Technologies).  All Ligation reactions were purified with the 
MinElute PCR Purification kit (Qiagen), and eluted in 10 uL of deionized water.  Cells 
were thawed on ice for 10 minutes, then 2-5uL of the purified ligation reaction was 
added.  The cells were transferred to a chilled 1mm gap cuvette, and incubated on ice for 
5 minutes.  Then they were electroporated at 1.5 kV, 125 Ohm, 50 uF with Electro Cell 
Manipulator™ ECM®600.  Then, 250 uL of SOC was added to the cuvette, and the cells 
were mixed and transferred to a 15 mL disposable culture tube, which was then incubated 
at 37°C, with shaking for 1h, before plating with the appropriate antibiotics for selection. 
The plates were incubated at 37°C overnight.  The colonies formed were tested for the 
presence of the transgene by colony PCR.  

2.2.9 Preparation of Glycerol stock 
Glycerol stocks of E. coli and P. pastoris were made to archive strains of cells or cells 
transformed with a plasmid DNA.   400 uL of 60% glycerol (sterilized by autoclaving) 
and 1,200 uL of overnight liquid culture were pipetted into a sterilized screw cap 2ml 
vial.  The tube was mixed by vortexing, and flash-freeze with liquid nitrogen, and stored 
at -80°C.   

2.2.10 DNA sequencing 
Plasmid DNA extracted as described in 2.2.2 or by PCR (2.2.3) was sent out to ELIM 
Biopharmaceuticals Inc for sequencing with the Sanger sequencing method.  The samples 
were prepared according to the company’s guideline.  
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2.2.11 Production of P. pastoris electrocompetent cells 
Electrocompetent cells of P. pastoris were prepared as the following.  Liquid culture of 
P. pastoris was inoculated into 500 mL of liquid YPD media, and incubated at 30°C.  
The doubling time was about 100 minutes.   When the culture reaches OD600 of 1.3-1.5, 
cells were collected by centrifugation at 1500g at 4°C for 5 minutes, washed with 500 
mL and 250 mL of iced cold, sterilized deionized water. Afterward, the pellet was 
washed in 20 mL of 1M sorbitol, and resuspended in 1 mL of 1M sorbitol.  The 
electrocompetent cells can be chilled on ice and used the same day, or frozen with liquid 
nitrogen and stored at -80°C.  

2.2.12 P. pastoris transformation method 
P. pastoris were transformed by electroporation, according to guidelines from the Pichia 
Expression Kit manual, Invitrogen.  The competent cells were made as described in 
2.2.11.  The plasmid used in this study confers Zeocin resistant marker, which works in 
both E. coli and in P. pastoris.  Five to twenty micrograms of plasmid DNA was 
linearized by digesting with an appropriate restriction enzyme.  The digestion was then 
heat-inactivated according to the supplier’s instruction, transferred to a 1.5 mL 
microcentrifuge tube.  Three molar sodium acetate was added at 1/10 of the plasmid 
volume.  The tube was mixed by tapping, and 2.5 volume of 200 proof ethanol was 
added.  The tube was centrifuged in a table-top centrifuge at room temperature, full speed 
for 10 minutes. The supernatant was discarded and 80% ethanol was added at the same 
volume as the 200-proof ethanol, and the tube was tapped to mix. The tube was 
centrifuged again in a table-top centrifuge at room temperature, full speed for 10 minutes. 
The supernatant was discarded, and the pellet was air-dried, and dissolved in 10 uL of 
deionized water.   Electrocompetent cells (freshly prepared or thawed from -80°C) was 
added into the DNA tube, tapped to mix, and incubated on ice for 5 minutes.  The cell 
suspension was then transferred to a chilled 1 mm gap cuvette, electroporated at 750 V, 
200 Ohm, 50 uF with Electro Cell Manipulator™ ECM®600, with the target pulse time 
9.3 ms.  Immediately after the pulse, 1 ml of iced cold 1M sorbitol was added to the cell 
suspension.  The cells were then pipetted into a disposable culture tube, and incubated 1-
2 hours at 30°C without shaking, and then plated on LB plates with Zeocin.  The plates 
were incubated at 30°C for 2 days.  The efficiency of the transformation was about 100-
1000 cfu/ug.   

2.2.13 Production of Agrobacterium tumefaciens electrocompetent cells  
Electrocompetent Agrobacterium tumefaciens (strain GV3101) were prepared by the 
following protocol.  Two milliliter of A. tumefaciens overnight culture was inoculated 
into 1 liter of liquid LB media containing Gentamicin and Rifampicin.  The flask was 
incubated in a shaker at 30°C.  The doubling time was about 90 minutes.  When the 
OD600 reached 0.4 to 0.6, the cells were collected by centrifugation at 6300g, for 10 
minutes at 4°C.  The pellets were then washed in 1L, then in 0.5L, of cold deionized 
water.  Then they were washed in 250mL of 10% v/v glycerol.  The pellets were then 
resuspended in 1 ml of 10% Glycerol, 0.125% yeast extract, and 0.25% tryptone.  
Aliquots of 30 uL of the cell suspension were frozen with liquid nitrogen, and stored at -
80°C.  
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2.2.14 A. tumefaciens transformation method 
Electrocompetent cells of A. tumefaciens (30ul) were thawed on ice.  Plasmid DNA (0.5-
2ul, 30-300ng) in deionized water was added to the electrocompetent cells, and incubated 
5-15 minutes on ice.  The cells were then transferred to a 1mm gap cuvette, and 
electroporated at 1.5kV, 150 Ohm, 50 uF with Electro Cell Manipulator™ ECM®600.   
One mL of LB was added, and the suspension was then transferred to a 15 ml culture 
tube, and was incubated at 30°C, with shaking for 1h before plating with the appropriate 
antibiotics for selection, in addition to gentamicin and rifampicin.  Colonies will form in 
2-3 days.  The picked colony was tested by colony PCR to confirm the presence of the 
insert.   

2.2.15 A. thaliana transformation method 
A. thaliana were transformed using the floral dip method, modified from Clough (1998).  
Plasmid was first transformed into A. tumefaciens strain GV3101 (2.2.14).  Liquid culture 
of A. tumefaciens was inoculated into 500 mL LB media containing the appropriate 
antibiotics.  The flask was shaken in a 30°C incubator overnight.  Cells were harvested by 
centrifugation at 6000g at 4°C, 10 minutes.  The pellet was resuspended in 300 ml of 
infiltration media (5% w/v Sucrose, 10 mM MgCl2, 0.025% Silwet L-77).   Bolting A. 
thaliana inflorescent, approximately 4 weeks old, were dipped into the cell suspension, 
and agitated to mix for 20-30 seconds.  The plants were then covered with plastic dome, 
and returned to the growth chamber.  The dome was removed after 16-20 hours.  The 
plants were grown until the seeds are set.  Seeds were selected with the appropriate 
selection agent.  Ten to twenty survivors were transferred to soil, and genotyped with 
PCR (2.2.18).  

2.2.16 Selection of the transformants with glufosinate 
Finale Herbicide (11.33% w/w glufosinate-ammonium) was used to select for 
transformants carrying bar (bialaphos resistance) marker gene on growing the soil.   
Seedlings were grown on the soil until they are 5-8 days old.  The commercial herbicide 
was diluted 1:500 before spraying onto the seedlings until they are thoroughly covered.  
Susceptible plants will die in 5 days. The transformation rate for floral dipping was 
typically about 3-5%. Excessive spraying will often result in the selection for seedlings 
with multiple insertions of the transgene.  This method was difficult to consistently 
reproduce, and selection on L-Methionine sulfoximine (MSO) plates was used in the later 
batches of transgenic plants (1/2MS, 0.6% agar, 5uM MSO).  

2.2.17 mRNA extraction from A. thaliana, cDNA synthesis 
Frozen A. thaliana tissue was ground in a mortar previously chilled with liquid nitrogen. 
The powder was weighed and transfer to a frozen microcentrifuge tube.  mRNA was 
extracted with Plant RNeasy kit from Qiagen, following the manufacturer's protocol.  
Genomic DNA was eliminated from the sample using RNase-Free DNase (Qiagen). The 
mRNA concentration was determined using the Nanodrop spectrophotometer. Equal 
amount of mRNA (0.5 ug) was used in cDNA synthesis, using ProtoScript® Taq RT-
PCR kit (NEB), following the manufacturer's instructions.  The cDNA products were 
stored at -20°C.  
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2.2.18 Genotyping A. thaliana using PCR 
Genotyping PCR reactions were performed using KAPA2G Robust Taq-Hot Start (Kapa 
Biosystems), in a 10 uL reaction with the following condition: 1 uL of genomic DNA 
(from 2.2.1), 1X buffer A, 0.2 mM each dNTP, 0.75 uM of each primer, and 0.02 Unit/uL 
of enzyme.  The cycle setting was done according to the manufacturer's 
recommendations.   The primers for T-DNA insertion lines were looked up at the SALK 
T-DNA verification primer design tool on the Salk institute website 
(http://signal.salk.edu/ tdnaprimers.2.html).  The LB primer was Lbb1.3.  The PCR 
reaction was separated into two reactions, one with LP and RP, and another with Lbb1.3 
and RP.  The combined 3 primer reaction as recommended by the website did not work 
consistently. The PCR product was visualized by gel electrophoresis. 

2.2.19 Genotyping bacterial colony with PCR 
This method was used to select for clones of E. coli that possess the correct plasmid.  
Primers were designed to span the plasmid backbone-insert portion using Primer3web by 
Untergasser (2012), http://bioinfo.ut.ee/primer3/  The reactions were performed using 
KAPA2G Robust Taq-Hot Start similar to 2.2.18 in 10 uL reactions, except for the 
template and buffer.  Buffer B was use.  For the PCR template, cells in each colony were 
collected using a sterilized pipette tip, transferred into each PCR reaction by swirling the 
tip a few times under the reaction liquid.  The reactions were run in a thermo cycler, with 
the duration of the first denaturation step set to 3 minutes.  The rest of the cycles were the 
same as normal PCR.  
 
For P. pastoris colonies, cells were picked by a sterilized pipette tip, then suspended in 
50 uL of 0.02M NaOH solution.  The suspensions were incubated at 37°C for 5 minutes.  
The PCR reactions were prepared the same way as normal PCR reaction, but Buffer B 
was used, and 1 uL of the cell suspension was used as the template. The reactions were 
run in a thermo cycler, with the duration of the first denaturation step set to 5 minutes.   

2.2.20 Estimation of transcription level using semi-quantitative RT-PCR 
Semi-quantitative, reverse transcription PCR was performed on the cDNA template 
synthesized from equal amount of mRNA in the same experiment (2.2.17).  The 
transgene primers were designed to prime in the common C-terminal tag- 3’ untranslated 
region which is common in every transgene plasmid.  PCR reactions were performed 
using KAPA2G Robust Taq-Hot Start (Kapa Biosystems).  The reaction set up was the 
same as in 2.2.18, but a three copies of the reactions were made, each were amplified 
with 20, 25, and 30 cycles respectively.  The product of the reactions were separated and 
visualized in gel electrophoresis, using 1.5% agarose gel mixed with 0.1 ug/ml ethidium 
bromide (added fresh each time), running in Tris-Acetate-EDTA buffer (TAE, 40 mM 
Tris, 20 mM acetic acid, 1 mM EDTA, pH 8).  

2.2.21 Transcriptional analysis using QRT-PCR 
Quantitative Real Time PCR (QRT-PCR) was performed on the cDNA template 
synthesized from equal amount of mRNA in the same experiment (2.2.17).  QRT PCR 
reaction was performed using SYBR GreenER™ qPCR SuperMix Universal (Life 
Technologies) in 10 uL reactions, with ROX added as a reference dye.  StepOnePlus 



 

 
 

24 

Applied Bioscience Real time PCR system was used to perform the cycles and collect 
data.  The amplicon size and cycle setting was set according to the manufacturer 
recommendations.    Melting curve function in the RT PCR system was used to verify 
that the amplicons were single product.  The relative abundant of the product was 
calculated using the Ct parameter, which was calculated by Applied Bioscience's 
software.  
 

2.3 Microscopy 

2.3.1 Hand section of A. thaliana stems 
A. thaliana plants were grown to 6 weeks old stage 6.5 according to Boyes et al. (2001).  
Inflorescent stems usually started to form around 4 weeks after germination. 
A 1-inch piece of the stem near the rosette from each sample was collected using a razor 
blade.  About 3 mm of the lower part of the stem was cut again under water, and stored in 
a microcentrifuge tube with 100-200 uL of 1/2 MS solution.  The stems in the tubes could 
be stored in a refrigerator, and had been shown to show the same staining phenotype over 
3 months.  The hand sections were performed by using half of a double edge razor blade, 
with a piece of carrot as a support.   8-10 slices were cut from each sample.  The slices 
were transferred into a microcentrifuge tube for staining, using number 0 paint brushes. 

2.3.2 Toluidine blue staining 
The stems were cross-sectioned by hand (2.3.1), then stained in 200 uL of 0.02% 
toluidine blue in a 1.5 mL microcentrifuge tube for 3-5 minutes.  The sections were then 
washed in 500 uL of distilled water for 3-5 minute, the wash step was repeated twice.  
Four thinnest sections, which stained the lightest color, were chosen and mounted in 
35ul-45ul of 40% glycerol.  The sections were examined under a light microscope (Laica 
DM5000 B). 

2.3.3 Mäule staining 
The protocol was adapted from Chapple et al. (1992).The stems were cross-sectioned by 
hand (2.3.1). Stem sections were reacted with 120uL of 0.5% KMnO4 solution for exactly 
10 minutes inside a microcentrifuge tube.  The tubes were tapped to mix.  At 8.5 minutes, 
excess solution was pipetted out, at 10 minutes 500 uL of distilled water was added.  The 
tubes were inverted to mix,  and the liquid discarded.  The wash step was repeated twice.  
Immediately after, 120 uL of 10% v/v HCl was added to each tube, the tubes were tapped 
to mix. At 3.5 minutes, excess HCl was removed, at 5 minutes, distilled water was added.  
The slices were washed with distilled water 4 times, the last wash was not discarded.  The 
processed cross sections in the last wash are stable at 4°C for at least 2 months. 
Afterward, 2-3 thin slices of stem were picked out using a paint brush onto a glass slide.  
Excess liquid was blotted away with a piece of paper towel, and mounted in 30-40 uL of 
1% ammonia solution.  The slides were sealed with nail polish before observing under a 
bright field microscope (Leica DM5000 B). The slides were examined within 2 hours of 
mounting. 
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2.3.4 Confocal microscopy 
The spinning-disk confocal microscope used was Leica DMI 6000 B inverted microscope 
(Leica Microsystems) with a Yokogawa CSU-10 spinning disk attachment (Yokogawa 
Electric Corporation) and equipped with a Photometrics QuantEM 512SC EM-CCD 
camera (Photometrics).  The microscope takes signal from the top layer of the specimen, 
which enables the use of thick specimen. Image quality degrades as the focal planes get 
deeper into the specimen, however.  Seedling, a piece of leaf, root or hand sectioned stem 
were mounted in 1/2 MS on a glass microscope slide.  For GFP fusion protein, the sample 
was excited with 488-nm diode laser and observed using 525 ±25 nm filter.  For YFP and 
Citrine, the sample was excited with 488-nm diode laser and observed using 535 ±25 nm 
filter. 

2.4 Protein Expression and Purification 

2.4.1 Analyzing protein by with SDS page 
Protein samples were analyzed by using 10% or 4-15% Criterion™ Tris-HCl Precast 
SDS-Page Gels running system (Bio-Rad).  Protein samples were mixed in SDS loading 
buffer (final concentrations: 50 mM Tris pH 6.8, 2%  SDS, 10% glycerol, 1.24% β-
mercaptoethanol, 1 mg/ml  bromophenol blue), and heated to 95°C, unless noted 
otherwise.  The running buffer was Tris/Glycine/SDS buffer (Bio-Rad), containing 25 
mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3.  The samples mixed with the loading 
buffer were loaded to the stacking gel space, and run using a constant current setting (55 
mA per gel).  Appropriate pre-stained or unstained protein ladder were used to estimate 
the molecular weight of each band.  After the electrophoresis finished, the gel was 
washed in distilled water for 5-10 minutes before fixed and stained in one step, by 
incubating in GelCode Blue Stain Reagent (Pierce/Thermo scientific) for one hour with 
shaking.  The gel was then washed in distilled water for at 15-60 minutes, and the wash 
step was repeated twice more. Gel pictures were taken using a UVP transilluminator with 
camera and Fujifilm LAS-4000 imaging system. 

2.4.2 Western blot 
Proteins in samples were separated in an SDS-Page gel (2.4.1).  A prestained ladder was 
included with the samples to be used as a molecular weight marker.  After the gel run was 
complete, the gel was assembled with a piece of nitrocellulose membrane (Protran BA85 
Nitrocellulose Membrane Filters, Whatman) into a wet transfer apparatus (Biorad).  Ice-
cold transfer buffer (0.00075%  Ethanolamine (Sigma), 12.5mM Glycine, 20% (v/v) 
Ethanol) was added into the transfer tank.  A sealed, frozen cold pack was added to the 
tank to maintain low temperature.  The buffer in the tank was mixed using a magnetic stir 
bar, and the tank was connected to a power supply.  A constant 100V DC was applied to 
the tank for 80 minutes.  The membrane was then blocked for 1-3 hours with 10% non fat 
milk in TBST  (Tris-buffered saline with 0.0005% Tween-20, 50 mM Tris-Cl, pH 7.5, 
150 mM sodium chloride).  The membrane was then incubated with the appropriate 
antibody, at the appropriate concentration (diluted in a fresh blocking buffer) at 4°C 
overnight.  Fifteen milliliter of the antibody solution was used for a full gel, and less 
volume was used for a smaller piece of membrane.  The membrane was then washed in 
TBST 7 times, for each time, the membrane was incubated with shaking in TBST for 5 
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minutes.   If the primary antibody was not conjugated with Horse Radish Peroxidase 
(HRP), the membrane was washed 5 times in TBST as described, and incubated in 4-15 
ml (depends on the size of the nitrocellulose membrane) of the solution of the appropriate 
secondary antibody conjugated to HRP for 1 hour at room temperature.  The membrane 
was then washed 7 times in TBST as described, and incubated with the substrate for HRP 
(SuperSignal® West Femto Maximum Sensitivity Chemiluminescent Substrate) for 4.5 
minutes, using about 3 mL of the substrate solution per full size gel membrane.  The gel 
was then transferred into a heat-seal plastic sleeve, and the HRP substrate was squeezed 
out from the gel using a piece of paper towel over the plastic sleeve.  The membrane was 
immediately imaged using Fujifilm LAS-4000 imaging system in an incremental setting, 
which repeatedly adds more signal to previously exposed photo, achieving an optimal 
exposure time without having to repeat the substrate incubation.  Another image of the 
gel using a white light source was taken to record bands of the pre-stained ladders, which 
were then overlaid onto the chemifluorescence gel image.  

2.4.3 Determination of protein concentration 
Protein concentrations were estimated using Bio-Rad Protein Assay, using Bovine Serum 
Albumin as standard.  The protocol was according to the manufacturer's 
recommendations.  

2.4.4 Protein expression in E. coli  
E. coli cells, from a plate or glycerol stock, containing expression construct was 
inoculated into 5ml of LB containing the appropriate antibiotics concentration in a 15 mL 
culture tube, and incubate at 37°C overnight, then inoculated into 1L LB broth containing 
the appropriate antibiotics  in a 2L baffled flask.  If the antibiotic in the seed culture was 
carbenicillin, the pellet was washed with LB once before inoculating into the big culture.  
The flask was incubated on a shaker set at 220 RPM, 37°C until the OD600 reached 0.6.   
The flasks were then put on ice, and IPTG was added to the final concentration of 500 
mM.  The flasks were incubated at the desired temperature with shaking for 6 hours (at 
25°C) or  20-24 hours (16°C).  Cells were then collected by centrifugation at 12,000-
15,000 RCF for 10 minutes at 4°C.  The pellets were used immediately or moved to a 50 
mL conical vial and frozen with liquid nitrogen, stored at -80°C. 

2.4.5 Protein expression in P. pastoris 
P. pastoris containing the desired transgene were inoculated into 5mL of glycerol media 
(such as BMGY) containing no antibiotics in a 15 mL culture tube, and incubated at 30°C 
with shaking until the media became turbid (about 24h).  The OD600 of the culture was 
measured.  The pellet was collected by centrifugation, and diluted to the final OD 600 of 
1.0 in the corresponding methanol media (such as BMMY) in a baffled flask.  The flasks 
were sealed with autoclaved cheese cloth to maximize aeration, and incubated at the 
desired temperature with shaking.  Methanol was added fresh to 0.5%, and refilled to 
0.5% of the volume every 24 hour.   The cultures were collected at 50 or 65 hours, 
separated into the supernatant phase and pellet phase by centrifugation.  



 

 
 

27 

2.4.6 Protein extraction with the homogenizer  
Cell pellets were resuspended in the breaking buffer (100mM Tris pH8.0, 300mM NaCl, 
10% glycerol, 0.5mM, CuSO4 , 0.1% Triton X-100, protease inhibitor tablets) by a glass 
homogenizer.  The suspension passed through a cell-breaking homogenizer (Avestin E3 
Emulsiflex) twice.  The lysate were kept on ice, clarified by centrifugation at 140,000 
RCF before used in the next purification step. 

2.4.7 Transient protein expression in N. benthamiana 
N. benthamiana was grown in a 3 inch pots in a growth chamber (2.1.5) until they had 6-
10 leaves (4-6 weeks).  A. tumefaciens transformed with the desired plasmid derived from 
pCambia 3300 was culture in 10 mL of LB liquid media at 30°C, with the appropriate 
antibiotics for 40-60 hours.   One milliliter of the culture was added to 9 mL of 
infiltration media  (50 mm MES, 0.5% glucose, 1.7 mM NaH2PO4, 0.2 mM 
acetosyringone, and 5% 20X-AB mix, which comprised 374 mM NH4Cl, 24 mM MgSO4, 
40 mm KCl, 1.4 mM CaCl2, 0.18 mM FeSO4-7H2O)), and incubate at 30°C with shaking 
for 6 hours.  The culture was injected into the lower surface of the leaves by using a 1mL 
syringe with out the needle pressing against the lower surface.  The plants were moved 
into the growth chamber for 64-66 hours before the infiltrated leaves were collected and 
frozen with liquid nitrogen.   

2.4.8 Protein expression with the Nomad expression system 
N. benthamiana seedlings were grown in a 3 inch pots in a growth chamber (2.1.5) until 
they were 6-8 weeks old.  Three strains of  A. tumefaciens were cultured in liquid LB 
media, with the appropriate antibiotics added, at 30°C with shaking for 40-60 hours, or 
until the culture became turbid.  The first strain contained the gene of interest cloned into 
pICH31070, the second strain contained the "targeting plasmid" provector, and the last 
one contained pICH14011 which had a nuclear-targeted phiC31 integrase.  Each of the 
liquid culture was then mixed in the infiltration buffer (10 mM MES-NaOH pH 5.5, 10 
mM MgSO4, no need to sterilize) at 1:100 concentration, to the final volume of 500-
1000ml, depends on the volume of the beaker used. A N. benthamiana plant was 
carefully fit into the beaker upside-down, and the pot was rested against the top of the 
beaker.  The top of N. benthamiana pots were covered with a piece of aluminum foil to 
prevent soil from dropping into the infiltration media.  Vacuum was applied with a 
vacuum pump for 2 minutes, released, and repeated one more time.  After releasing the 
vacuum the second time, the plant was removed from the pot, and recovered in the 
growth chamber.  Leaf tissue was collected in liquid nitrogen at 4 days or after.  

2.4.9 Crude protein extraction from N. benthamiana leaves 
Frozen N. benthamiana leaves (0.2-5g) were ground in a frozen mortar until they turned 
into fine powder.  Two times the volume of extraction buffer (50mM MES with protease 
inhibitor tablet (cOmplete, EDTA-free, Roche Applied Science) or Ni-NTA extraction 
buffer:  50mM Sodium Phosphate buffer pH7.6, 300 mM NaCl, 10% glycerol, 1mM 2-
mercapto ethanol, and the protease inhibitor tablet) was added.  The slurry was thawed 
and mixed, then incubate with mixing at 4°C for 20-30 minutes.  The supernatant was 
separated out by centrifugation (10 minutes at 3000-5000 RCF in a 50mL conical tube or 
maximum speed of a table top microcentrifuge) and used as crude protein extract.   
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2.4.10 Batch purification with Nickel NTA beads 
Batch purification with Ni-NTA beads was done at 4°C unless noted otherwise. Crude 
protein solution was prepared in 100mM Tris pH8.0, 300mM NaCl, 10% glycerol, and 
protease inhibitor tablets (cOmplete, EDTA-free, Roche Applied Science). Ni-NTA 
beads (100 uL bead volume) were added to a 15 mL conical tube, washed with 10 ml of 
wash buffer (100mM Tris pH8.0, 300mM NaCl, 20 mM imidazole) for 5 minutes.  The 
crude protein solution was added to the tube, which was then mixed by rocking or 
rotating at 4°C for 1 hour.  The beads were then separated from the solution by 
centrifugation (500 RCF, 1 minute).  The supernatant was decanted out, and collected for 
analysis.  The beads were washed with 10 ml of wash buffer 4 times.  The beads were 
then eluted in wash buffer with added 200mM imidazole.  

2.4.11 Purification with His column 
The purification with Ni-NTA beads was done at 4°C unless noted otherwise.  Ni-NTA 
beads (1 ml bead volume) were packed into a chromatography column, and then 
equilibrated with 10-15 ml of wash buffer (100mM Tris pH8.0, 300mM NaCl, 20 mM 
imidazole).  Cell pellet was resuspended in breaking buffer (100mM Tris pH8.0, 300mM 
NaCl, 10% glycerol, 0.5mM, CuSO4 , 0.1% Triton X-100, protease inhibitor tablets), then 
lysed with the homogenizer (2.4.6).  Alternatively, commercial extraction buffer was 
used according to the manufacturer’s protocol.   Cell lysate was clarified from membrane 
debris by ultracentrifugation at 140,000 RCF for 1 hour, then loaded onto the column.  
The flow through was kept for analysis.   The beads were then washed with 20-500 ml 
the wash buffer, and eluted with 2-5 column volume of the wash buffer with imidazole 
added to 200 mM.  The elution was kept in fractions of about 1 mL, and either used for 
analysis on the same day, or frozen with liquid nitrogen for later use.  

2.5 Laccase activity assay 
Laccase activity was measured using 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulphonic 
acid) (ABTS) as substrate.  ABTS was prepared fresh each day.  For a detection assay, 
ABTS was dissolved in DMSO to 110 mg/ml, which is approximately 200 mM.  For 
kinetic parameter assays, ABTS was dissolved directly into the reaction buffer.  The 
solubility limit of ABTS in dilute buffer was about 70 mM, but in buffer with 200mM 
concentration of NH4SO4, the solubility of ABTS was as low as 40 mM.   The reaction 
buffer was 20 mM sodium acetate buffer pH 5 unless specified otherwise.  The reaction 
volume was 200 uL, set up in a 96 well plate, with 4-6 replicates per sample.  Crude 
protein extract from different samples were normalized to the same total protein 
concentration before adding into the assay.  Five or ten microliters of crude protein 
extract was used.   The pipette tips, buffers, and the 96 well plates were equilibrated to 
30°C.   The enzyme was added last, the reactions were mixed by pipetting up and down, 
the plate was read by a plate reader (Beckman Coulter Paradigm) within the first 5 
minutes.   The OD measurements were plot against time, and the rate of reaction were 
measured from the slope of the plots, and subtracted with the rate of a reaction containing 
only buffer and ABTS. 
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2.6 Cell walls analysis 

2.6.1 Tissue collection 
Stems were collected from A. thaliana plant stage 6.9, about 7-8 weeks after germination.  
Flowering complete, but stems are still green. Leaves start to senesce.  Some siliques 
might open.  Siliques, flowers and leaves were separated out from stems.  The stems were 
cut into 0.5-1cm pieces, frozen with liquid nitrogen, and then freeze-dried.  

2.6.2 Preparation of Extract-free cell wall material 
Extract-free cell wall material, or Alcohol Insoluble Residue (AIR) was prepared as 
follows:  400-700 mg of freeze-dried stems, which were collected from 3-4 A. thaliana 
plants, were ground for 5 minutes using Kleco 8 canister mill. The powder was collected 
in a 50 ml falcon tube, and washed with warm water 5 times, each with 20 minutes 
sonication, using a sonication water bath.  After water, the powder was washed with 70% 
ethanol, and incubated at 55°C for 10 minutes at each wash for 5 times.  Then the powder 
was washed three times in 1:1 chloroform:methanol solution, then 1 time in methanol.  
[Caution: Chloroform is toxic. This step was performed in a chemical fume hood.] After 
each wash, the tubes were centrifuged at 3000g for 5 minutes to collect the powder then 
the pellets were resuspended in a new wash solution using a vortex.  Before washing with 
chloroform:methanol solution, the pellets were changed to a new tube to prevent tube 
breakage, which often occurred when the old tubes from the previous steps were used. 
After the last step, the tubes were let dry in a 50°C oven overnight.  After the sample had 
been dried, they were moved to 105°C oven to complete the drying process, and the dry 
mass was weighed to calculate yield.  The yield is typically 50-55% of the original dry 
mass. [Caution: Do not attempt to dry wet cell wall pellet by using temperature above 
boiling point of chloroform or methanol (above 60°C), because violent eruption of 
sample will occur.]  

2.6.3 NMR spectroscopy 
The dried alcohol-insoluble residue (AIR) was prepared from each sample according to 
2.6.2.  300-500 mg of the samples was then weighed into a 50 ml zirconium dioxide 
grinding jar, and 10 of 1-cm zirconium dioxide balls were added.  The jar was clamped 
into a planetary ball mill (Retch PM100) and ground at 600 RPM, in a 5 minute on-5 
minute off cycles for 7 hours.  80-100 mg was usually lost in this grinding process 
regardless of the input amount, and 20 mg was used for NMR analysis.  The NMR 
spectra were measured from each ball-milled sample by H. Sorek, as described in Cheng 
(2013).  

2.6.4 Lignin content measurement by acetyl bromide method 
The acetyl bromide lignin content method was developed by Fukushima and Hatfield 
(2001).  Extract-free cell wall material from each sample was prepared according to 
2.6.2, and dried in a dry heat oven at 75°C-105°C overnight.  About 2 mg of dried sample 
was weighted into a 1.5 ml gas chromatography vial and the exact weight recorded with 2 
decimal places precision.  Then, 200 uL of Acetyl Bromide solution (25% v/v in glacial 
acetic acid) was added, the vial was then incubated at 50°C for 2h. Afterward, 800 uL of 
glacial acetic acid was added, the vial was mixed, and 30 uL was pipetted out into a well 
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in a 96-well plate.  Then, 40 uL of 2M sodium hydroxide, 30 uL of 0.5M hydroxylamine 
hydrochloride, and 100ul of glacial acetic acid was added sequentially.  The solution was 
mixed and the optical density was read at 280 nm.  Three technical replicates were made 
for each cell wall sample, and for each replicate, the solubilized lignin was mixed and the 
absorbance measured 3 times. The lignin content was calculated from the lignin 
concentration in acetyl bromide solution by using the following formulas: 
 

ε⋅=
 (cm) length path

OD
 (mg/ml)  ionConcentrat Lignin reader plate  

 

100
 (mg) mass  wallcell

) volume(mlTotal(mg/ml)  ionConcentrat Lignin (%)content  Lignin ×
⋅

=  

 
Path length was determined by comparing measurements from the same sample in both 
the 96-well plate and in a 1-cm cuvette. The path length of the plate (UV-Star® 96-Well 
Microplates, Greiner) was estimated to be 0.465 cm at 200 uL of liquid volume. 
 
ε was the coefficient of extinction of lignin in A. thaliana, which was measured by Chang 
(2008) to be 23.35  (OD/cm)/(mg/ml) at 280 nm. 
 
Total Volume was the projected volume of lignin solution if all of the acetyl bromide-
solubilized lignin was used to measure the concentration.  In this case, the number was 
6.667 ml. 
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3 Characterization of lac4/lac17 double mutants by NMR 
spectroscopy and by histochemical staining 

3.1 Introduction 
 My interest in laccases and their involvement in the lignification process began 
when Lac 4 and Lac17 were identified as genes highly co-expressed with the cellulose 
synthase complex of the secondary cell walls (CESA 4, 7 and 8) (Persson et al. 2005).  I 
conducted a preliminary transgenic screen of T-DNA insertion mutants on the co-
expression list, and discovered that the insertion lines of Lac 4 and Lac17 had a mild 
collapsed xylem phenotype, which suggested a potential role in lignin formation. The 
Salk insertion lines I used for Lac 4 and Lac17 were Salk_144432, and Salk_016748 
respectively. At the time, there had been no reports of the involvement of laccases in cell 
wall lignification. It was believed that peroxidases, and not laccases, are involved in the 
oxidative polymerization process (Boerjan et al. 2003), because of a study by Ranocha et 
al. (2002) in which the authors attempted to knock down laccase expression in Poplar, 
and found no reduction in lignin levels (discussed in detail in 1.2.2).  The collapsed 
xylem in laccase mutants was an interesting result, because it contradicted the model of 
the lignification process at the time.  
 

Upon further investigation, however, I found that the collapsed xylem phenotype 
of both of the T-DNA insertion lines was inconsistent.  Some batches of plants might 
have a few collapsed xylem vessels, but in other batches the insertion lines were 
indistinguishable from the wild type.  Figure 3-1 shows this inconsistent phenotype. 
Some Col-0 wild type stems showed some collapsed xylem (A).  The lac4 insertion line 
(B) showed some collapsed xylem in a few stems, but looked almost like the wild type in 
most others.  The xylem region of lac17 insertion lines also appeared more irregular than 
the wild type, but the effects were mild, and often times not observed.  

 
I learned shortly afterward that another research group (Berthet et al. 2011) had 

finished extensive works to characterize lac4 and lac17 mutants.  They identified a true 
knock out T-DNA insertion line for lac 4, and crossed it with lac17 mutant line.  They 
discovered that the double mutant had much stronger effects on the collapsed xylem 
phenotype, and also confirmed that the lignin levels of the double mutant was reduced 
40% from the wild type level.  They also showed that the lignin content phenotype of the 
lac17 insertion line could be restored to the wild type level by transforming the lac17 
knock-out line with a Lac17 transgene driven by the native Lac17 promoter. The group 
presented strong evidence supporting the roles of Lac4 and 17 in the lignification process 
(Berthet et al. 2011). 

 
However, many questions remained unanswered.  What are the mechanisms of 

laccase in lignification?  How can laccase specifically affect G units, while it is believed 
to have weak substrate preference, and that it operates downstream of the monolignol 
synthesis pathway? By an agreement with Berthet’s research group, I obtained the double 
mutant they generated, and further analyzed it and other mutants using histochemical 
staining and 2D NMR spectroscopy.  I abandoned the Salk line for lac4 that I originally 
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used, because a test by QRT-PCR (quantitative real-time polymerase chain reaction) 
indicated that the Salk line I used had a high level of Lac4 mRNA.  I switched to the 
lac4-2 line that Berthet’s group published.  The T-DNA insertion line I had for lac17 was 
the same as the one being published.  

 
 

 
Figure 3-1 Xylem collapse phenotype of Col-0 and T-DNA insertion line 
A. Col-0 wild type 
B. lac 4 T-DNA insertion line Salk_144432 
C. lac 17 T-DNA insertion line Salk_016748 
Staining: Toluidine blue 
Scale bar = 20 um. All images were taken at the same magnification. 
 
 

3.2 Background information 
Berthet and colleagues was the first group that reported the reduction of lignin 

content and composition in a laccase mutant and double mutants.  The two laccases that 
were studied were Lac4 (AT2G38080) and Lac17 (AT5G60020).  They characterized 
lac4-1 (Salk_051892), lac4-2 (GabiKat-720G02), lac17 (Salk_016748), and the double 
mutant of 4-1/17, 4-2/17.  All mutant alleles were T-DNA insertion alleles, with lac 4-1 
and lac17 insert in the promoter region, and lac 4-2 insert in the exon region. Gene 
expression levels of Lac4 and Lac17 were tested in each genotype.  lac4-1, lac4-2, and 
lac17 were found to be null mutants, when tested by semi-quantitative RT PCR.  
However, lac4 expression could be detected in the lac4-1/lac17 double mutant, but lac17 
expression levels remained undetectable in this double mutant.  In the lac4-2/lac17 
double mutant, both Lac4 and Lac17 loci have undetectable amount of mRNA (Berthet et 
al. 2011).  
 

When grown under long day conditions or continuous light conditions, Berthet’s 
group observed that lac4-1, lac4-2, lac17, and lac4-1-lac17 double mutant had the same 
morphology as wild type plants.  The lac4-2/17 double mutant grew similar to wild type 
in long day conditions. However, it was observed to be semi-dwarfed in continuous light.  
The Wisner staining (phloroglucinol) of lac4-2/17 was weaker in the interfascicular fibers 
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than other lines, and than the wild type regardless of the growth conditions.  Only a mild 
xylem collapse phenotype was observed for lac4-2/17 growing in long day conditions.  
The severely collapsed xylem was not observed unless the plants were grown in 
continuous light (Berthet et al. 2011).  I repeated these cross-sectioning and 
histochemical staining processes and observed different results.  The xylem vessels of 
lac4-2/17 plants were observed to be consistently collapsed in the long day condition.  
This could be a result of the growth conditions, such as soil moisture levels, and will be 
discussed in details in 3.3.1.   
 

Lignin content was also reduced in the mutants and double mutants. The single 
mutant 4-1, 4-2 had 8-14% lower Klason lignin content than the control group.  The 
leaky double mutant 4-1/17 had a 20% reduction in Klason lignin level. The null double 
mutant 4-2/17 had a drastically lower Klason lignin level, 40% lower than the wild type 
control group.  These reduced lignin levels were observed regardless of whether the 
plants were growing in long day or continuous light condition.  Klason lignin is 
essentially the insoluble fraction when lingo-cellulosic cell wall materials were subjected 
to acid (Hatfield and Fukushima 2005).  To test if the lower Klason lignin was the result 
of some lignin becoming soluble, Berthet and colleagues tested the acid soluble lignin 
level in all samples. Acid soluble lignin was low and unchanged in any mutant, and 
therefore cannot account for the missing Klason lignin in the laccase mutants. 
 
  Lignin composition was probed using thioacidolysis, which cleaves β-O-4 bonds, 
but not other carbon-carbon bonds (see 1.1.1), releasing monomers that can be assayed by 
using chromatography in tandem with mass spectrometry.  Cell wall material used in this 
study was the Alcohol Insoluble Residue (AIR), which were cell walls that had been 
ground and washed with water, ethanol, and chloroform/methanol to get rid of any water 
and lipid soluble molecules (see 2.6.2). The single mutants and double mutants had a 
lower thioacidolysis yield than the wild type control when normalized to the total mass of 
extract-free cell walls.  This could be the result of either lower overall lignin level, or 
lower cleavable bonds.  When the thioacidolysis yield was normalized to Klason lignin 
content, no change in the yield of thioacidolysis could be observed in any genotypes 
except 4-2/17 grown in the continuous light condition, indicating that the percentage of 
the cleavable bond (β-O-4 bonds) did not change in the mutants.  Note that the error 
range was about ±5-7%, which means any smaller changes could not be detected.  The 4-
2/17 grown in the continuous light condition had a drastically lower thioacidolysis yield 
(76%).  Thioacidolysis also revealed that the released G units had been reduced in the 
mutant, and more so in the 4-2/17 double mutant, while S unit remained the same or 
slightly increased.  This caused the S/G molar ratio increase. Gene expression profiling 
was also studied, but could not explain the S/G phenotype (discussed in Chapter 1, 
Section 1.2.2) 
 
The unanswered questions further investigated were: 
 -What are the structures of mutant lignin, and what had changed in the mutants?  I 
used 2D NMR spectroscopy to probe the inter unit linkage of lignin.  
 - How can laccase specifically affect G units, while it is believed to have weak 
substrate preference, and that it operates downstream of monolignol synthesis pathways?  
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I planned to test heterologously expressed laccases to probe their substrate preference.  
However, as discussed in Chapter 4, this effort was not successful.  As a backup measure, 
I investigated transgenic lines that had alterations in S/G ratio due to changes in the 
monolignols synthesis pathway.  

3.2.1 Whole cell wall NMR spectroscopy: 
As discussed in 1.1.1, degradative methods to characterize lignin have many 

shortfalls. Destructive methods such as thioacidolysis or DFRC only cleave one type of 
bond, releasing a subset of lignin for analysis, and are unable to detect units linked with 
other types of linkage.  Solution state Nuclear Magnetic Resonance (NMR) spectroscopy 
became a method of choice to investigate lignin in laccase mutants, because it can be 
used to estimate the content of each subunit, as well as the distribution of inter-unit 
linkages in lignin (Cheng et al. 2013; Yelle et al. 2008).   
 

Previously, lignin has to be extracted from cell walls before it can be solubilized 
and analyzed with NMR spectroscopy (Marita et al. 1999), leading to a similar draw back 
as the destructive analysis: some structures are easier to extract than others, and the 
results can be biased.  Later, protocols to solubilize cell walls had been developed.  By 
ball-milling, digesting with cellulase and then acetylating the cell wall, the lingo-
cellulosic material can be dissolved by perduterated DMSO/N-methylimidazole (2/1, 
v/v), allowing solution-state NMR spectrum acquisition (Weng et al. 2010).  However, 
this method also gives rise to the same caveat as the extractive or destructive methods, 
that some structures are derivatized more efficiently than others, so the results can be 
biased.  Published methods for non-derivatized whole cell wall (Kim and Ralph 2010; 
Yelle et al. 2008) had limited solubility, leading to low-quality spectra.  To overcome 
these shortfalls, my collaborators (K. Cheng and H Sorek) developed a new solvent 
system, DMSO-d6 containing deuterated 1-ethyl-3-methylimidazolium acetate 
([Emim]OAc).  Our solution system was superior to existing solution systems to 
solubilize non-derivatized ligno-cellulosic cell wall material, and produced strong signals 
for all major inter-unit linkages, as well as the carbohydrate portion of the spectra, 
without any alteration other than ball-milling (Cheng et al. 2013). 
 

Once the cell walls were solubilized, NMR spectroscopy, specifically, HSQC 
(heteronuclear single quantum coherence) 13C-1H correlation spectroscopy, was used to 
detect C-H cross peaks, which are parts of molecules in lignin polymer.  Previous studies 
had established standard cross-peak identification (Kim and Ralph 2010; Ralph et al. 
2004b; Yelle et al. 2008). We can readily identify the major subunits of lignin, Hydroxy-
Phenyl (H), Guaiacyl (G) and Sinapyl (S) residues, which appear in the aromatic region 
of the spectra ( δH 6.3−7.5 ppm, δC 100−135 ppm, Figure 3-9  A-D).  The inter-unit 
linkages in lignin, which are mainly β-aryl ether (A), resinol (B),  phenylcoumaran (C), 
and dibenzodioxocin (5−5’) units (D), can be detected in the oxygenated aliphatic region 
(δH 4.0−5.6 ppm, δC 67−90 ppm, Figure 3-9 E-H). The relative concentration of each 
monomer can be estimated by peak integration.  Similarly, relative composition of 
linkages can be estimated by comparing their peak integrations.  
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3.3 Results and Discussions 

3.3.1 Characterization of the mutants by histochemical stain and microscopy  
I received the seeds of 4-1, 4-2, 17, 4-1/17, and 4-2/17 lines from Berthet's group 

and repeated the histochemical stain, and microscopy analysis. I grew these plants under 
the long day conditions, and watered them about once a week.  When the inflorescent 
stems grew larger, the plants would consume more water, and the water schedule was 
adjusted to become more frequent.  

 
Six week-old inflorescent stems were hand-sectioned and stained with the Mäule 

protocol (see material and methods), and examined under a bright field light microscope.  
Under this condition, the single mutants 4-1, 4-2 and lac17 looked wild type-like in the 
xylem region (Figure 3-2 A-C), but 4-2/17 double mutant consistently showed collapsed 
xylem vessels (Figure 3-2 D).  Berthet reported that this xylem collapse phenotype was 
only observed in plants growing with 24 hours light, and not for long day growth, but I 
could reliably reproduce this collapsed xylem under long day growing condition.   

 
Single mutants had some changes in the xylem and fiber region, but the changes 

were more severe and more noticeable in the double mutant.  In the interfascicular fiber 
regions, the 4-2 mutant had a lighter stain, and the color was much less intense than in the 
wild type, appearing translucent orange rather than deep dark red (Figure 3-2 E for Col-0 
wild type, F for 4-2).  The fiber of lac17 mutant was almost wild type-like, but also had 
patches of light staining (Figure 3-2 G).  The fiber of 4-2/17 has drastically reduced 
lignin staining, appeared to be stained in thin straight lines along the middle lamella, 
leaving lignin-free amorphous mesh in the lumen of the cell.  I tried other staining 
protocols (Figure 3-3).  Toluidine blue stains lignin blue and primary cell walls purple or 
pink and phloroglucinol stains coniferaldehyde end groups (Berthet et al. 2011).  The 
shape of the xylem vessels of 4-2/17 did not change, and their colors were not very 
informative in either toluidine blue or phloroglucinol stain (Figure 3-3 B, D).  For the 
fiber region, the fiber of 4-2/17 exhibited similar pattern as observed in Mäule stain.  The 
highly stained region was limited to the straight lines along the middle lamella, and the 
lumen parts of the cells had unstained (Figure 3-3 H) or lightly stained mesh (Figure 3-3 
F).  These staining patterns indicated that the amorphous mesh had very low lignin 
content. 

 
Lignin content was also measured using acetyl bromide method (Fukushima and 

Hatfield 2001).  The lignin content was reduced from about 17% of the extract-free cell 
wall material in WT to 8% in mutant (Figure 3-4).  The two samples differed 
significantly, and the p value from t-test was 0.031 (n=2).  These were two biological 
replicates, and for each, 4 technical replicates.  

 
In conclusion, I could reproduce the xylem collapse phenotype and the lignin 

content phenotype, which were reported in Berthet (2011).  I also discovered that 4-2/17 
made reliable collapsed xylem and distinctive fiber pattern after staining with Mäule 
protocol, while the single mutants after Mäule staining looked more similar to wild type.  
The reason why I observed reliable collapsed xylem under long day conditions and 
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Berthet's group did not was not determined.  It is possible that the infrequent watering 
scheme might be the cause of the xylem collapse, because the low soil moisture levels 
could increase the negative pressure inside the xylem vessels. 

 
 

 
Figure 3-2 Cross Section of lac4-2, lac17, lac4-2-17 mutants, stained with Mäule 
staining protocol 
A-D: Xylem 
E-H: Fiber 
A,E: Col-0 wild type 
B,F: 4-2 
C,G: 17 
D,H: 4-2/17 
Scale bar = 20 um. All images were taken at the same magnification. 
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Figure 3-3 Cross Section of Col-0 and 4-2/17 under different staining protocols 
A,B,E,F:  Toluidine Blue; C,D,G,H: Phloroglucinol;  
A-D Xylem region, E-H Fiber region 
A,C,E, G: Col-0,   
B, D, F, H: 4-2/17 
Scale bar = 20 um. All images were taken at the same magnification. 
 

 
Figure 3-4 Lignin content by Acetyl bromide method 
Error bar= standard deviation, n=2 p=0.031 (t-test) 
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3.3.2 Complementation of the double mutant with Lac4 and Lac17 
 Berthet (2010) reported that they could complement lac17 mutant with a genomic 
DNA of Lac17, driven by the native Lac 17 promoter and followed by the 3’ untranslated 
region.  Lac 4 complementation was not reported. From Figure 3-2, I noticed that the 
Mäule stained phenotype of 4-2/17 was drastically different than the single mutants or the 
wild type. I reasoned that I could use this phenotype as a basis to screen for the function 
of the transgenes.  When the additional transgene provides one functional laccase to 4-
2/17, the phenotype should shift from the double mutant phenotype (Figure 3-2 D,H) to 
more wild-type like phenotype (Figure 3-2 A,B,C,E,F, and G).   
 

To test this idea, I created a DNA construct with the coding DNA sequence 
(CDS) of Lac4 driven by Lac 4 promoter (3.4 kb upstream of the start codon of 
AT2G38080).  The Lac4 CDS was transcriptionally fused to a synthetic C-terminal 
region containing FlAsH, StrepII and 6xHis tag.  The CDS was followed by a 3' 
untranslated region of Lac4, then by a Nopaline Synthase (NOS) transcription terminator.  
The transgene was cloned into pCambia 3300, which provided the resistance to 
glufosinate herbicide (Basta ™) or L-Methionine sulfoximine (MSO). The sequence of 
the construct, from the promoter to the terminator, was confirmed using Sanger 
Sequencing.  The promoter and the untranslated regions had a single DNA strand 
coverage, and the open reading frames had a double DNA strands coverage.  
 

The plasmid was transformed into A. tumefaciens strain GV3101 by 
electroporation.  The transformed A. tumefaciens was used to transform A. thaliana with 
lac 4-2/17 double mutation. The seedlings were selected for the resistance to glufosinate 
(Basta™ ) or MSO.  The seedlings that survived the selection will be referred to as 
Generation 1 Transgenic plants (T1).   T1 were allowed to self-pollinate, and Generation 
2 Transgenic plants (T2) seeds were collected.  T2 seeds were selected for Basta or MSO 
resistance, which indicated that the individual seedling had received the transgene T-
DNA.  These T2 plants were genotyped for the presence of 4-2 and 17 inserts, and also 
the presence of the transgene, by using PCR, using a genotyping primer in the CDS, and 
another primer in the C-terminal tag to prevent amplification from parental DNA 
sequences.  These Basta-resistant plants might be homozygous or heterozygous for the 
transgene, and might have one or more copies of the transgene inserted into their 
genomes. They were screened for complementation by the Mäule stain phenotype of 
stems hand sections. 

 
I found that 6 out of 7 T2 lines had wild type-like phenotype in both the xylem 

and the fiber region (Figure 3-5 A,C), and 1 out of 7 had wild-type like xylem regions, 
but the fiber regions were not thickened to the wild type or the single mutant level, but 
were different from the double mutant fibers.  I repeated this experiment with a DNA 
construct containing Lac17 CDS driven by the Lac 17 native promoter, and followed by 
the 3’ untranslated region of Lac17 and the NOS terminator, and found that 6 out of 8 T2 
candidates look indistinguishable from wild type plants (Figure 3-5 B, D), while the other 
two looked like the double mutant parent.  These results indicated that I could 
complement the double mutation in 4-2/17 with either Lac4 or Lac17 driven with their 
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native promoter.  The rescued phenotype of both transgenes was also stable in the next 
generation of transgenic plants (T3).  
 

 
Figure 3-5 Double mutant 4-2/17 complemented with Lac4 or Lac17 with their 
respective native promoter. 
A-B: Xylem 
C-D: Fiber 
A,C: Lac 4 promoter driving the expression of Lac4 CDS in 4-2/17 background 
B,D: Lac 17 promoter driving the expression of Lac17 CDS in 4-2/17 background 
 
Scale bar = 20 um. All images were taken at the same magnification. 
 
 

3.3.3 Laccase 4 localization mirrors lignin deposition pattern 
The localization of Lac4 was examined by using Laccase 4 N-terminally tagged 

with Citrine, driven by Lac4 native promoter.  Citrine is an enhanced YFP that can 
fluoresce at low pH. The construct was transformed into 4-2/17 background, and I 
screened for transgenic lines that eliminated the collapsed xylem and the fiber phenotype 
of the double mutant.  A homozygous complemented line (N4C3-4-3) was examined 
under a spinning disc confocal microscope. The image showed that I can detect 
fluorescence above background levels (Figure 3-6 A, C). Comparable images taken from 
a non-tagged construct from a complemented line (Figure 3-6 B, D) showed no signal.  A 
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low level of lignin auto-fluorescent was detected, but at this laser energy and exposure 
setting, only showed low traces of signal (Figure 3-6 B, D).  

 
 Laccase 4 was localized only in the lignified portion of the cell walls, and mirrors 

the lignin stain.  The lignin deposition pattern was strikingly similar to the pattern of 
laccase-citrine signal (Figure 3-7).  In the xylem, laccase was localized throughout the 
cell wall spaces, which also stained positive for lignin with the Mäule staining protocol 
(Figure 3-7 A and B).  In the fiber, the localization pattern of laccase shared many 
features with the localization of lignin examined by Mäule staining. The dark lines along 
the middle lamella and the dark triangles where 3 cells join were observed in both the 
laccase-citrine photo (Figure 3-7 C) and Mäule stained photo (Figure 3-7 D). 

 
In photos taken at the junction between the fiber and pith parenchyma, laccase 

signal was only detected in the lignified region, indicating that the localization of laccase 
was limited to this region.  Photos in Figure 3-8 were taken from the transition zone from 
the lignified fiber (lower halves) to the non-lignified pith parenchyma (upper halves).  
Figure 3-8 A and B were taken from the same field, A showing the bright field image of 
fiber cells with thickened cell walls on the lower part of the figure, and the thin cell walls 
of the pith parenchyma on the top half.  Figure 3-8 B shows that laccase signal was 
detected only in the lower half of the image, and not the upper half.  Figure 3-8 C was 
from a different stem section, but on a similar fiber-parenchyma transition zone, and 
stained with the Mäule staining protocol, which stained lignified tissue dark red.  The 
dark red staining was limited to only the lower half of the picture, which was the lignified 
fiber region, and not the top half, which was the pith parenchyma. Together, these lines 
of evidence strongly suggested that the localization of laccase matched with the pattern of 
lignin deposition.  
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Figure 3-6 Laccase4 tagged with citrine YFP, and driven by lac4 promoter, 
transformed into 4-2/17 background 
A, B: Xylem region 
C, D: Fiber region 
 
A, C: with citrine 
B, D: complement construct with no tag 
All images taken with the same magnification, laser energy, and exposure setting, and 
presented at the same display range.  Scale bar = 20 um. 
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Figure 3-7 Laccase localization, compared to comparable image of lignin 
localization by Mäule stain 
A, B: Xylem region 
C, D: Fiber region 
A,C: Fluorescent micrograph 
B, D: Different stems stained with Mäule reagent.  
 
A, C were taken with the same magnification, laser energy, and exposure setting, and 
presented at the same display range.   
B, D were taken at the same magnification, but different from A and C.  
Scale bar = 20 um  
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Figure 3-8  laccase localization is specific to lignified tissue 
A and B were taken from the same visual field. C was from a comparable photo of a 
different stem.  
 
A: Bright field 
B: YFP 
C: Mäule Stain, bright field  
A and B were taken from the same visual field, with the same magnification and 
presented at the same display range.  C was a comparable image from a Mäule stain stem 
section, taken at a different magnification than A and B.  
Scale bar = 20 um 
 
 

3.3.4 Whole cell wall 2D NMR analysis showed that guaiacyl units were reduced in 
4-2/17 double mutants, but S units remained the same.  
To further characterize the composition and lignin structure, I prepared cell wall 

samples of lac17, 4-1/17, and 4-2/17 for 2D NMR analysis. Stems were collected from A. 
thaliana plant stage 6.9, about 7-8 weeks after germination.  At this stage, flowering has 
completed, but stems are still green, leaves start to senesce, and some siliques might start 
to open.  The stems were collected in liquid nitrogen, freeze-dried, and ground to fine 
powder, leaves and siliques were separated.  The cell wall material was then made into 
extract free cell wall (Alcohol Insoluble Residue, or AIR, see Material and Methods for 
more details), and ball-milled with Retch PM100 planetary ball mill.  They were then 
dissolved with DMSO-d6 containing deuterated 1-ethyl-3-methylimidazolium acetate 
([Emim]OAc) and solution state NMR spectra were collected according to Cheng (2013).  
Equal amounts of cell walls and data collection times were used in each experiment to 
enable comparisons across different samples.  
 

The spectra of lignin can be divided into 2 main regions of interest: the aromatic 
region which shows the C-H pairs in the aromatic rings of lignin subunits (δH 6.3−7.5 
ppm, δC 100−135 ppm, Figure 3-9  A-D), and the oxygenated aliphatic region which 
shows  the inter unit linkages in the lignin polymer (δH 4.0−5.6 ppm, δC 67−90 ppm, 
Figure 3-9 E-H). The aromatic region showed that A. thaliana lignin contains syringyl 
(S), guaiacyl (G) and hydroxyl phenyl (H) units.  The cross-peaks were assigned based on 
published work on chemical shifts. The C-H pairs that produced the labeled signal in 
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Figure 3-9 A-D was shown in diagrams in Figure 3-9 I.  For S units, C-H pairs at position 
2 and 6 gives overlapping cross peaks at  δH 6.57-6.76 ppm, δC 102-105ppm.  G unit, C-
H pairs at position 2 gives a cross peak at  δH 6.80-7.10 ppm, δC 109-112ppm.  For H 
unit, C-H pairs at position 2 and 6 gives overlapping cross peaks at  δH 7.14-7.28 ppm, 
δC 127-130ppm. Other major peaks in this region ( δH 6.56-7.40 ppm, δC 114-120 ppm) 
were overlapped signals of other aromatic C-H pairs, and were not used in analysis.  

 
 The integration of cross peaks was used for the estimation of each unit.  The 

integrated values were normalized to one C-H pair.  For example, only half of the S2,6 
peak was used, while the whole integration of G2 was used. The absolute integration 
normalized to one C-H pair was presented in Figure 3-10 A.  The total amount of 
aromatic signal was reduced by 24% and 31% in 17 and 4-1/17 respectively.  The 
reduction was as much as 64% in 4-2/17 (Figure 3-9 B, C and D respectively, and Figure 
3-10 A).  The majority of the reduction was seen in the G unit, which was reduced by 
78% from the wild type level in 4-2/17 (Figure 3-10 A), which was in the same trend as 
the previous report using thioacidolysis analysis in Berthet (2011).  More H units were 
detected than usually reported because the stems were collected before senescence.  
When Col-0 wild type was grown until senesced, and dried, the H unit was reduced to 
levels seen in previous published works (Figure 3-11), agreeing with the report by 
Rencoret (2011) that the amount of H lignin in plant species started out high in young 
plants, and drops as the plant grows older.  

 
The peaks in the oxygenated aliphatic region were resolved, the three major inter-

unit linkages were identified:  β-aryl ether (A), phenylcoumaran (B) and resinol (C).  The 
total number of inter-unit linkages was arbitrarily set to the sum of the integration of A B 
and C.  In the wild type, β-aryl ether (A) comprises the majority of the inter-unit linkage, 
about 87% (Figure 3-10 B).  Two C-H pairs were detected from A linkages.  A-α is from 
the C-H at the α position, and A-β from the β position (Figure 3-9 J). The A-α position 
appears at δH 4.67-4.90 ppm, δC 70.0-72.5 ppm, and partially overlapped with 3-OAc 
Man p (3-O-Acetylated mannan).  The A-β linkages can be resolved into two peaks, A-β 
(G) at δH 4.20-4.35 ppm, δC 83.0-84.5 ppm , and A-β (S) at δH 4.08-4.16 ppm, δC 85.5-
86.5 ppm.  The G and S denoted in the linkage were the unit from which the 4-OH bond 
comes.  These OH-donors were the upper molecule in Figure 3-9 J.  Note that 4-2/17 had 
a reduced amount of A-β-G compared to wild type.  The second linkage resolved in this 
region was phenylcoumaran, at δH 5.40-5.52 ppm, δC 86.5-87.5 ppm (Figure 3-9 E).  
This linkage contributes to 2-8 % of the inter unit linkages.  This unit was drastically 
reduced in 4-2/17, only showed up at about 0.2% (Figure 3-9 H).  The phenylcoumaran 
unit was detected in 4-1/17 and in 17, and contributed to 4-6% of the total linkage 
integration (Figure 3-9 F, Figure 3-10 B).  Berthet (2011) reported that G units were 
reduced significantly in these mutant lines. The third linkage detected in this region was 
resinol, appearing at δH 4.60-4.67 ppm, δC 84.5-85.5 ppm. The contribution of this 
linkage was 2% in the wild type, and did not appear to change significantly in any of the 
mutants.  
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Figure 3-9 13C-1H correlation HSQC  NMR spectra of Col-0 wild type, lac17, 

lac4-1/17 and lac 4-2/17 mutants 
A-D: Aromatic region 
E-H: oxygenated aliphatic region 
A, E: Col-0 wild type 
B, F: lac17  
C,G: 4-1/17 
D,H: 4-2/17 
I: Diagrams of lignin monomers, the number on each component corresponds to 

the number in A-D 
J: Diagrams of lignin inter unit linkages, the Greek letter on each component 

corresponds to the number in E-H 
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Figure 3-10 Quantification of NMR spectra by integration of cross-peaks 
A. The absolute integration of the aromatic region, AU: arbitrary unit, G, S and H 
corresponds the peaks in Figure 3-9 A-D, I 
B. Linkage region, ABC correspond to the peaks in  Figure 3-9 E-H, J 
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Figure 3-11 HSQC spectra of a fully senesced stem, showing less than 1% H units, 
agreeing with previous reports on A. thaliana whole cell wall NMR studies.  

 
 

3.3.5 NMR spectra showed that the guaiacyl residues in the 4-2/17 mutant were 
not elongated   
We found that the G unit was reduced in the single mutant and double mutant, 

which agreed with previous reports using thioacidolysis.  The interesting finding, 
however, was that the phenylcoumaran unit disappeared only in the 4-2/17 double 
mutant.  Phenylcoumaran linkages form by linking any new monolignol unit onto an 
existing G residue.  There are still some G units left in lignin of 4-2/17, but the 
phenylcoumaran linkage was reduced disproportionately.  When the percentage of 
Guaiacyl residue (%G) was plotted against the percentage of phenylcoumaran (%B), the 
graph shows a correlation between the two units (Figure 3-12).  This graph was plotted 
from the %G and %B number from multiple NMR spectra of Col-0, 17, 4-1/17 and 4-
2/17.   The sum of G, H, and S was set to 100%, and the sum of A, B, and C was set to 
100%.   
 

A-β-G was also drastically reduced in 4-2/17, producing only 62% of the NMR 
signal compared to the wild type level. A-β-G linkage is formed when any lignin 
monomer is linked to an existing G residue, same as phenylcoumaran, but instead of 
forming a bond to an incoming monomer at position 5 of the chain end unit, it links at 
position 4.  Together with the reduced phenylcoumaran, this result means that the G 
residue in the lignin of 4-2/17 was not further elongated, therefore not forming either the 
A (β-aryl ether) or B (phenylcoumaran).   
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Figure 3-12 A plot of Guaiacyl content (%G) and % phenylcoumaran content (%B) 
 

3.3.6 Question: What causes the guaiacyl unit to disappear? 
We found that the laccase double mutant 4-2/17 had reduced G units in their 

lignin, confirming the results observed by Berthet et al. (2011).  However, the S/G 
composition of lignin is supposed to be determined by upstream enzyme ferulate-5-
hydroxylase (F5H) that converts the precursor of Guaiacyl residues (G) to the precursor 
of syringyl residues (S) (Discussed in section 1.1.2). How can laccase, which is 
downstream to F5H, change the lignin composition?   

 
A simple hypothesis to explain this observation is that Laccase 4 and 17 only 

react with coniferyl alcohol, which leads to the formation of a G unit, but they do not 
react with sinapyl alcohol, which forms S units. This hypothesis predicts that if the 
monomer composition in the 4-2/17 double mutant was shifted such that sinapyl alcohol 
becomes the major species of monolignol, the mutant should be able to bypass the 
defective laccases and the lignin content should be restored. To test the effect of the S/G 
composition on the function of Lac4 and 17, I created hybrids between the 4-2/17 double 
mutant and a mutant in ferulate-5-hydroxylase gene that has altered monolignol 
composition.  

3.3.7 Generation of laccase double mutant with altered S/G composition 
 A. thaliana mutants that have either a knocked out or overexpressed version of the 
ferulate-5-hydroxylase (F5H) were reported by Meyer et al. (1998).  F5H adds a hydroxyl 
group on position 5 of coniferaldehyde—a common precursor of both coniferyl alcohol 
and sinapyl alcohol—generating a precursor for sinapyl alcohol.  The fah1-2 mutant had 
a loss of function mutation in the F5H locus, which abolishes the production of sinapyl 
alcohol, leading to the absence of syringyl units (S) in their lignin.  Meyer et al. then 
transformed fah1-2 mutant with a F5H construct driven by cinnamate-4-hydroxylase 
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(C4H) promoter, which is a highly expressed enzyme in the phenylpropanoid pathway, 
causing over expression of F5H in lignifying tissue.  The percentage of S unit in the 
transgenic lines measured by nitrobenzene oxidation ranged from 50% up to 92%, 
compared to about 20% in the wild type (Meyer et al. 1998).  The lignin contents of the 
majority of these C4H-F5H transgenic lines, estimated from the yield of nitrobenzene 
oxidation, did not significantly change (Meyer et al. 1998).  These two mutants were 
ideal to be used in my study because they could alter the S/G composition of the lignin, 
and they are expected to act upstream laccase.  
 
 To generate the 4-2/17 mutant with no syringyl lignin, I crossed 4-2/17 with the 
fah1-2 line. The 2D NMR spectrum shows that the lignin of both the fah1-2 mutant and 
the 4-2/17/fah1-2 triple mutant was devoid of any S unit, (Figure 3-13 C, and D 
respectively).  The 4-2/17/fah1-2 line will be referred to as the triple mutant hereafter.  
The oxygenated aliphatic region of the NMR spectrum showed that resinol disappeared in 
both the fah1-2 mutant and the 4-2/17/fah1-2 triple mutant (Figure 3-13 G, and H 
respectively).  This finding agrees with prior reports that sinapyl alcohol is the unit that 
contributes to most of the resinol linkage (Stewart et al. 2009).  The lignin content of this 
triple mutant, estimated from the absolute integration of NMR spectrum, did not differ 
significantly from the 4-2/17 line (Figure 3-19).  This finding is similar to the lignin 
content estimated from the nitrobenzene oxidation yield in Meyer et al. (1998), in which 
the authors found the lignin content of the fah1-2 mutant to be the same as those of the 
wild type.  
 
  Mäule staining of the stem cross sections of the triple mutant, as discussed in 
3.3.1, results in brown color of lignified structures (Figure 3-14 D, J), which is indicative 
of the absent of Sinapyl units (S) in the lignin of the triple mutant.  This finding agrees 
with the observation reported by Chapple (1992) on the fah1-2 mutant.  The wild type 
(Figure 3-14 A, G) and the 4-2/17  (Figure 3-14 B, H) stained the same as previously 
discussed in 3.3.1, indicating that the Mäule staining protocol produced a consistent 
result, and that the color differences were likely caused by the different lignin 
compositions.  The fah1-2 mutant also stained golden brown (Figure 3-14 E, K), but the 
shape of the xylem and fiber region looks indistinguishable from the wild type other than 
the color.  
 
 Subsequently, the 4-2/17 mutant overexpressing F5H was generated by 
transforming the 4-2/17/fah1-2 triple mutant with the C4H-F5H construct used by Meyer 
et al. (1998).  The resulting transgenic lines were selected for the presence of the 
transgene by Kanamycin resistance, and hand sections of stem were stained with the 
Mäule staining protocol. Six lines in generation 2 were examined, and all had red 
coloration in the xylem region, which agreed with Meyer et al. (1998)’s report, 
suggesting that their lignin had high S content, and reduced G content.  Figure 3-14 F and 
L were representative figures from one of the lines.  All of them had xylem collapse 
phenotype similar to 4-2/17 (Figure 3-14 F).   Note that although C4H-F5H also had 
some xylem collapse phenotype, their fiber region was wild type like (Figure 3-14 I), in 
contrast to the fiber of C4H-F5H/4-2/17 quadruple mutant hybrid (Figure 3-14 L), which 
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were more similar to those of 4-2/17 (Figure 3-14 H). These C4H-F5H/4-2/17 quadruple 
mutant hybrid lines will be referred to as the quadruple lines hereafter.  
 
 

 
Figure 3-13 13C-1H correlation HSQC NMR spectra of Col-0 wild type, 4-2/17, fah1-
2, and 4-2/17/fah1-2, 
A-D Aromatic region, E-H oxygenated aliphatic region 
A, E: Col-0 wild type 
B, F: 4-2/17 
C, G: fah1-2 
D, H: 4-2/17/fah1-2 
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Figure 3-14 Mäule stained stem sections of wild type Col-0, 4-2/17, C4H-F5H, 4-
2/17/fah1-2, fah1-2, and 4-2/17/C4H-F5H 
 
A-F: Xylem region 
G-L: Fiber region 
A,G: Col-0 wild type 
B,H: 4-2/17 
C, I: C4H-F5H 
D, J: 4-2/17/fah1-2 
E,K: fah1-2 
F,L: 4-2/17/fah1-2/ C4H-F5H 
Scale bar = 20 um. All images were taken at the same magnification. 
 
 

3.3.8 NMR measurement of the 4-2/17/fah1-2/C4H-F5H transgenic lines 
 I then screened for homozygous insertion lines in generation 3 of the 4-2/17/fah1-
2/C4H-F5H quadruple transgenic lines.  Using a chi-square test on the segregation 
pattern of their offspring, I rejected transgenic lines with multiple insertion loci. I 
collected tissues from 8 homozygous transgenic lines, which have either a single 
insertion or closely linked insertions to ensure the homogeneity of the population.   My 
collaborator H. Sorek measured NMR spectra of these mutants, and quantified the 
aromatic region for the total lignin content and for the S/G composition.  Figure 3-16 
shows the NMR spectrum of the six genotypes in this study.  The lignin of the wild type 
A. thaliana (Figure 3-16 A) are predominantly guaiacyl residue (G), with about 13% 
syringyl residue (S) and about 3% of hydroxyphenyl residue (H).  The fah1-2 mutant 
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(Figure 3-16 B) has no detectable S unit, and C4H-F5H from Meyer et al. (1998) has 
mostly S, and has a significant amount of oxidized sinapyl residue designated as S' 
(Figure 3-16 C, G) as also previously observed (Mansfield et al. 2012). The S' unit was 
included in the total lignin estimation.  The 4-2/17 mutant has a reduced level of G 
compared to the wild type, but the S unit remained unchanged, similar to the previously 
discussed data (Figure 3-16 D).  The 4-2/17/fah1-2 triple mutant (Figure 3-16 E) has no S 
unit, similar to the data from Figure 3-13.  A representative 4-2/17/fah1-2/C4H-F5H 
quadruple mutant (D7A) is shown in (Figure 3-16 F).  The quadruple transgenic lines all 
had a high percentage of sinapyl (S) residue, and a low amount of guaiacyl (G) residue, 
and they also appear to have a higher amount of H unit than other groups.  All except 
D2C had less than 1.5% of guaiacyl residue. D2C appeared to be an outlier, containing a 
higher percentage of guaiacyl units and a higher overall lignin content than all other 
transgenic lines.  The genotypes of all eight quadruple transgenic lines were confirmed 
with PCR for all six loci (Figure 3-15). 	 
 

The integrations of the signal from the aromatic region are shown in Figure 3-17.  
The quadruple mutants appeared to have a similar lignin content as the 4-2/17 rather than 
the wild type. To perform statistical analysis, I pooled data collected from different 
batches of NMR experiments. By assuming the total lignin content of the wild type to be 
constant, I scaled the wild type total lignin content to 100 arbitrary units, and then scaled 
other data points with the same factor, which allowed data points from different 
experiments to be combined.  Each trait (G, H, S, and total lignin) was tested with one 
way ANOVA analysis.  The data from the quadruple transgenic lines except D2C were 
pooled together.  The C4H-F5H line only has one reading, and therefore was not included 
in the analysis.  
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Figure 3-15 Genotyping PCR results for all 8 quadruple transgenic lines and the 
controls lines.  
Genotypes 
Col: Columbia wild type 
fah: fah1-2 mutant 
F5H: C4H-F5H 
D: 4-2/17 (double mutant) 
T: 4-2/17/fah1-2 (triple mutant) 
D2C, D5E, D7A, D8A, D10E, D11B, E4A, F3B:  Quadruple transgenic lines 
Locus-specific primers: 
4wt: Amplifies the wild type allele of the 4-2 insertion line 
4ins: Amplifies the mutant allele of the 4-2 insertion line 
17wt: Amplifies the wild type allele of the 17 insertion line 
17ins: Amplifies the mutant allele of the 17 insertion line 
fah:  Results from digestion with MseI after a PCR amplification, the wild type allele 
produces two bands (300 and 380 bp), mutant allele produces 3 bands: 300, 250, and 
130bp 
C4H-F5H: Amplifies the C4H-F5H transgene.  
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Figure 3-16 NMR spectra of the Quadruple mutant screen, showing the aromatic 
region 
A: Col-0 Wild type 
B: fah1-2 
C: C4H-F5H 
D: 4-2/17 
E:  4-2/17/fah1-2 Triple mutant  
F: 4-2/17/fah1-2/C4H-F5H Quadruple mutant (D7A) 
G: Diagrams of identified compound, showing S’  
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Figure 3-17 Quantification of lignin monomers in C4H-F5H transgenic lines with 
NMR spectroscopy 
AU: Arbitrary unit 
WT: Col-0 wild type 
Triple: 4-2/17/fah1-2 
 
 
  
 The results from ANOVA analysis of lignin composition are shown in Figure 
3-18 (alpha = 0.05). The fah1-2 mutant has the same amount of guaiacyl (G) unit as wild 
type (group 1a), while 4-2/17 and the 4-2/17/fah1-2 triple mutant have lower G content 
than group 1a, but higher than group 1c, which were the quadruple transgenic lines.  The 
amount of sinapyl unit (S) was unchanged in wild type and 4-2/17 (group 2a), but is 
reduced in fah1-2 and triple mutant (group 2b), and significantly increased in the 
quadruple lines (group 2c).  ANOVA analysis did not detect any significant change in the 
amount of hydroxyphenyl unit (H) in any of the groups (group 3a), possibly due to the 
high variations in the measured H amount in the wild type, 4-2/17, and the triple mutant.  
However, the measurements from the fah1-2 line had a consistently low amount of H and 
those from the quadruple lines had a consistently high amount of H.  T-test between these 
two groups yielded a significant p value of 1.6 x 10-5, indicating that the quadruple 
mutant/transgenic lines have a significantly increased amount of H compared to fah1-2.  
T-test between the quad group and either the wild type or the 4-2/17 mutant did not result 
in a significant difference, however (p-value = 0.3 and 0.5 respectively).  
 
 Lignin content was estimated by adding all the units observed in the aromatic 
region of NMR spectra, including the oxidized sinapyl unit (S').  The data from different 
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experiments were pooled the same way as discussed in the previous section, and analyzed 
with one way ANOVA (Figure 3-19). The wild type and the fah1-2 had indistinguishable 
amounts of total lignin. The lignin content of the 4-2/17 double mutant, the triple mutant, 
and the quadruple transgenic lines were not statistically different from one another (group 
bc, c, and bc respectively), but all three groups had a significantly lower lignin content 
than the wild type (group a).  The lignin content of the fah1-2 line (group ab) was also 
indistinguishable from 4-2/17 and quadruple transgenic lines (both were in group bc).  
However, the fah1-2 line (group ab) has a significantly higher lignin content than the 4-
2/17/fah1-2 triple mutant (group c).  
 
 
 

 
Figure 3-18 Anova analysis of Lignin composition in each transgenic line 
WT: Columbia Wild type 
Triple: 4-2/17/fah1-2 
Quad: 4-2/17/fah1-2/C4H-F5H 
n: WT:4 , 4-2/17: 4, fah1-2: 2, Triple: 2, Quad: 7  
Error bars: standard deviation 
The grouping was the results of ANOVA analysis, with alpha =0.05 
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Figure 3-19 Quantification of lignin content based on NMR spectra  
WT: Columbia Wild type 
Triple: 4-2/17/fah1-2 
Quad: 4-2/17/fah1-2/C4H-F5H 
 
n: WT:4 , 4-2/17: 4, fah1-2: 2, Triple: 2, Quad: 7  
Error bars: 95% confidence intervals 
The grouping was the results of ANOVA analysis, with alpha =0.05 
Groups with overlapping letters, such as a and ab, were not significantly different from 
one another, but groups that do not share letters, such as a and bc were significantly 
different from each other.   
 

3.3.9 Evidence from the 4-2/17/fah1-2/C4H-F5H quadruple mutant did not 
support the hypothesis that Lac4 and 17 are specific to G and not acting on S 

 The hypothesis that I attempted to test with the 4-2/17/fah1-2/C4H-F5H 
quadruple mutant was that Lac4 and Lac17 only react with coniferyl alcohol, which lead 
to the formation of guaiacyl (G) units, but do not react with sinapyl alcohol which forms 
sinapyl (S) units.  This hypothesis predicts that the quadruple mutant lines should have 
the same lignin content as the wild type.  The NMR results from the quadruple mutant 
lines contradict the prediction of this hypothesis because the majority of the transgenic 
lines had the same lignin content as the 4-2/17 double mutant, but both lines have a 
significantly lower lignin content than the wild type (Figure 3-19).  This finding indicates 
that the assumption of the hypothesis is not correct.  Specifically, Lac4 and Lac17 do act 
on sinapyl alcohol and are responsible for the S units because lignin content was reduced 
even when the 4-2/17 mutant produce mostly sinapyl alcohol and almost no coniferyl 
alcohol.  The S/G composition determination appeared to be upstream of Lac4 and 17, 
and the enzymes were able to polymerize either type of the substrate.  The cause of 
reduced G unit in the lignin of the 4-2/17 mutant remains unanswered.  
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3.3.10 Proposed model of the Laccase-dependent lignification process 
 From the data so far, I have ruled out the possibility that Lac4 and Lac17 cannot 
react with sinapyl alcohol.  We know that Lac4 and Lac17 must play a role in the 
deposition of S units into the lignin, because the lignin content in the laccase mutant with 
almost 100% sinapyl alcohol and no coniferyl alcohol is still reduced.  One other 
hypothesis to explain this observation could be that laccase is acting in a part of the cell 
wall that has high G and low S content.  When this part of the cell wall is missing, 
guaiacyl residue is disproportionately reduced.  However, such high G regions have not 
been detected from Mäule staining.  The missing part in the fiber of the 4-2/17 mutant 
stained dark red in the wild type, indicating the strong presence of syringyl residues 
(Compare Figure 3-2 E and H).  Therefore, this hypothesis is also likely untrue.  
 
 Another hypothesis to explain this disproportionate reduction in the guaiacyl 
residue relative to the syringyl residue is feedback regulation.  The observed phenotype 
may be the result of plant's response to the slowed down rate of lignin deposition. We do 
not understand the process enough to make any explanation at this point.  Further study in 
the regulation of the lignin synthesis pathway might shed some light on the mechanism 
by which plants regulate their S/G composition in the secondary cell walls.  

3.3.11 Concluding remarks  
In this chapter, I further characterized a laccase mutant and double mutant lines I 

received from Berthet's group.  Histochemical stains showed that lac 4-2/17 had 
collapsed xylem, and low lignin fiber, while 4-2, 17, and 4-1/17 showed only a mild 
phenotype. Through fluorescently tagged laccase 4 construct, I found that Lac 4 is 
localized in the lignified portion of the xylem and the fiber cell walls.  2D-NMR spectra 
showed that the guaiacyl unit (G) was significantly reduced in 4-2/17, and the 
phenylcoumaran inter-unit linkage disappeared.   

 
The substrate specificity of Lac4 and Lac17 was investigated by studying 

combinations of the 4-2/17 double mutant overexpressing ferulate-5-hydroxylase (F5H).  
I found that the lignin content did not return to wild type level in the hybrid lines that 
have high syringyl content and very low (less than two percent in most transgenic lines) 
guaiacyl content.  These findings invalidate the hypothesis that Lac4 and 17 can only 
react with coniferyl alcohol and not syringyl alcohol.  The result from the transgenic line 
suggests that these laccases do not have substrate specificity.  The reason why G was 
specifically reduced remains unanswered.  
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3.3.12 Future directions 
 There are a few experiments that could shed more light on the mechanisms of 
laccase 4 and 17's functions, and also to confirm the findings I made with 4-2/17/fah1-
2/C4H-F5H quadruple mutant.  Estimation of lignin content by NMR can be affected by 
the low signal-to-noise ratio in transgenic lines with reduced lignin content, because 
NMR spectra require a relatively high lignin concentration, which is unachievable 
because of the limited solubility of whole cell walls.  The lignin content of these 
transgenic lines needs to be confirmed by other methods, such as acetyl bromide.  
 
 Another interesting result that our 2-D NMR revealed is that the phenylcoumaran 
linkage disappeared in 4-2/17 double mutant.  We could not determine if laccase is 
directly involved in the formation of this linkage, or if this was a mere consequence of 
the reduced Guaiacyl content.  An informative experiment to conduct is to create plants 
that have different G content without altering the laccase activity, and test to see if their 
phenylcoumaran content follows the same trend as in the laccase mutants.  One way to 
achieve this is to re-create the C4H-F5H line by transforming the fah1-2 mutant with 
C4H-F5H construct, which should yield a collection of transgenic lines that have varying 
S/G ratio without affecting laccase. These experiments should give robust evidence about 
the mechanism of the laccase-dependent lignification process, and might also be 
applicable to the lignification process in general.    
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4 Attempts to purify protein, enzyme assay 

4.1 Background 
Cell wall analysis of laccase 4, 17 and the 4/17 double mutant showed that they 

have reduced G units (Berthet et al. 2011).  The mechanism of this change was not 
resolved.  The question I asked was:  How can laccases, which are downstream from the 
monolignol biosynthesis, affect the S/G ratio?  One hypothesis is that laccases have a 
preference for G as the substrate over S, and other enzymes are responsible for the 
polymerization of the S unit.  When laccase was missing, the remaining enzymes could 
not efficiently polymerize G units, therefore it was reduced in the lignin polymer.  

 
One way to test this hypothesis is to purify laccase enzyme and test for its 

enzymatic activity.  Results presented in this chapter summarize my attempts to express 
laccase from A. thaliana in E. coli, P. pastoris, N. benthamiana, and by the Nomad 
protein expression system in N. benthamiana.  I also discovered some enzymatic 
properties of A. thaliana lac4 by studying crude protein extract from N. benthamiana 
leaves expressing the protein.  

4.2 Expression in Escherichia coli 

4.2.1 Heterologous expression of Lac4 in E. coli resulted in insoluble protein  
Escherichia coli, or E. coli is one of the simplest systems for heterologous protein 

expression.  It has the advantage of fast-growing cells as well as ease of purification.  The 
disadvantage, however, is that E. coli often is unable to fold eukaryotic proteins properly, 
leading to insoluble or inactive proteins. Lac4 Coding DNA Sequence (CDS), 
synthesized with no intron, was cloned into an entry plasmid of a gateway cloning 
system, and the plasmid sequence was confirmed from both strands using the Sanger 
sequencing method.  The entry clone was recombined with pET 60 construct using the 
gateway cloning method, producing an expression construct with a GST tag (Glutathione 
S-Transferase) fused at the N-terminus, and 6x His tag fused to the C-terminal of Laccase 
4.  GST is known to help with protein folding and solubility in E. coli expression 
systems.  The plasmid was then transformed into BL21 cells.  The first expression trial 
was done at 25°C and 18°C, using 500 uM IPTG to induce in LB media.  Cells were 
collected by centrifugation, and the cells in the pellet were lysed by sonication for 60 
seconds (Sartorius Labsonic M, cycle: 0.6, amplitude 70%) with and without 1% triton 
X-100.  The lysates were separated into a soluble fraction and an insoluble pellet by 
centrifugation, and loaded onto an SDS page gel, transferred, and probed with anti His 
tag antibody.  The result showed that all of the detected signals were in the insoluble 
fraction (Figure 4-1).  The bands were at approximately 90 kDa, which is the expected 
size (Lac4 is about 60 kDa and GST is about 28 kDa).  
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Figure 4-1  Expression trial in E. coli probed with Anti His.  
The protein was detected in the insoluble (Pellet) fraction. 16°C and 25°C denote the 
expression temperature.  T:  +  1% triton X-100, - No triton X-100 added.  
 
  

4.2.2 Purification from the supernatant with Ni-NTA column 
Even though most of the protein was insoluble, I reasoned that a small fraction of 

the protein might remain in the soluble fraction.  To test if I could purify the trace soluble 
protein, I cultured 1 liter of BL21 cells with the same construct (GST-L4-His) in LB with 
0.5mM CuSO4 and induced the expression with 500 uM IPTG at 18°C.  The culture was 
incubated for 23h before cells were collected by centrifugation, lysed with a 
homogenizer, and the soluble fraction was purified with Ni-NTA beads (From Qiagen, 
see Material and Methods).   Samples from each purification step were collected and 
tested with SDS PAGE and western blot analysis using anti GST antibody.  BL21 wild 
type were cultured, induced, and processed the same way, serving as a negative control.  
Anti-GST reactive bands at 90 kDa were detected in the elution fraction of the Ni-NTA 
column only from the sample containing the expressing construct, but not the empty 
plasmid sample (Figure 4-2 A, red box).  The elution fraction from Ni-NTA column is 
enriched in proteins containing His tag (6x Histidine).  The presence of both tags in the 
90 kDa band increased the confidence that the detected band was the protein expressed 
from the transformed construct.  SDS-PAGE gel stained with Gel Code Blue (Thermo 
Scientific), which was equivalent to Coomassie stain, also showed that the 90 kDa Anti-
GST reactive band in Figure 4-2 A was unique to the transformed cell sample.  
Preliminary tests for activity against ABTS (190 uL of 20mM sodium acetate buffer pH5, 
5mM ABTS, 5 uL enzyme elution fraction from NiNTA purification, Section 2.4.11) 
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showed that the elution fraction had no activity.   I learned later that sodium chloride and 
imidazole in the elution fraction can inhibit laccase activity, which would make the 
preliminary data invalid, but the extracted protein was not retested.  I moved on to 
Origami cells (EMD Millipore), which has both the thioredoxin reductase (trxB) and 
glutathione reductase (gor) genes, which should help with protein folding and disulfide 
bond formation.  
 
 

 
Figure 4-2 Purification from the soluble fraction of BL21 cell lysate   
A. western blot membrane using anti GST antibody.   B. SDS page gel stained with Gel 
Code Blue.   
 
BL21, untransformed BL21 cells 
L4, BL21 cells transformed with GST-Lac4-His construct 
S, Supernatant; F, Flow-through; E1-E2, Elution fraction 1 and 2 respectively.  
Boxed band in E1-E2 lanes indicates the bands that are not present in the negative 
control, and which also react to GST antibody.   
 
 
 

Origami cells (Life Technology) could be used to express lac4 from the same 
construct as before (GST-L4-His), and I could purify it from the supernatant of cell 
lysate, even though the majority of the protein was insoluble and was collected in the 
Pellet (P) fraction (Figure 4-3, Top). Cells were cultured in 3L of LB media in 2-liter 
baffled flasks containing 1mM CuSO4, and induced with 500 uM IPTG, incubated at 
16°C for expression for 20-23h and collected by centrifugation.  The pellets from all 
three flasks were pooled and lysed with three extraction methods: B-PER Bacterial 
Protein Extraction Reagents (Thermo Scientific) (A), Bug Buster Protein extraction 
buffer (Novagen) (B), and extraction with the homogenizer (Avestin E3 Emulsiflex) (C).  
The supernatants (S) of the lysate from all three methods were purified with Ni-NTA 
columns, elute in Imidazole buffer (E), and dialyzed into 20 mM Acetate buffer pH 5 
with no sodium chloride or imidazole (D), then precipitated with ammonium sulfate at 
80% from saturation. The resulting pellets were re-suspended in acetate buffer (Ex 
fraction), and tested for activity with ABTS (see Section 4.2.4). The flow-through 
fraction from the Ni-NTA column was also collected and analyzed (F).  Sample from B-
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Per (A) and the homogenizer (C) showed strong enrichment in the Ex fraction, while 
sample from Bug Buster (B) showed little signal from the Anti-GST antibody.  Gel Code 
Blue stain also showed a unique band at around 90 kDa for B-Per (A) and the 
homogenizer (C), but not for Bug Buster (B) sample (Figure 4-3, bottom row). 
 
 

 
Figure 4-3 Bands at 90 kDa from a western blot probed with Anti-GST (Top row), 
and from Gel Code Blue stained gel (Bottom row) of the Origami cell expression 
experiment.  
 
Method of extraction: 
A, B-Per 
B, Bug Buster 
C, Homogenizer 
 
P,  pellets; S,  supernatant; F, flow-through; E, elution fraction 
D, dialyzed fraction 
Ex, ammonium sulfate precipitated, and buffer exchanged fraction 
 
 

4.2.3 Activity assay 
The oxidative activity of laccase can be monitored using a synthetic substrate 

2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), which was purchased 
from Sigma-Aldrich (Childs and Bardsley 1975).  I have developed a test protocol 
suitable for the detection of low activity by using a long incubation time, then using 
statistical analysis to determine if there is a significant change over the background level.  
Typically, the reported rates of reaction used in kinetics measurement are the initial rate, 
measured in the first few minutes of the reaction, then the rate of reaction will slow 
down. I found that even though the rate of reaction slowed down, prolonging the 
measurement time will increase the sensitivity of the enzyme activity detection assay.   
Laccase also showed remarkable stability at 30°C.  Reference laccase from Sigma, which 
is a crude acetone precipitate from Rhus vernicifera, retained more than 50% of the 
original activity after two days at 30°C.   To enhance the sensitivity, I made 4-6 replicates 
per sample in a 96-Well plate (Figure 4-4 A), then measured the reaction rate over 6 
hours or overnight. The OD reads were then plotted against time (Figure 4-4 B), with the 
slope of each plot collected into a data table, converted to the rate of reaction with the 
appropriate path length and coefficient of extinction.  The rate of reaction from the 
kinetic blank group represents the non-enzymatic reaction of the substrate, and was 
subtracted from the rate of other groups. One-way ANOVA analysis was then used to 
determine if the rates of reaction in presence of enzyme extract differ from the blank 
group and the negative controls.  Since the reaction rate slows down after the first few 
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minutes, the rate recorded at 6 hours or longer will always underestimate the real rate of 
reaction, making this method a conservative test.   I then used multiple comparison Post 
Hoc test (Tukey's honestly significant difference criterion) to determine the estimate 
mean and error range of the rates (Figure 4-4 C). The result is that I can detect the rate of 
reaction as low as 0.05 nM/s above background level, if the noise of the reads are low 
(Figure 4-4 D). The detection limit in samples with higher noise levels can be as high as 
0.5-1 nM/s, and has to be tested on a case-to-case basis. The calculations were automated 
using Matlab scripts. For kinetics study (Section 4.8), the rate of reactions was measured 
in a much shorter time (400s-1,500s), with a much higher enzyme concentration.  
 

 
 
Figure 4-4 Laccase activity assay for detection of enzyme activity with ABTS   
A. An example of laccase activity assay set up. Kinetics blanks were reactions with the 
substrate, but without the enzyme.  For this example, Laccases were expressed in N. 
benthamiana using the Nomad protein expression assay (Section 4.6). Mock Infiltration 
and No infiltrations were negative controls, Pos, positive control using a sample known 
to have laccase activity.   
 
B. An example plot of long incubation time activity assay.  
C. The activities of each sample from A and B.  Mock, mock infiltration sample (negative 
control); S1-S5, sample 1-5; wt non-infiltrated leaf sample (negative control); Pos, 
positive control using a sample known to have laccase activity.   
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D. The activity of E. coli expressed laccase from 4.2.2      
1, Reference laccase at an arbitrary concentration to give the rate of reaction of 
0.2 nM/s 
0.1, 0.01, Dilution of reference laccase in 1 to 1/10 and 1/100 the original 
concentration respectively 
A, B, and C: Sample from  4.2.2 with three different method of extraction: 
A, B-Per 
B, Bug Buster 
C, Homogenizer 
 

Error bars in C and D: 95% confidence intervals 
 

 
 

4.2.4 E. coli expression system produced enzyme with no activity. 
 Sample from E. coli Origami strain, extracted with B-Per was chosen for the 
analysis because it showed the highest amount of activity against ABTS (Figure 4-4 D). 
Other groups had no detectable activity.  To compare the activity of my expressed laccase 
against the reference laccase, I normalized the rate of reaction at 5mM ABTS with the 
enzyme concentration in nM, using 59kDa as Ref Lac’s molecular weight, and 88 kDa as 
GST-L4-His molecular weight.  pET 60 linker and GST add about 29 kDa to the protein.  
The concentration of the reference laccase was estimated using two methods, by Bradford 
assay of the crude elution, and by integrating the band intensity on SDS-PAGE gel 
stained with Gel Code Blue, using Bovine Serum Albumin (BSA) as standard.  The 
enzyme concentration was estimated to be between 5-20 ng/uL.  The large error range 
reflects the uncertainty of the measurement because the band was very faint.  The 
concentration of purified GST-lac4 was estimated by integration of band intensity on the 
same SDS-PAGE gel as the reference laccase.  
  

The rate of reaction per nM enzyme was in the range of 2-13  nM/s. Note that this 
is not kcat because the rate was not vmax, but the rate of reaction is still correspond to the 
enzyme concentration.  The same calculation on the expressed enzyme produce the rate 
in the range of 0.007-0.011 nM/s per nM of the enzyme, which was two to three orders of 
magnitude lower.  I concluded that the protein did not have activity, which might mean 
that they were not folded properly or that the copper centers were not assembled properly 
by E. coli. 

4.3 Laccase expression in Pichia pastoris yielded no detectable protein 

4.3.1 Background 
Pichia pastoris has many advantages over bacterial expression systems.  They are 

more capable of folding and post-translational processing of eukaryotic proteins, while 
remaining relatively easy to manipulate compared to other eukaryotic systems.  They can 
have 10-100 folds higher expression levels than Saccharomyces cerevisiae, and tend to 
not hyperglycosylate the expressed protein.  Since laccases are predicted to be secreted 
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and glycosylated, and that the glycosylation might be necessary for its function, P. 
pastoris might have a better chance to express an active protein than bacteria. P. pastoris 
can use methanol as a carbon source.  When metabolizing methanol, P. pastoris up-
regulates Alcohol Oxidase (AOX) to keep up with the large increase in metabolic flux 
and to compensate for the low catalytic activity of the enzyme.  The AOX1 promoter is 
also used to drive the transgene expression in presence of methanol (Tschopp et al. 1987). 

4.3.2 Expression trial with P. pastoris was not successful 
The lac4 coding sequence was cloned into the pPicZAlpha plasmid from 

Invitrogen to produce plasmid pAC4.1.  The plasmid map is shown in Figure 4-5.  
pAC4.1 is the construct with the alpha factor secretory peptide, native predicted signal 
peptide, and Lac4 Coding DNA Sequence (CDS), synthesized with no intron, and a tag 
that contains Strep II and Histidine affinity tags. pAC4.1-S lacks the predicted signal 
peptide but otherwise is the same as pAC4.1. pAC4.1-H has no lac4 signal peptide, and 
only has a his-tag, and pAC4.1-x has no C-terminal tag.  The construct was cloned in E. 
coli, sequenced on both strands, confirmed to be fused in-frame with the alpha factor 
secretory peptide, and transformed into P. pastoris strain X-33 using the electroporation 
method (see material and methods).  The resulting colonies were tested for the presence 
of the transgene by colony PCR, by priming at the alpha factor secretory peptide and near 
the N terminal of the CDS, thus amplifying across the junction (Figure 4-6). 
 

Expression trials were performed at 30°C, 25°C, 18°C and 20°C (Table 4-1), 
Lower temperatures were used because some fungal laccases were reported to be 
expressed only at temperatures lower than 30°C (Bleve et al. 2008).  Copper was 
supplied in form of CuSO4 at 0.5 mM concentration.   The supernatant and pellet fraction 
of the culture was loaded onto an SDS Page gel, protein from cell pellets was extracted 
by boiling in SDS loading buffer, then western blotted using either a His or a Strep II 
antibody in two identical gels (Figure 4-7 A,B).     The resulting bands in the His and 
Strep II blot did not match, indicating that they were non-specific.  The cell pellets were 
also lysed mechanically by vortexing the cell suspension in 0.5 mm zirconia/silica beads 
(Biospec) for 3 x 30 seconds.  Tubes were placed on ice for 30 seconds in between 
vortexing.  The lysate did not show any specific bands.  I tested more colonies of three 
different versions of C-terminal tags (Table 4-1).   Dot blotting did not show overlapping 
His/Strep II signal.  As a positive control for my protein expression method, I expressed 
P. pastoris strain AU 8327 generated and tested by EBI analytical chemist Stefan Bauer, 
and showed that I could detect the expressed protein band in the supernatant of the 
culture with the Gel Code Blue stain ( Figure 4-7 C., Table 4-1). 
 

Twenty-one more colonies were tested using activity assay with ABTS as the 
substrate.  No color change was detected, even after 48h or 72h.  I also tested a lac17.1 
construct (pAC17.1) and found no Strep II signal in the pellets.  Furthermore, I attempted 
to purify any his-tagged protein with Ni-NTA beads using either the supernatant or 
pellets, and found no Strep II reactive bands in the purified fraction.  After many failed 
attempts with various constructs and multiple colonies tested, I concluded that P. pastoris 
was not a viable expression host for laccase.  
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Figure 4-5 Construct used in P. pastoris expression trials 

 

 
Figure 4-6 Colony PCR Results 
A. Primers for colony PCR were designed to prime in the alpha factor region and the 
coding region of Lac4.  B.  Colony PCR on a transformant produced a band at 400bp.  
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Figure 4-7 Western blots of sample collected from P. pastoris protein expression 
experiments.  
Transformed X33 cells were grown at 25°C with BMMY, collected at 64h 
A. Supernatant  B. Cells Pellets  There was no matched band in all three views. C. 
Positive control for protein expression protocol  
 
Red box: Expected band position for Lac4 protein. 
 
Blue, Gel code blue stain; His, western blot with His antibody; Str, western blot with 
Strep II antibody; X, X33 wild type cells; 4, pAC4.1-S construct; A, AU 8327 reference 
strain; S, supernatant; P, pellet.  
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Construct 
tested, (number 
of colonies) Media Temperature Test methods, results 
pAC4.1s(3) BMMY  30°C Western blot the supernatant, pellets 

with His, Strep II antibody, no specific 
band detected 

pAC4.1s(3) BMMY + 
CuSO4 

30°C Western blot the supernatant, pellets 
with His, Strep II antibody, no specific 
band detected 

AU8327(1) BMMY 30°C Gel Code Blue stain, Detected an 
expressed protein band 

pAC4.1s(2), 
pAC4.1(2), 
pAC4.1x(2) 

BMMY + 
CuSO4  

25°C Western blot the supernatant, pellets 
with His, Strep II antibody, no specific 
band detected 

pAC17(6) BMMY + 
CuSO4 

25°C Western blot the pellets with Strep II 
antibody, no band detected 

pAC4.1s(11), 
pAC4.1(9), 
pAC4.1H(5) 

BMMY + 
CuSO4,  

18°C Dot blot, none of the sample gave a 
signal correlated to both Strep II and 
His 

pAC4.1x(21) BMM+ CuSO4 20°C Tested for activity against ABTS, no 
detectable activity 

Table 4-1 Constructs and conditions tested for expression in P. pastoris X-33 
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4.4 N. benthamiana transient expression 
The cDNA coding regions (CDS) of Lac4 and Lac17 were used in a transient 

expression in tobacco leaves.  The CDS was driven by 35s promoter, and had both Strep 
II and His tag fused to the C-terminal of the protein (Figure 4-8). The construct was 
cloned into pCambia 3300, and transformed into Agrobacterium tumefaciens. The 
bacteria were used to infiltrate into N. benthamiana, and the leaves were collected at 66-
68h after infiltration (see material and methods).  Crude protein extraction was prepared 
from the infiltrated leaves, and the extract was purified with Ni-NTA beads, using the 
batch purification method.  The Western blot of the extract probing with Strep II antibody 
revealed that there were bands reacting with Strep II antibody at around 100 kDa in the 
elution fractions of both Lac4 and Lac17, but not for the empty vector (Figure 4-9 Top).  
These bands are likely the protein from the expression construct, because they have both 
His tag and Strep II tag.  SDS PAGE gel stained with Gel Code Blue could not detect any 
specific band (Figure 4-9 Bottom).  Because the elution fraction of Lac17 showed the 
most prominent band (Figure 4-9, top row, lane Lac17, E), I tested the fraction for the 
activity to oxidize ABTS.  The infiltrated group had the same activity as the empty vector 
group (Figure 4-10, T-Test p-value for 20 uL = 0.35, p-value for 5 uL = 0.77). The assay 
conditions were: 100 mM sodium acetate Buffer pH 5.0, 1mM ABTS, 5 or 20 uL of 
elution fraction in the elution buffer (100 mM Tris HCl pH 8.0, 300 mM NaCl, 200 mM 
Imidazole), 200uL final volume, room temperature, read for 3 minutes.  This project was 
dropped because I concluded that the protein had no activity when expressed in tobacco.   

 
After experimenting with the crude protein extract in section 4.6, I discovered that 

the chloride ion presented in the activity assay could inhibit laccase activity.  In addition, 
the other parameters of the assay, such as the concentration of the buffer and ABTS, the 
final pH, and the temperature might be sub-optimal.  Therefore the result on the enzyme 
activity I measured in this section may have been technically flawed.  I attempted to 
repeat the expression again with A. tumefaciens containing the same gene construct, but 
with the vacuum infiltration protocol.  In only one out of three infiltration events, I could 
detect a very low laccase activity, only about 18 nM/s per mg/ml of crude protein extract 
(Assay conditions: 10 uL crude protein extract (in 50mM MES pH 5.5, 0.04 mg/ml crude 
protein final concentration), 20 mM sodium acetate buffer pH5, 10 mM ABTS, 200 mM 
ammonium sulfate, 200uL final volume, reaction temperature = 30°C, reaction time = 20 
hours).  This activity level was very low, considering that the concentration of ABTS and 
ammonium sulfate used in the reaction was higher than the results from the Nomad 
protein expression experiments (4.6.2, 4.6.5).  When modeled with Michaelis-Menten 
kinetics, using the Km value from section 4.8, the expected level of activity per the same 
amount of enzyme at 10 mM ABTS and 200 mM ammonium sulfate was expected to be 
2.9 fold of what was observed at 5 mM ABTS and no ammonium sulfate, which was the 
parameters of the activity assays reported in section 4.6.2 and 4.6.5.  The presence of the 
tagged protein in the extract was not confirmed with Western Blot.  The result indicated 
that the outcome of the expression experiment with this strain of A. tumefaciens was 
inconsistent. The project was terminated due to insufficient time to optimize the protocol.  
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Figure 4-8 Constructs used in tobacco transient expression  

 
 
 
 
 

 
Figure 4-9 N. benthamiana transient expression trial 
Top, western blot with Strep II antibody  
Bottom, Gel Code Blue stain  
 
Str, positive control for Strep II antibody, using PageRuler unstained protein ladder 
(Fermentas), molecular weight about 50 kDa. Not at the same molecular weight range as 
the other lanes.  
S, supernatant of the crude plant extract  
P, Pellet of plant extract, re-suspended in 1% SDS + 1% TritronX-100 
F, Flow-through, the liquid after the Ni-NTA beads was spun down.  
E, Elution in 200 mM Imidazole  
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Figure 4-10 Activity of Lac17 elution fraction  
E: Empty Vector control 
17: Infiltrated with AtLac17 construct 
Error bars: Standard deviation 
n =2 for 20 uL group, and n=4 for 5 uL group 
 

4.5 Protein extracts from stable transformed A. thaliana lines and N. 
benthamiana lines did not show specific Strep II bands.  
The collapsed xylem phenotype of the double mutant of lac4/lac17 could be 

restored to a wild type-like state by using a DNA construct with Lac4 CDS 
transcriptionally fused to Strep II and His tag, and driven by the Lac4 promoter  (Section 
3.3.2).  Crude protein extracts from the complemented lines were prepared by grinding 
stems in SDS PAGE gel loading buffer, containing 3% SDS. The extracts were separated 
in SDS PAGE gel, and analyzed by western blot with Strep II antibody.  There was no 
band in the 60-140kDa range that was unique to the complemented lines.   

  
Transgenic N. benthamiana lines containing a lac4 or lac17 construct driven by the 

35S promoter were generated by using the service at the Ralph M. Parsons Plant 
Transformation Facility at UC Davis.  Both constructs had Strep II tag and His tag. I 
extracted protein from 7 transgenic lines, probed with histidine tag or Strep II antibody, 
and found no specific bands.  I also attempted to purify the protein extracts using Ni-
NTA beads and the batch-purification protocol.  The elution fractions showed no Strep II-
reactive band.  I concluded that extraction from stable transgenic lines was not 
successful.  
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4.6 Nomad protein expression system 

4.6.1 Background 
The modified tobacco mosaic virus (TMV) protein expression system developed 

by Nomad Bioscience, Germany, based on Marillonnet (2005), was used to express Lac4.  
This system will be referred to as the Nomad protein expression system. The TMV viral 
vector was separated into two pro-vector plasmids, which were delivered by A. 
tumefaciens.  An A. tumefaciens strain containing recombinase plasmid was co-infiltrated 
with the two pro-vectors, producing complete viral vectors in plant tissue, and avoiding 
the need to reconstitute viral particles in vitro (Marillonnet et al. 2004).  One pro-vector 
contains the RNA dependent RNA polymerase (RdRp) and movement protein sequences, 
which were modified to have multiple introns to increase the efficiency of the protein 
expression (Marillonnet et al. 2005).  This half of the pro-vector, will be mentioned as the 
“targeting plasmid,” because it can also contain a signal peptide, followed by an AttP 
recombination site.  Three types of targeting plasmids were tested.  The first one, 
pICH20111 had no signal peptide.  The second one, pICH20155 had a signal peptide 
from Rice alpha amylase.  The last targeting plasmid tested, pICH20388 had a signal 
peptide from apple pectinase.  Another half of the pro-vector, pICH31070, contains an 
AttB site, and a coding region from the protein of interest. The AttP site will recombine 
with AttB, generating a full viral vector.   The resulting recombination site is in an intron, 
which will be excised, fusing the signal peptide with the gene of interest, and leaving 
only one GGT or glycine codon as a linker between the two domains.  In the case of 
pICH20111, there is no signal peptide; the start codon of the gene of interest is used to 
initiate translation.  The complete viral vector is transcribed, processed into viral RNA, 
replicated by the translated RdRp, and spread throughout the plant with the help from the 
movement protein.  A test run using a green fluorescent protein (GFP) construct showed 
high level of GFP expression, enough to be visualized by exposing the whole plant to UV 
light (Figure 4-11).    
 

Lac4 CDS, including start codon and the native signal peptide, was cloned into 
pICH31070 pro-vector.  Tobacco plants were grown in 3-inch pots until they were 6-10 
weeks old, and co-infiltrated with three strains of A. tumefaciens.  The first strain 
contained the pICH31070-Lac4, the second one contained a targeting pro-vector, and the 
third one contained the recombinase.  After infiltration, N. benthamiana was moved back 
to the growth chamber.  Leaves were collected at different time points between 4 days 
and 14 days, extracted for crude protein using 50 mM MES buffer pH5.5, and tested for 
Laccase activity with the ABTS assay.  
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Figure 4-11 N. benthamiana leaves expressing GFP with the Nomad protein expression 
system (A), or empty vector (B).  
 

4.6.2 Initial characterization confirmed that the Nomad protein expression system 
was the first heterologous expression system producing laccase activity above 
background level 
Tobacco leaves infiltrated with pICH31070-Lac4 with StrepII and His tag at the 

C-terminus and two targeting pro-vectors, pICH20388 and pICH20111, were collected at 
approximately 4, 8 and 14 days after infiltration.  The crude protein extracts were tested 
for activity with ABTS. The levels of activity with 5 mM of ABTS were used to 
approximate the enzyme content, and were normalized to the crude protein concentration.   
The overnight activity assay showed that the Nomad protein expression system can be 
used to express A. thaliana Lac4 (expressed with pICH20388 at 11 days), which had 
about 24 nM/s of Laccase activity per mg/ml of crude protein extract (Table 4-2). 
Because of the long reaction time, the activity numbers are inaccurate, but should 
represent a conservative estimate to determine if a sample had laccase activity above the 
background level (4.2.3).  Empty vector (pICH31070), GFP expressing construct, and 
non-infiltrated tobacco leaves were used as negative control and had about 1 nM/s of 
Laccase activity per mg/ml of crude protein extract (Table 4-2).  A tissue sample of 
tobacco leaves expressing laccase gene from T. versicolor (Lcc2), expressed with 
pICH20388 at 14 days, was used as a positive control, and had about 20 nM/s per mg/ml 
of crude protein.  Crude protein extracts were prepared by re-suspending ground tissue in 
50 mM MES buffer pH 5.5 containing a protease inhibitor tablet, then separating out cell 
debris by centrifugation (See 2.4.9).   
 

The crude extract was purified with the Ni-NTA column, and the elution fractions 
with different imidazole concentrations were probed with StrepII antibody (Figure 4-12).  
The resulting membrane did not show any StrepII-reactive band specific to the Lac4-
expressing group (L4-20388) in the expected region (between 60-140 kDa), even in the 
supernatant and flow-through lanes of L4-20388 where laccase activity was detected 
(Figure 4-13).  The western blot was able to detect the positive control bands in the 
unstained ladder lane, indicating that the StrepII antibody worked properly.   
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These elution fractions were dialyzed into 20mM sodium acetate buffer pH 5.0, 
and tested for the activity against ABTS (Assay conditions: 5 uL of the dialyzed 
purification fraction, 190uL of  20 mM sodium acetate buffer pH5, 5 mM ABTS, 200uL 
final volume, reaction temperature = 30°C, reaction time = 20 hours).  The results 
showed that the supernatant and the flow through fractions of the infiltrated sample had a 
higher activity than those of the empty vector control (Figure 4-13, compare SN and FT 
on E versus L4-20388), indicating that the expressed enzyme was still active before and 
after the purification steps, and that the enzyme did not bind to the Ni-NTA column.  In 
addition, there was no detected activity in any of the elution fractions (Figure 4-13, L4-
20388, graph label 50, 100, 200, 400).  

 
I tested another construct with a simplified C-terminal tag, containing a 

10xGlycine linker and 6xHis tag, and found that I could detect enzyme activity above 
background levels, but I could not detect the band with His antibody (Figure 4-14 A), and 
I also could not purify this sample with Ni-NTA column.  I ordered polyclonal antibody 
against Lac4 peptide made in rabbits, and tried using the antibody to probe crude protein 
extracts from tobacco.  The antibody could detect laccase expressed in E. coli.  However, 
the antibody was not specific or sensitive enough to detect any band in tobacco sample 
(Figure 4-14 B).    
 
 

Sample 
Activity (nM/s) 
per mg/ml crude 

Empty Vector 1 
No Infiltration 1 
GFP 1 
88-5 1 
88-8 1 
88-11 24 
11-4 0 
11-7 0 
11-14 3 
Lcc2 19 

Table 4-2 Estimated laccase activity from the Nomad expression series 
88-5, 88-8, 88-11: L4, 20388 (apoplast-targeted ), 5, 8, and 11 days after infiltration 
respectively 
11-4,11-7,11-14:  L4, 20111(using L4 signal peptide), 4, 7, and 14 days after infiltration 
respectively 
GFP, cytosolic GFP 
Lcc2, T versicolor Lcc2 with 20388, sample from Heidi Szemenyei 
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Figure 4-12 Western blot of Ni-NTA column elution fractions from the Nomad 
protein expression assay, probed with StrepII antibody. 
E: Empty vector control 
L4-20388: Sample from leaves infiltrated with Lac4 construct containing 6xHis and 
StrepII epitope tags, using pICH 20388 as the targeting vector.  
Laccase bands are expected in the 60-140 kDa region. 
 
SN, supernatant; FT, flow-through 
50, 100, 200, 400: The concentration of imidazole in the elution fraction in mM.  
 
ld: Ladder.  (Left) Unstained ladder (Fermentas PageRuler) used as a positive control for 
StrepII epitope tag, loaded at approximately 0.2-0.5ng 
(Right) ps: prestained PageRuler molecular marker (in kDa) 
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Figure 4-13 ABTS-oxidizing Activity of the dialyzed purification fractions 
E: Empty vector control 
L4-20388: Sample from leaves infiltrated with Lac4 construct with 6xHis and StrepII 
epitope tags, using pICH 20388 as the targeting vector.  
 
SN, supernatant; FT, flow-through 
50, 100, 200, 400: Elution fractions at different concentrations of imidazole (mM) 
R: Reference laccase (Rhus vernicifera laccase purchased from Sigma, arbitrary scale)  
Error bars: 95% confidence intervals 
 
 
 
 
 

   
Figure 4-14  Laccase Antibody Test 
Western blot of crude extract sample, using Anti His antibody (A), and Anti Laccase4 
antibody (B). 
L = laccase expressed in E. coli  
WT = tobacco, not infiltrated 
L4-10G= pICH31070-Lac4 
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4.6.3 MBP-tagged Lac4 could be expressed in N. benthamiana, but the tag was 
cleaved off 
Maltose Binding Protein (MBP) is an E. coli protein successfully used to improve 

protein solubility and to purify protein from E. coli and Nicotiana tabacum (Ahmad et al. 
2012; Kapust and Waugh 1999).  I rationalized that I could use MBP to both purify 
Laccase from the crude extract and to verify if the tag got cleaved off or if one of my 
processes failed.  I created a C-terminal Maltose Binding Protein (MBP) fusion construct, 
with a 4xGlycine linker between laccase 4 and MBP.  MBP has a size of 42 kDa, which 
should appear on a western blot gel even if this tag was cleaved off.  I found that crude 
protein extract from this construct (L4-MBP) has ABTS-oxidizing activity above 
background level (Figure 4-15 A), while non-infiltrated tobacco (WT) or just purified 
MBP has little activity.  Crude laccase from Rhus vernicifera purchased from Sigma-
Aldrich was used as a positive control (Figure 4-15 A , Ref.Lac).  Purified MBP from 
New England Biolab (NEB) was tested for ABTS-oxidizing activity. The measured rate 
of MBP sample was normalized to 15 ug/ml of MBP. The MBP concentration in L4-
MBP reaction, approximated from band intensity in a western blot, was about 0.05 ug/ml, 
which was more than two orders of magnitude lower than the test.  I was confident to 
conclude that the detected activity did not come from the free MBP. 
 

Western blots probing with Anti-MBP antibody (NEB) showed that all of the 
MBP was cleaved off from laccase, even if the samples were exposed to lower 
temperature (30°C and 55°C) after mixing with SDS loading buffer instead of near-
boiling temperature (95°C).  All of the detected MBP signal was at free MBP molecular 
weight of 42 kDa, and the un-infiltrated tobacco leaves (WT) did not show any signal at 
42 kDa (Figure 4-15 B).  Purified MBP purchased from NEB was used as the positive 
control also to approximate the amount of protein in other samples.  Using a similar logic 
as in E. coli where a trace amount of protein could be enriched with an affinity column, I 
attempted to purify this sample with amylose beads, using 100 uL of amylose beads 
slurry and the batch purification protocol (see Material and Methods).  However, the 
elution fractions (E1-E4) showed no laccase activity (Figure 4-15 C, sample E1-E4), even 
though Western blot using Anti-MBP showed that I could enrich for the high molecular 
weight bands (Figure 4-15 D, lane E2, E3).  Laccase activity was detected in the 
supernatant (SN), which was the diluted crude extract before incubation with amylose 
beads, and the flow-through (FT), which was the supernatant after incubation with the 
beads (Figure 4-15 C), but there was no strong high molecular weight band in the 
Western blot of these two samples (Figure 4-15 D, lane SN, FT).  I concluded that the 
high molecular weight bands were not related to laccase activity, and that the C-terminal 
MBP tag was cleaved off the lac4 protein.  
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Figure 4-15 Expression trials and Purification attempt of Lac4-MBP construct 
 
WT, non-infiltrate N. benthamiana leaves, 
L4-MBP, N. benthamiana leaves infiltrated with Lac4-MBP with 4x Gly linker;  
Ref.Lac Laccase activity (Rhus vernicifera laccase purchased from Sigma, arbitrary 
scale),  
MBP, Purified MBP (NEB)  
SN, supernatant; FT, flow-through; E1-E4, elution fraction 1-4 respectively 
Error bars: 95% confidence intervals 
 
A. Laccase Activity assay with ABTS.  The activity levels of WT and L4-MBP were 
normalized to activity per 1 mg/ml of crude protein extract.  The activity level of Ref.Lac  
was normalized using the same factor as L4-MBP sample, which reflects the raw signal 
strength relative to L4-MBP;  
MBP, activity level at 15 ug/ml of MBP 
 
B. Western blot probed with MBP antibody. WT and L4-MBP were crude protein extract 
from tobacco leaves, loaded at the same total protein content. MBP was loaded at the 
indicated amount. Free MBP was detected at 42 kDa bands. L4-MBP sample incubated at 
30°C, 50°C, and 90°C after mixing with SDS loading buffer. 
 
C. Laccase Activity on ABTS from a purification experiment using amylose beads. The 
activity level was shown relative to that of the SN sample.  All samples were loaded at 
the same volume.  
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D. Western blot of samples from the purification experiment in C, probed with MBP 
antibody. Purified MBP was loaded at the indicated amount (Lane MBP). Free MBP was 
detected at 42 kDa in SN, FT, E2-4 lanes.  These were the same samples as in C. 
 

4.6.4 Different versions of MBP tags at both the C-terminus and the N-terminus 
were tested, and the N-terminal tag Lac4 version II was found to be intact.  
Tag positions and the length of linkers might be the reason why MBP was cleaved 

off. To test this hypothesis, I created more versions of MBP constructs (Figure 4-16 A).  I 
created one more C-terminal fusion with only 2 glycines linker, and two versions of N-
terminal fusion.  I used the SignalP4.0 web tool (Petersen et al. 2011) to predict signal 
peptide cleavage site.  There were two predicted cleavage sites: Version I  is cleaved at 
SES-MV and version II is cleaved at VFP-AP (Figure 4-16 B).  A Western blot analysis 
using MBP antibody showed that C-terminal MBP with 2x glycine linker was cleaved off 
(Figure 4-17 A, lane 2GM), while version II of the N-terminal fusion produced high 
molecular weight bands (Figure 4-17 B, lane M-(II)-L4, 88).  The expected molecular 
weight of lac4-MBP is about 100 kDa, but the band appears to be about 140 kDa on the 
SDS-PAGE gel.  This sample also showed a high level laccase activity (Figure 4-17 D, 
sample II-88).  Both the western blot and the activity assay were repeated using the same 
leaf sample, but with a new batch of crude protein extract and the results were the same 
as the first experiment.  

 
Figure 4-16 Diagram of new MBP constructs 
A. Three versions of MBP tagged construct.  From top to bottom: 2GM, C-terminal MBP 
with 2xGlycine linker; M-(I)-L4, Version I N-terminal MBP; M-(II)-L4 Version II N-
terminal MBP.  
 
B. The yellow highlight corresponds to the removed signal peptide portion of Laccase 4 
coding region in version I and version II.  



 

 
 

81 

4.6.5 Amylose beads could not capture MBP-tagged lac4.  
The sample with high molecular weight bands had an MBP-specific signal, which 

indicates that the tag was still bound to lac4.  I attempted to purify MBP-lac4 with the 
amylose beads, using 100 uL of bead slurry, and using the batch purification protocol.  
The crude extracts were buffer-exchanged into 50 mM HEPES, pH 7.3, before being 
diluted 5 fold, and bound to the beads in a 15 mL conical tube for 3 hours.  The beads 
were then collected, washed, and eluted with 13.5 mM Maltose in 50 mM MES pH 5.5.  
Western blot analysis with the MBP antibody showed that the high molecular weight 
bands were still present, but were not captured by the amylose beads.  The supernatant 
sample (SN) has almost the same amount of signal as the flow-through fraction (Figure 
4-17 E, lane SN, FT).  The amylose beads were also boiled in SDS loading buffer, which 
should strip off any protein that failed to elute with the maltose solution, and loaded in 
lane B of Figure 4-17.  There was no signal in lane B, indicating that no protein was 
bound to the beads after elution with the 13.5 mM Maltose solution.   The activity assay 
also showed that the laccase activity was not purified by the beads.  Most of the activity 
remained in lane SN and FT, but not in the elution fraction (E) (Figure 4-17 F).  The 
activity in lane FT appears higher than SN because both fractions were normalized to the 
same protein concentration, and FT had apparently lost some non-laccase protein during 
the purification process. 

 
I tested my MBP purifying protocol, and found that I could purify MBP using the 

exact same protocol, and that plant crude protein extract could interfere with MBP 
binding, but was not sufficient to abolish binding. MBP used in this experiment was 
purchased from NEB.  The MBP concentration in the extract of the previous experiment 
was estimated by using band intensity.  For the diluted MBP sample, the protein was 
diluted to approximately the same concentration as in the previous experiment in 50 mM 
HEPES buffer pH7.3, before incubating with amylose beads using the same protocol as 
the previous experiment.  Western blot analysis using Anti-MBP antibody showed that 
the flow-through (FT) fraction, which was the SN sample after incubating with amylose 
beads, was depleted of MBP signal, while the elution fraction (E) had a strong band 
(Figure 4-17 G, group MBP).  Buffer exchanged crude protein extract from N. 
benthamiana could interfere with binding, and leaving more MBP signal in the FT 
fraction than in the pure MBP group.  The crude protein extract was buffer-exchanged 
into 50 mM HEPES buffer pH 7.3, and added to the same concentration as in the 
previous purification experiment.  The elution fraction of this group was still enriched in 
MBP, indicating that the presence of the crude protein extract did not abolish the binding 
of MBP to amylose beads (Figure 4-17 G, group MBP+plant extract).  I concluded that 
the MBP tagged Lac4 could not be purified with amylose column for unidentified 
reasons.  
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Figure 4-17  Characterization of N-terminal MBP-Lac4 fusion   
A. Western blot analysis using Anti-MBP, showing that MBP in both versions of the C-
terminal fusion was cleaved off.     
WT, non-infiltrate N. benthamiana leaves 
2GM, C-Terminal MBP fusion with 2x glycine linker 
4GM, C-Terminal MBP fusion with 4x glycine linker 
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B. Western blot analysis using Anti-MBP of two versions of N-terminal fusion, 
recombining with 3 different targeting pro-vectors.   
MBP, Purified MBP (from NEB), loaded at the indicated total protein content.  
M-(I)-L4, N-terminal  MBP-Laccase construct version I 
M-(II)-L4, N-terminal  MBP-Laccase construct version II  (see Figure 4-16) 
11, pICH20111 as targeting pro-vector, using the native signal peptide of lac4 
55, pICH20155 as targeting pro-vector, adding the signal peptide from Rice Alpha 
Amylase in front of lac4 native signal peptide.  
88, pICH20388 as targeting pro-vector, adding the signal peptide from Apple pectinase in 
front of lac4 native signal peptide. 
 
C. An SDS PAGE gel of similar samples as in B, but stained with Gel Code Blue.  
Lane label E, Negative control using empty pICH31070.  
 
D. Activity assay with ABTS, normalized to 1mg/ml of crude protein extract 
concentration.   
I-11, I-55, I-88,  N-terminal  MBP-Laccase construct version I recombining with 
pICH20111, pICH20155, and pICH20388 respectively.  
 
II-11, II-55, II-88, N-terminal  MBP-Laccase construct version II recombining with 
pICH20111, pICH20155, and pICH20388 respectively.  
 
Sample E, Negative control using empty pICH31070 recombined with pICH20388 
Error bars: 95% confidence intervals 
 
 
 
E. Western blot analysis using Anti-MBP of a purification attempt using amylose beads.  
SN, supernatant; FT, flow-through; E elution fraction, B amylose beads after the elution, 
boiled in SDS loading buffer.  
 
F. Activity assay with ABTS, expressed in relative activity among all three fractions. SN, 
supernatant; FT, flow-through; E elution fraction 
SN and FT were loaded at the same protein content, E was loaded at 1/20 dilution.  
Error bars: 95% confidence intervals 
 
G. Western blot analysis using Anti-MBP of a test purification protocol, using purified 
maltose binding protein purchased from NEB.   
MBP (left), MBP sample loaded at the indicated total protein content 
MBP (middle), Purification experiment with purified MBP mixed with the purification 
buffer (see text).  
MBP+plant extract, Purification experiment with purified MBP mixed with the buffer 
exchanged crude protein from N. benthamiana (see text). 
 
E88, negative control using empty pICH31070 recombined with pICH20388  
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4.6.6 The high molecular weight band could not be reproduced in other rounds of 
infiltration, using the same Nomad protein expression system.  

 The N. benthamiana leaf sample that showed high molecular weight bands in 
Figure 4-17 was infiltrated with N-terminal MBP version II (Figure 4-16) recombining 
with pICH20388 as the targeting pro-vector, which added Apple pectinase signal peptide 
in front of lac4 native signal peptide.  The sample was collected at 4 days after 
infiltration. Western blot analysis with Anti-MBP of the sample from the same 
infiltration event, but collected at 14 days, showed that the 140 kDa bands were absent 
(Figure 4-18 A, lane L4), but they still had laccase activity (Figure 4-18 C).  I repeated 
the crude protein extraction process and the western blot protocol, and found the same 
results.   I repeated the infiltration experiment again and collected samples every 2 days 
from 4 to 14 days.  None of the samples showed the 140 kDa band (Figure 4-18 B, group 
L4), while high laccase activity was detected in day 11 and 13 after infiltration (Figure 
4-18 D).  N. benthamiana infiltrated with empty pICH31070 recombined with 
pICH20388 served as the negative control (sample E in Figure 4-18 A, B, C, and D). 
  

   To test if the tag could be cleaved off by boiling in SDS buffer, I boiled the 
sample with the 140 kDa band used in Figure 4-17 B in SDS loading buffer for 10 
minutes.  The high molecular weight band at 140 kDa was still detected in a Western blot 
analysis using Anti-MBP, indicating that the MBP tag was still attached to Lac4 (Figure 
4-18 E).  I concluded that it was unlikely that heat and SDS-containing buffer could 
cleave MBP off from lac4, which suggested that the MBP tag was cleaved off by a 
protease-facilitated mechanism.  Since protease inhibitor was added consistently with all 
crude protein extractions, it was more likely that the protease cleavage of MBP from lac4 
happened in the plant before sample collection.  This result indicated that the Nomad 
protein expression system produced highly variable outcomes regarding the protease 
activity.  Consequently, I decided to stop the attempt to purify the protein with an affinity 
tag, and instead tried using an ion-exchange column, which does not require any affinity 
tag to capture and concentrate laccase.  
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Figure 4-18 Sample collected at different date showed no band at 140kDa 
A. Western blot with MBP antibody, sample collected from the same batch of infiltration 
as in Figure 4-17, but collected at 14 days instead of 4 days showed no band at 140 kDa.   
MBP, MBP standard loaded at 0.1 ng and 0.03 ng respectively;  
L4, crude protein extract from MBP-Lac4 version II sample;  
Sample E, crude extract from tobacco leaves infiltrated with empty vector.  
 
B. Western blot with MBP antibody, sample collected on different days after infiltration, 
the number of days after infiltration were noted above each lane. 
Group L4, MBP-Lac4 version II provector and pICH20388 as the targeting vector 
(apoplastic targeting from apple pectinase).  
Group E, Negative control using empty pICH31070.  
 
C. Activity assay of samples from A normalized to 1 mg/ml of crude protein extract.  
D. Activity assay of samples from B, the days after infiltration is noted for each bar, 
normalized to 1 mg/ml of crude protein extract. 
 
Error bars in C and D: 95% confidence intervals 
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E. Western blot with MBP antibody, sample from Figure 4-17 B, heated to 99°C for 10 
minutes before loading to a western blot gel.  The high molecular weight band was still 
present in the gel.  

4.7 Purification attempt using Anion Exchange  
Since all attempts to purify with tag failed, I tried to capture the protein with an ion 

exchange column (Hightrap Capto S column).  The crude protein solution was from 
tobacco leaves expressing the MBP-Lac4 version II provector and pICH20388 as the 
targeting vector, collected at 13 days.  The western blot showed that the tag was cleaved 
off from Lac4 (Figure 4-18 B, lane L4-13).  The crude protein extract was made by 
mixing ground tobacco leaves with MES buffer pH 5.5, and buffer exchanged into 
sodium acetate buffer pH 5.0 using PD-10 desalting column (GE).  The resulting solution 
was loaded onto a 1 mL Hightrap Capto S column equilibrated with sodium acetate 
buffer pH5.0, using an AKTA Purifier system.  The flow-through was collected for 
further analysis. Then, the column was washed with the acetate buffer until the UV signal 
returned to the baseline, and the protein eluted with an ammonium sulfate gradient.  
Fractions were collected and tested for laccase activity with ABTS, and the total activity 
in the captured fraction was estimated. Laccase activity started eluting at a very small 
concentration of ammonium sulfate, and also eluting at the same time as other proteins 
(Figure 4-19).  Analysis of the flow-through fraction showed that there was still a high 
amount of laccase activity left in the flow through.  Only 40% of total laccase activity 
was captured by the column.  The need to optimize multiple variables in the purification 
process, as well as the relatively low and variable yield in the Nomad protein expression 
process led me to conclude that optimization of the purification process, and also the 
subsequent enzymatic assay were too cumbersome. The project was therefore terminated. 
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Figure 4-19 Analysis of elution fractions from the ion exchange column 

4.8 Some properties of laccase studied in the crude extract: 
 Tests on the crude protein extracts containing A. thaliana lac4 (AtLac4), and on 
the reference Rhus vernicifera laccase (RvL) purchased from Sigma-Aldrich (crude 
acetone extract) revealed some properties, which will be helpful for future work on 
laccases.  Both the RvL and AtLac4 were inhibited by chloride ions (Figure 4-20A,B), 
which were also reported for other species of fungal laccases by Xu (1996). When 
chloride ions were added to the reaction containing 5 mM ABTS, both RvLac (A) and 
AtLac4 (B) had lower rates of reaction relative to when chloride was absent.  For this 
reasons, the ion exchange column was eluted by an ammonium sulfate gradient, as 
opposed to sodium chloride gradient which is used traditionally.  
 

The rates of reaction of both laccases measured at different ABTS concentrations 
followed the Michaelis-Menten kinetics curve. Equation 4-1 describes this kinetics, 
where v is the rate of reaction, [S] is the concentration of the substrate (Figure 4-21 A, 
B). Km and Vmax are the key kinetic parameters that can be derived from this 
experiment. Vmax is the maximum rate of reaction at the given enzyme concentration, 
and at infinite substrate concentration.  Km is the substrate concentration in which the 
rate of reaction is half the Vmax.  Since the enzyme concentration was unknown, but was 
equal in all reactions, Vmax in this case was merely an arbitrary constant.  The rate of 
reaction at each substrate concentration could be transformed into a linear line, using the 
Lineweaver-Burk (Figure 4-21 C,D; Equation 4-2) or Hanes-Wolff plot (Figure 4-21 E,F; 
Equation 4-3), confirming that the kinetics property of RvLac and AtLac4 conforms to 
the Michaelis-Menten kinetics (Copeland 2004).  The reported Km was estimated using a 
non-linear curve-fitting function in Matlab to fit the data to the Michaelis-Menten 
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equation.  Km values estimated from the transformed plots were noted on the lower-right 
of each figure, and were approximately the same as the number from the curve-fitting 
function.  AtLac4 has a drastically different Km than RvLac.  The Km of RvLac laccase 
was estimated to be 1.7 ± 0.2 mM (Figure 4-21 A), while the apparent Km on ABTS of 
lac4 in crude enzyme extract was measured to be 47.9 ± 1.6 mM (Figure 4-21 B), both 
were in sodium acetate buffer pH 5.0.  The error ranges were 95% confidence intervals 
estimated by re-sampling (see Material and Methods).   
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Equation 4-2: Lineweaver-Burk double-reciprocal plot equation 
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Equation 4-3: Hanes-Woolf plot equation 
 

When ammonium sulfate was added to the reaction buffer, the activity of AtLac4 
increased with ammonium sulfate concentrations (Figure 4-20 C). Upon further 
investigation, I found that the Km of AtLac4 was lower in the presence of ammonium 
sulfate.  When 200 mM of ammonium sulfate was added to the buffer, the apparent Km 
was lowered to 20.6  ± 2.0 mM (Figure 4-20 D, left group, green bar). 

 
Vmax scales linearly with the enzyme concentration.   When normalized to the 

same concentration of crude protein extract, Vmax of the reaction with ammonium 
sulfate was lower than the reaction without ammonium sulfate by about 16% (Figure 
4-20 D, right bars).  The simplest way to explain the increased rate of reaction in 
presence of ammonium sulfate is that the lower Km made the term [S]/(Km+[S]) from 
Equation 4-1 became bigger, and that translated to a higher rate of reaction even with the 
slightly lower Vmax.  The relative rate of reaction in presence of 200 mM of ammonium 
sulfate predicted by the Michaelis-Menten equation, using the same substrate 
concentration [S] and enzyme concentration [E] was 1.71x relative to the rate of reaction 
without ammonium sulfate.   The measured relative rate of reaction was 1.77x (Figure 
4-20 C, 200 mM).  The changed ionic strength in the solution might slightly alter the 
conformation of the enzyme, leading to a different enzyme property. The lower Km 
implies that the enzyme can bind ABTS with a higher affinity, and the lower Vmax 
implies that the enzyme have a lower turnover rate at the new conformation.  
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Figure 4-20 Inhibition of Laccase activity by Chloride ion  
A. Relative activity of Reference laccase purchased from Sigma-Aldrich in presence of 
Cl-  
 
B, C and D: effects of Chloride ion and Ammonium sulfate on A. thaliana laccase 4 in 
crude protein extract from N. benthamiana leaves infiltrated with MBP-Lac4 version 2 
provector and pICH20388 as the targeting vector, collected at 14 days after infiltration.  
 
 
B. Relative activity of A. thaliana lac4 in presence of Cl-.   T 
 
C. Relative activity of A. thaliana lac4 in presence of ammonium sulfate.    
 
D. Km and Vmax of lac4 in two buffers, one containing no ammonium sulfate (orange) 
and another containing 200 mM ammonium sulfate (green).  Vmax was normalized to the 
same crude extract concentration, and then to Vmax of group 0 (no ammonium sulfate). 
Inset: ammonium sulfate concentration; orange, 0 mM, green, 200 mM 
 
Error bars: 95% confidence intervals 
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Figure 4-21 Kinetic measurement of R. vernicifera laccase (A, C and E) and A. 
thaliana lac4 (B, D, and F) 
A, B: Plots of untransformed data showing the Michaelis-Menten curve 
C, D: Lineweaver and Burk double-reciprocal plot 
E, F: Hanes-Wolff plot 
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4.9 Conclusion and future directions 
The project to express and purify AtLac4 for enzymatic assay was terminated 

because the tagged purification process was not successful and the purification process 
without the affinity tag was determined to be too inefficient.  However, I discovered 
some clues about the nature of AtLac4 that might be useful for anyone in the future to 
tackle this problem. First of all, for the detection of laccase activity with ABTS as 
substrate, halide ions should be avoided, because they inhibit the activity of laccase.   

 
I found that the apparent Km of the Nomad-expressed At Lac4 in ABTS (21 mM) 

was much higher than reported Km values of other laccases (0.01-2mM,  (Frasconi et al. 
2010)).  I could not rule out that this high Km value was not an artifact of the expression 
system, because I could not purify the protein from other sources.  However, the higher 
Km might not be biologically meaningful, because it was the Km of an artificial 
substrate.  The Km of the biological substrates had not been measured from the expressed 
enzyme.  

 
Using a higher ABTS concentration in the enzyme assay will improve the 

sensitivity.  I found that ammonium sulfate decreased the Km of AtLac4 in ABTS, 
increasing the rate of reaction at lower substrate concentrations.  Including ammonium 
sulfate in the laccase activity assay will help increase the sensitivity of the assay.   

 
I found that the Nomad expression system could be used to express active At 

Lac4 enzyme, but also had an unpredictable protease activity that cleaved off tags from 
the protein.  I also found that a low amount of laccase activity could be detected in N. 
benthamiana leaves infiltrated with the 35s promoter-driven construct (Section 4.4), and 
that the resulting protein harbored an uncleaved tag.  Although I later found that this 
method could not produce laccase activity consistently, it will be a good start for any 
future attempt to optimize the protein expression process. 
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5 The complementation project 

5.1 Background 
In chapter 3, I discussed the results from the analysis of the 4-2/17/fah1-2/C4H-

F5H quadruple transgenic line, which indicated that Lac4 and Lac17 can react with both 
coniferyl alcohol and sinapyl alcohol, which create both guaiacyl (G) and sinapyl (S) 
residue in lignin.  I further asked, if this notion could be extended to other laccases.  If 
other laccases also have no substrate specificity, then we should be able to swap out one 
laccase with another.  A. thaliana has 17 predicted laccases in its genome, which cluster 
into seven phylogenetic clades.  These clades appear to be conserved throughout 
flowering plants (Turlapati et al. 2011; Zhao et al. 2013).  The question I attempted to 
answer in this chapter is: are all of them functionally equivalent?  
 

To test the functionality of each laccase, I placed the laccase to be tested under the 
expression of the A. thaliana Laccase 4 (AtLac4) promoter, and observed if it restored the 
phenotype of the xylem of the fiber of a 4-2/17 double mutant.  
 

From section 3.3.1, I learned that after the stems of A. thaliana were hand-
sectioned, and stained with the Mäule staining protocol, the 4-2/17 double mutant had a 
drastically different phenotype than the single mutants 4-2, 17 or the wild type.  The 
xylem vessels of single mutants and wild type were almost indistinguishable.  The xylem 
of the double mutant 4-2/17 looked very different; they were collapsed and irregular 
(Figure 3-2 D).  The fibers of the double mutants were also distinctively different from 
those from the wild type or single mutant.  Only the middle lamella region of the fiber 
cell walls stained positive for lignin, and there were irregular mesh in the lumen space 
(Figure 3-2 H). Single mutants 4-2 and 17 looked similar to the wild type.  The fiber of 4-
1 stained lighter, and looked more translucent.  The fiber of 17 looked almost wild-type 
like, except that there were some lightly stained patches scattered throughout (Figure 3-2 
F, G). I reasoned that if a transgene can convert the phenotype of 4-2/17 to be more like 
that of the wild type or the single mutant, using a transgene driven by Lac4 promoter, I 
should be able to conclude that the transgene can substitute the function of Lac4.  To test 
for complementation, I have transformed 4-2/17 with single transgene constructs, 
analyzed the Mäule stain phenotype of the stems of candidates from each transgenic line, 
and observed if they can change the phenotype of the double mutant to look more like the 
single mutant or the wild type. 
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5.1.1 Phylogenetic tree of Arabidopsis laccases 
In this study, I chose 11 laccases from A. thaliana and two more sequences of 

laccases from other plant and fungal species that were well-studied biochemically: Rhus 
vernicifera lac1, and Trametes versicolor laccase: lcc2.  R. vernicifera was renamed to 
Toxicodendron vernicifluum, but the former name will be used throughout this thesis. The 
abbreviation RvL, TvL will be used to refer to R. vernicifera laccase 1 and Trametes 
versicolor lcc2, respectively. 

 
In order to place the two extra sequences in the phylogenetic tree of laccases, I 

needed to create my own phylogenetic tree. I generated an amino acid sequence 
alignment of TvL and RvL with A. thaliana laccases and laccase-like genes.  Multiple 
fungal laccases other than TvL were included to make sure TvL was aligned and grouped 
correctly.  TvL should be more related to the other fungal laccases than to A. thaliana 
laccases, but should not group with non-laccase sequences from A. thaliana.  These 
fungal laccase sequences were chosen based on the ones with crystal structures.   

 
To improve the accuracy of the alignment and the resolution of the tree, amino 

acid sequences from A. lyrata, a close relative of A. thaliana, was included. Amino acid 
sequences from A. lyrata and A. thaliana were collected based on BLAST hits with A. 
thaliana Laccase4 (AtLac4) protein sequence as a query sequence against the genome of 
the organism using CoGe blast at https://genomevolution.org/CoGe/CoGeBlast.pl  
(Lyons and Freeling 2008), searching against the database from the Joint Genome 
Institute (JGI).  These sequences were predicted to include both laccases and related non-
laccases multi-copper oxidases, and ascorbate oxidases.  To confirm the identification of 
ascorbate oxidase clade, a sequence from known ascorbate oxidase from zucchini 
(Messerschmidt et al. 1992) was included in the alignment.  

 
The sequence alignment was performed using the MUSCLE software (Edgar 

2004). The curation and tree-building using PhyML was done with web tool 
http://www.phylogeny.fr/ (Castresana 2000; Dereeper et al. 2010; Dereeper et al. 2008; 
Guindon and Gascuel 2003).  Less stringent options for the curation step were selected 
(allow smaller final block, allow less strict flanking positions).  PhyML was run with all 
default settings. The branch support values were estimated using SH-Like Approximated 
Likelihood-Ratio Test (Anisimova and Gascuel 2006).   The full list of sequence can be 
found in Appendix 1.  The resulting phylogenetic tree is shown in Figure 5-1.   
 

The predicted multi-copper oxidases and ascorbate oxidases from A. thaliana and 
A. lyrata, which are distantly related to laccase, formed their own clades and were used to 
root the laccase phylogenetic tree. The sequence from a zucchini ascorbate oxidase 
crystal structure also fell within the predicted ascorbate oxidase group, supporting the 
annotation of the function of the group. The fungal laccases group branched out at the 
root of A. thaliana and A. lyrata laccases group but was closer to the laccases than to the 
multicopper oxidases or the ascorbate oxidases. TvL was grouped into this clade.  The 
seven clades observed by Zhao (2013) were also observed in this tree. Lac1 and Lac6 
appeared to be in their own clades. Other clades were marked on the diagram of the tree 
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(Figure 5-1, blue bars).  The equivalent grouping of A. thaliana laccases on the 
phylogenetic tree that I constructed indicated that it was comparable to the previously 
reported results. RvL branched out from AtLac15's clade after AtLac15 separated from 
AtLac14 indicating that it was the ortholog of AtLac15 in R. vernicifera.   
 

A phylogenetic tree without A. lyrata sequences produced a similar tree structure, 
but did not resolve recently diverged clades such as the clade containing AtLac4, 10, 11, 
16 from ones containing AtLac2, 17.  It also could not resolve distant branching events 
such as the branch position of AtLac1 and AtLac6, and the branch point of Rhus Lac1 
relative to AtLac14 and 15.  The branching event of fungal laccases, ascorbate oxidases, 
and other multi-copper oxidases were also not resolved (Figure 5-2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-1 Phylogenetic tree of laccases (Page 95) 
The trees were constructed with PhyML, using web service at http://www.phylogeny.fr 
Branch supports values (numbers in red) are SH-Like Approximated Likelihood-Ratio 
Test,  
Branches with less than 0.6 support values were collapsed.  
 
The tree was rooted with ascorbate oxidases and multicopper oxidases as out groups. 
Sequences of the chosen laccases were highlighted in yellow. 
Five big clades were marked with the blue boxes.  Lac1 and Lac6 formed their own 
clades, and were not marked.  
 
At-Lac…:  A. thaliana Laccase with the AT numbers.  
Al-L…: Arbitrarily numbered A. lyrata Laccase-like sequences used in the construction 
of the phylogenetic tree 
At-LL…: A. thaliana Laccase-like sequences, arbitrarily numbered.  
n1AOZ : Zucchini ascorbate oxidase sequence (under the Ascorbate Oxidase box) 
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Figure 5-1 Phylogenetic tree of laccases  
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Figure 5-2 A low quality tree resulted from the removal of A. lyrata sequences 
The trees were constructed with PhyML, using web service at http://www.phylogeny.fr 
Branch supports values (numbers in red) are SH-Like Approximated Likelihood-Ratio 
Test.  
Branches with less than 0.6 support values were collapsed.  
 
The tree was rooted with ascorbate oxidases and multicopper oxidases as out groups. 
 
At-Lac…:  A. thaliana Laccase with the AT numbers.  
At-LL…: A. thaliana Laccase-like sequences, arbitrarily numbered.  
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5.1.2 Choice of candidate laccases 
 Candidate genes with varying phylogenetic distance from the original mutation 
(lac4/lac17) were picked to test complementation.  The evolutionary distance of the 
transgene used ranged from very close to Lac4 and Lac17 (Lac2 and Lac16), to very 
distant genes, which are laccases from RvL (R. vernicifera laccase 1) and TvL (Trametes 
versicolor lcc2). The transgene construct containing At Lac4 was used as a positive 
control.  Lac 2 was chosen because it belongs to the same clade as Lac17. Lac17 was 
chosen to test if Lac 4 promoter can drive the expression of other laccase, and have the 
highest chance of complementation because it was known to have similar activity to lac4, 
because the lac4-2/17 mutant has a more severe phenotype than either single mutant.  Lac 
10, 11, 16 were chosen because they belong the same clade as Lac4.  These two groups 
should have the highest likelihood of complementing the mutation.  The phylogenetic 
tree in Figure 5-1 also showed that the clades containing Lac 4 and Lac17 were more 
related to one another than to other clades.  To test whether members of other clades 
could complement the mutation, Lac1, 3, 5, 12, and 15 were chosen to cover other clades.  
The other reason Lac 15 was chosen was that it has been reported to be involved in 
flavonoid synthesis and seed coat lignification (Pourcel et al. 2005).  

 
The gene expression levels were also a factor that I used to pick and rule out 

candidates. Laccases that were not expressed were not chosen because of the need to 
amplify some of the laccases from the expressed mRNA pool. The expression patterns of 
every At Laccase reported by Turlapati et al. (2011) were used to help with candidate 
gene selection. Lac 6, although representing one clade, was not picked, because there was 
no detectable expression level in any tissue types that were studied (Turlapati et al. 2011).  
Lac16 had no detectable level of expression in any of the tissue types tested by Turlapati 
et al. (2011), but was picked because it is highly similar to Lac 4 (69 % amino acid 
identity), and therefore should have a high chance of complementation. 
 

I wanted to also see if there was a limit of how far the genes had to diverge before 
the complementation breaks down. Laccases from distantly related organisms were used 
for this category.  R. vernicifera laccase1 (Genebank: AB062449.2) was chosen because 
it was from a distantly related species to A. thaliana, and also because it had been widely 
studied. R. vernicifera laccase1 was the major form of laccase found in the Rhus latex. 
The N-terminal sequence was derived from the band in an SDS-PAGE gel. The rest of 
the coding DNA sequence was amplified with PCR, using the N-terminal sequence as a 
starting point (Nitta et al. 2002).  T. versicolor lcc2/Laccase A (Genbank: Y18012.1), one 
of the major isoforms of laccase secreted from the fungus was picked, because it had 
been studied extensively and is known to degrade lignin (Cassland and Jönsson 1999).  It 
will be interesting to see if this lignin degrading activity is the same as lignin-
polymerizing activity. Another reason to pick these candidates from other species was 
that they had been previously studied, and their enzymatic information was readily 
available, which might enable easier interpretations of the results. 
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5.1.3 Transgene construction 
Every transgene construct was made with the same template plasmid, which had 

an AtLac4 promoter and signal peptide with a modified cleavage site, and an XbaI site.  
The C-terminal of the coding DNA sequence (CDS) was translationally fused with 
FlAsH, StrepII and 6xHis tag.  The open reading frame was followed by the 3' 
untranslated region of AtLac4, which as reported by Berthet (2011) is necessary for the 
function of the construct.  The nopaline synthase (NOS) transcription terminator was also 
appended at the end of the transgene sequence (Figure 5-3 A).  Native Laccase 4 
promoter from A. thaliana (3.4 kb upstream of the start codon of AT2G38080) was used 
as the promoter.  It provided a strong but specific driver of transcription.  The template 
plasmid also has the native start codon and the signal peptide of AtLac4.  The signal 
peptide cleavage site was modified from the native sequence to add an XbaI restriction 
site after the signal peptide cleavage site (Figure 5-3 B).  The ClaI site was also deleted 
from the native Lac4 sequence by making synonymous nucleotide changes.   The signal 
peptide cleavage site of native AtLac4 sequence, the modified signal peptide in the 
template plasmid, as well as every gene sequence used in this study was predicted by 
SignalP v3.0 (Dyrløv Bendtsen et al. 2004).  The signal peptide in the template plasmid 
predicted to be cleaved and MVRSR amino acid sequence would be added to the N-
terminus of each transgene polypeptide.  In order to make sure that this additional 
sequence does not affect the function of laccase, Lac4 Coding DNA Sequence (CDS) was 
cloned into the Template construct the same way as other transgenes to use as a positive 
control.  This positive control Lac4 transgene (NSL4 in Figure 5-3C) had an MVRSR 
extra amino acid sequence on its N-terminus after the predicted signal peptide cleavage 
takes place.  

 
The Coding DNA Sequence of Lac 3, 4, 15, 17, Rvl and Tvl were synthesized 

from the sequences present in the gene bank database.  RvL and TvL were partially 
codon-optimized for A. thaliana using JCat web tool at http://www.jcat.de (Grote et al. 
2005).  The DNA constructs were cloned into pCambia 3300, which confers resistance to 
glufosinate (Basta ™) or L-methionine sulfoximine (MSO).  The sequence of the entire 
transgene, from the promoter to the terminator, was checked by Sanger Sequencing.  The 
promoter and the untranslated regions had one DNA strand coverage, and the open 
reading frames had sequence confirmation on both DNA strands.  
 

The CDS of At Lac 1, 2, 5, 10, 11, 12, and 16 were amplified from a cDNA pool, 
synthesized from the mRNA extract of 10 day old A. thaliana seedlings.  They were 
assembled directly into one of the previously finished expression constructs in pCambia 
3300 using the Golden Gate assembly protocol (See Material and Methods), which 
allowed ligation of multiple pieces of DNA into the plasmid in one ligation reaction, and 
allowed sequences with internal restriction sites to be assembled.  Since all expression 
constructs had one XbaI right after the signal peptide and one BstEII site in the C-
terminal tag region, they were digested with these two enzymes and used as template.  
The CDS of other laccases were amplified with primers that modified their ends to be 
compatible with the template plasmid and the linker. A common short piece of DNA 
containing the C-terminal tag sequence was used to link the 3’ end of the CDS with the 
plasmid template. The compatible ends could be produced with BsaI, which allows the 
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assembly to take place without any additional nucleotide sequence. Each piece of these 
DNA (the backbone template DNA, the C-terminal linker, and the CDS of each laccase) 
was purified separately, but everything was assembled into a full plasmid in one step, 
allowing all 7 constructs to be rapidly cloned. 
 
 

 
Figure 5-3 Transgene Construct for the complementation experiments 
A. Diagram of the transgene constructs 
L4P: Laccase 4 Promoter 
S in green circle: signal peptide from Lac4, predicted by SignalP version 3.0 
Other Lac: The CDS of other laccases 
S in orange box: StrepII tag 
H in Blue box: 6xHis tag 
3’U:  3’ Untranslated region from AtLac4 genomic sequence. 
NOS: Nopaline Synthase Terminator 
 
B. Modifications of the native lac4 sequence at the signal peptide cleavage site to delete a 
ClaI site (left highlight) and to add an XbaI site (right highlight). 
 
C. N terminal sequence and signal peptide cleave off site marked by a hyphen of AtLac4 
(Native L4), Transgene, and Positive control Lac4 (NSL4) 
 

5.1.4 New Lac16 mRNA sequence 
The Lac16 mRNA sequence in the Genebank database was considered 

hypothetical, because there was no report of an observed mRNA sequence. After 
amplifying lac16 mRNA using a primer binding to the first predicted exon and another 
primer at the end of the CDS, I sequenced the construct by Sanger sequencing. The 
sequence matched the predicted mRNA, except the region between exon 1 and exon 2.  
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The predicted sequence had an incorrect exon 1-exon 2 junction, which resulted in a 21 
nucleotide deletion in the predicted sequence (Figure 5-4 A).  The deletion is in a 
conserved region (Figure 5-4 B), and the amino acid sequence derived from the 
sequenced mRNA aligned with other laccases (Figure 5-4 B, At Lac16 clone1).  This new 
nucleotide sequence of Lac16 was used in the transgene construct instead of the predicted 
sequence.  

 
Figure 5-4  Diagrams showing the discrepancy between the real sequence of Lac16 
mRNA compared to the predicted sequence 
 
A.  Top: Predicted exon 2 boundary of Lac16.  
 Bottom: Exon 2 boundary of Lac16 based on the mRNA sequence. 

Green highlight: Exon.  White background: intron.  
 

B.  A portion of the multi-sequence alignment showing the gap in the conserved 
region of laccases.  The gap was the result of the misannotation of the predicted exon 
boundaries of Lac16 (At-Lac16).  The real sequence (At-Lac16 clone1) aligned with the 
rest of the sequences.  Blue color: Percent amino acid identity.  
 
At-Lac…:  A. thaliana Laccase with the AT numbers.  
Al-L…: Arbitrarily numbered A. lyrata Laccase-like sequences used in the construction 
of the phylogenetic tree 
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5.1.5 Generation of transgenic A. thaliana with Laccase transgene driven by At 
Lac4 promoter, and with 4-2/17 background mutation 
The plasmid from 5.1.3 was transformed into A. tumefaciens strain GV3101 by 

electroporation.  The transformed A. tumefaciens was used to transform A. thaliana with 
lac 4-2/17 double mutation.  The process of transformation, selection and genotyping 
with PCR was the same as described in 3.3.2. Generation 2 Transgenic plants (T2) seeds 
were selected for Basta or MSO resistance trait, and the ratio of resistance/susceptible 
plants were used to estimate the number of insertion. In transgenic lines with a single 
insertion the first generation of the transgenic plant (T1) was heterozygous for the 
transgene.  The transgene conferred the resistance to the glufosinate herbicide. When T1 
self-pollinated, the offspring were expected to be ¾ resistance and ¼ susceptible.  Chi-
square test was used to reject transgenic lines that had the segregation ratio significantly 
different from 3:1 resistance: susceptible.  Transgenic lines that had low susceptible 
seedling ratios, which implied multiple insertions, were kept for phenotype analysis, 
however.    
 

The resistance to MSO or glufosinate indicated that the individual seedling had 
received the transgene T-DNA, but could not determine if they were homozygous or 
heterozygous for the transgene locus. The presence of both 4-2 and 17 T-DNA, and the 
transgene was confirmed by PCR. The genotyping primer for each transgene contained 
one primer in the CDS to prevent cross-contamination between transgenic lines, and 
another primer in the C-terminal tag to prevent amplification from parental DNA 
sequences.  These T2 plants were then screened for complementation by the Mäule stain 
phenotype of stems hand sections. 

5.2 Results and discussions 

5.2.1 Summary of complementation  
I used hand sectioning and Mäule staining to screen stems of 6-10 T2 transgenic 

lines per transgene construct and observed a wide range of phenotypes.  Each of these T2 
lines was considered to be the result of an independent event of transgene integration into 
the genome of A. thaliana.  Each individual might have a different level of transgene 
expression, which would lead to different phenotypes. The results of this screen were 
summarized in Table 5-1 and Figure 5-6.   
 

Interestingly, the xylem and fiber region appeared to be independent to one 
another.  Some of the transgenic lines such as 1, 10, and 11 tend to restore the xylem 
more often than the fiber region, while 5 and 12 restored the fiber region more often than 
the xylem.  Therefore, I considered the xylem regions and fiber regions as two separate 
scores.  I grouped the phenotype of the xylem region and the fiber region in to 3 groups: 
full complement, partial complement, and no complement (Figure 5-5).  For the xylem 
region, fully complemented xylem vessels were round, and showed no sign of irregular 
edges (Figure 5-5 B). They were indistinguishable from the wild type (Figure 5-5 A).  
Partial-complement xylems were noticeably different from the 4-2/17 xylem, in that they 
were more round, but they did not look like wild type xylem either (Figure 5-5 C). 
Xylems from the no complement group were irregular, and had flattened lumen (Figure 
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5-5 D).  Their xylem regions looked indistinguishable from those of the 4-2/17 mutant 
(Figure 5-5 E). For the fiber region, fully complemented fibers were thickened, stained 
red or pink, and have a round edge (Figure 5-5 G), they were comparable to the fibers of 
the wild type stems (Figure 5-5 F).  Since the fiber of 4-2 and 17 single mutant might 
look a little different from those of the wild type (Figure 3-2 F, G), transgenic lines that 
look like single mutants were categorized as fully complemented because only one copy 
of the gene was inserted back. Partially complemented fibers had incomplete thickening, 
were much more translucent than any of the single mutants, and usually had prominent 
dark-stained straight lines between cells, which was the region of the middle lamella 
(Figure 5-5 H). Non-complement fibers had thin, straight stained lines along the cell 
borders, which looked like polygonal lines instead of round, thickened wall seen in the 
wild type.  The lumen of the fiber cells was also filled with an unstained amorphous 
structure (Figure 5-5 I). They looked indistinguishable from 4-2/17 (Figure 5-5 J). 
 

Transgenic constructs were categorized as ‘full complement’ if they had at least 
one T2 individual that had both the xylem and fiber with the fully complemented 
phenotype. Partially complemented lines had at least one line with at least partially 
complemented phenotype of both the xylem and the fiber region.  From these criteria, I 
determined that laccase 4, 10, 11, and 17 could fully substitute the functions of Lac4 and 
Lac17 in the 4-2/17 double mutant.  Laccase 1, 2, 5, 12 could only partially complement 
the mutations. Lac1 transgene was able to fully complement the xylem region, but not the 
fiber region.  Lac5 and 12 transgenes were able to fully complement the fibers but not the 
xylem.  Lac2 transgene could only partially complement both the fiber and the xylem.  
Lac 3 and 15 from A. thaliana, Laccase 1 from Rhus vernicifera (R), and lcc2 from 
Trametes versicolor (T) could not complement the function of A. thaliana Lac4 and 
Lac17.  Figure 5-6 summarizes the xylem and fiber phenotypes of each line.  As for lac16 
which apparently could not complement, it will be discussed in section 5.2.5 that the 
DNA sequence used in this study was misannotated, and was truncated on the N 
terminus. 
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Figure 5-5 The range of complementation observed in the transgenic lines 
Images were from hand-sectioned stems, stained with the Mäule staining protocol. 
A-E: Xylem region 
F-J: Fiber region 
 
A,F: Col-0 wild type 
B,G: Full complement 
C,H: Partial complement 
D,I: None, no complement 
E,J:  lac4-2/17 
Scale bar = 20 um, all images were taken at the same magnification. 
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  Xylem Fiber   
Transgene Full Partial None Full Partial None n 
1 5 3 1 0 6 3 9 
2 0 5 4 0 5 4 9 
3 0 0 9 0 0 9 9 
4 6 3 0 6 3 0 9 
5 0 5 1 3 2 1 6 
10 9 0 0 5 3 1 9 
11 10 0 0 6 4 0 10 
12 0 8 1 4 5 0 9 
15 0 0 6 0 0 6 6 
16 0 0 8 0 1 7 8 
17 9 1 0 9 1 0 10 
R 0 0 6 0 0 6 6 
T 0 0 6 0 0 6 6 

 
Table 5-1 Categorized T2  
T2 sorted into 3 categories, based one xylem and fiber phenotypes 
The numbers of T2 lines examined for each transgenic construct were recorded in column 
n. 
 
Full: The individuals had a fully complemented phenotype of the xylem or the fiber. 
Partial: The individuals had a partially complemented phenotype of the xylem or the 
fiber. 
None: The individuals showed no sign of complementation. The phenotype of the xylem 
or the fiber looked like the double mutant parent. 
 
Transgene:  

Numbers: complementation using A. thaliana laccase. The numbers corresponds 
to the name of A. thaliana laccase. 
 R: Laccase1 from Rhus vernicifera 
 T: lcc2 Trametes versicolor 
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Figure 5-6 Summary of complementation lines 
The data were from Table 5-1. The number of examined individuals from each line was 
normalized to 100% 
 
Full: The individuals had a fully complemented phenotype of the xylem or the fiber. 
Partial: The individuals had a partially complemented phenotype of the xylem or the 
fiber. 
None: The individuals showed no sign of complementation. The phenotype of the xylem 
or the fiber looked like the double mutant parent. 
 
X: xylem phenotype 
F: fiber phenotype 
 
Transgene:  

Numbers: complementation using A. thaliana laccase. The numbers corresponds 
to the name of A. thaliana laccase. 
 R: Laccase1 from Rhus vernicifera 
 T: lcc2 Trametes versicolor 
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5.2.2 Laccase 4, 10, 11, and 17 could complement the laccase mutation 
Constructs of Lac 4, 10, 11, or 17 driven by Lac4 promoter restored the shape of 

the xylem, making them indistinguishable from the wild type Col-0.  The fibers were also 
thickened to the single mutant levels, but many of them were not restored to wild type 
level.  Single mutants had incomplete thickening of the fiber region.  The fiber regions of 
the lac 4-2 single mutant were lightly stained by the Mäule protocol, and those of the lac 
17 single mutant had white patches indicating zones of incomplete lignification.  Within 
these complemented lines, there were variations of the phenotype, but many of the T2 
transgenic individuals showed restoration of phenotype to wild type or single mutant-like 
states (Figure 5-6).  

 
 These results supported the hypothesis that the laccase enzyme has no substrate 
specificity. The complementation of Lac 4 transgene, the positive control, confirmed that 
the transgene construct was able to be expressed, and the protein could be properly 
processed and localized.  The Lac 17 transgene corresponded to one of the genes that 
were defective in the 4-2/17 mutant. Adding back one of the two defective genes is 
expected to correct the phenotype of the double mutant.  The ratio of the abundance of 
Lac 4 to Lac 17 transcript in wild type plants, estimated from massively parallel signature 
sequencing (MPSS), was about 2.4 (McCaig et al. 2005).  The complementation of the 
Lac17 transgene driven by the Lac4 promoter demonstrated that the relative ratio of Lac4 
and Lac17 were not relevant to the restoration of the phenotype, because either Lac4 or 
Lac17 expressed from the same promoter could complement the double mutant 
phenotype.  This finding supported the hypothesis that neither of them had specific 
substrate preferences. 
 
 The results from Lac 11 confirmed the involvement of the gene in the 
lignification process, which was reported by Zhao (2013).  Lac 10 was the novel laccase 
shown to function in lignin deposition according to the complementation results. The 
complementation result indicated that Lac 4, 10, 11, and 17 were functionally equivalent, 
and there was likely no substrate specificity among these enzymes.  
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Figure 5-7 Lac4, 10, 11 and 17 transgene could complement the function of lac4 and 
17 in the double mutant.  
A-D: Xylem region 
E-H: Fiber region 
A,E: 4P-Lac4    / 4-2/17 
B,F: 4P-Lac10  / 4-2/17 
C,G: 4P-Lac11  / 4-2/17  
D,H: 4P-Lac17  / 4-2/17  
Scale bar = 20 um, all images were taken at the same magnification. 
 

5.2.3 Laccase 1, 2, 5, 12 could only partially complement the laccase mutation 
 Some of the laccase transgenes only partially restored the phenotype of the double 
mutant.  The phenotypes of these transgenic lines looked distinctively different from the 
double mutant parents, but were not quite the same as the single mutant or the wild type 
plants. Transgenic Lac1 restored the xylem region to wild type-like phenotype, and the 
fiber region was partially thickened, but not to the same extent observed in the single 
mutants, or the wild type (Figure 5-8 A, E).   Transgenic lines of Lac2, 5, 12 restored 
some thickening of the fiber region but did not restore the shape of the xylem to wild type 
level.  The fiber region of some T2 individuals from Lac5 and 12 lines looked 
comparable to the fiber regions of the single mutants, therefore was categorized as ‘full 
complement.’ The xylem regions of these plants were less irregular than the double 
mutant, and were distinctively different from the double mutant parents.  However, they 
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still had some irregular xylems, which were not normally observed in the wild type, 
which led these transgenes to be categorized as 'partially complement.'  For Lac2, none of 
the plants had either the xylem or fiber phenotype that were comparable to the wild type 
or the single mutant, but they also looked distinctively different than the double mutant 
parents.   Lac2 was also categorized as 'partially complement.'  The summary of these 
results were shown in Figure 5-6. 
 
 These partial complementation results indicated that although Lac 10 and 11 were 
functionally equivalent to laccase 4 and 17, other laccases might have different functions 
or mode of actions. Since I could not demonstrate the protein expression levels or 
localization, the possibility of unstable transcript/protein or aberrant post-translational 
processing could not be ruled out.   However, since all these gene were from A. thaliana, 
and there were many laccase transgenes, which could complement the mutant, the 
translation, post translational processing, and localization of the transgene should be 
comparable to their native form.  Therefore the inability to complement was likely the 
consequence of their different native functions. 
 
 This finding suggested that although the previous section of complemented lines 
supported the notion that laccases has no substrate specificity, the notion could not be 
extended to every laccase.  It is possible that these laccases in the 'partially complement' 
category are not natively involved in lignin deposition process.  The gene expression and 
protein localization data of each transgenic line need to be obtained before this conjecture 
can be confirmed. 
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Figure 5-8 Lac1, 2, 5 and 12 transgene could partially complement the function of 
lac4 and 17 in the double mutant.  
A-D: Xylem region 
E-H: Fiber region 
A,E: 4P-Lac1    / 4-2/17 
B,F: 4P-Lac2  / 4-2/17 
C,G: 4P-Lac5  / 4-2/17  
D,H: 4P-Lac12  / 4-2/17  
Scale bar = 20 um, all images were taken at the same magnification. 
 

5.2.4 Lac 3, 15, RvL, TvL could not complement the double mutations  
Unlike the transgenes discussed in the previous two sections, some of the laccases 

could not change the phenotype of the 4-2/17 parents at all.  None of their transgenic 
offspring showed any sign of improvement.  They all looked indistinguishable from the 
4-2/17 double mutant both in the xylem region and the fiber region (Figure 5-6, Figure 
5-9).  The expression levels of transgene genes in generation 3 (T3) homozygous 
transgenic plants were checked by using semi-quantitative RT PCR, using the mRNA 
extracts from inflorescent stems of 6 week old plants. The PCR result confirmed that the 
transgenes were being expressed (Figure 5-10).  The housekeeping gene (Actin1) showed 
amplification in every sample, indicating that all of them had a comparable amount of 
total mRNA levels.  The positive control (Lac4 and Lac17), which was known to 
complement, produced a band in the transgene reaction.  The negative control (C, and 4-
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17 for Col-0 and 4-2/17 respectively) did not produce any band in the transgene 
reactions, but produced the same band intensity in the housekeeping gene region, 
demonstrating the high specificity of the transgene primers used in this experiment.  All 
of the transgenic lines, 3, 15, RvL and TvL, which were not able to complement the 
function of Lac4 and 17 had comparable levels of gene expression.  

 
Efforts to extract protein from the transgenic lines, and to detect the tag with an 

antibody (StrepII or His) were not successful.  As a positive control, I attempted to 
extract Lac 4 protein from a complemented line (Section 3.3.2). These transgenic lines 
had wild-type like xylem and fiber phenotype, indicating that the transgene was properly 
expressed and localized to the cell walls. I could not detect Lac 4 protein with antibodies 
specific to any of the tags. I concluded that it was not possible to determine if the protein 
was being produced or if the protein was properly exported to the wall region for the non-
complement transgenic lines.   
 
 I could not conclusively state what happened to the non-complementing laccases.  
However, since other equivalent transgenes could produce transgenic plants with 
phenotypes that differed from the laccase double mutant (4-2/17), the result indicated that 
the construct I used was able to produce functional laccase proteins.  Therefore, the result 
from Lac 3 and Lac15 suggested that the genes had fundamentally different functions 
than other laccases, because they could not substitute the function of Lac 4 and 17 in the 
lignification process. Lac 15 was reported to be involved in the flavonoid synthesis 
pathway (Pourcel et al. 2005) and in seed coat lignin deposition (Liang et al. 2006).  
These studies support the idea that Lac15 has different functions or mode of action than 
Lac4 and 17, and cannot directly substitute for the functions of these two laccases.  These 
results supported the notion that not all laccases within A. thaliana are functionally 
equivalent.   
 
 Because the expression, translation, and post-translational modifications 
processes of proteins were not completely understood, proteins from different hosts such 
as RvL and TvL may not be expressed, modified, or localized properly despite being 
expressed with the same AtLac4 promoter.  Without detecting the presence of the 
enzymes in the cell walls, the ability of laccases from other species to function in the 
lignification process remains inconclusive.   
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Figure 5-9 Lac 3, 15, R and T did not complement.  
A-D: Xylem region 
E-H: Fiber region 
A,E: 4P-Lac3 /  4-2/17 
B,F: 4P-Lac15 /  4-2/17 
C,G: 4P-RvL (R. vernicifera Laccase1)/  4-2/17  
D,H: 4P-TvL(T. versicolor lcc2) /  4-2/17  
Scale bar = 20 um, all images were taken at the same magnification. 
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Figure 5-10 Semi-quantitative Reverse Transcribed-PCR from the non-complement 
lines 
Top: Actin1 Primers (house keeping control)  Bottom: Transgene Primers priming at the 
C-terminal tag region 
 
3,4,15,17: candidates from the transgenic line of Lac3, 4, 15, and 17 respectively 
R,T: candidates from the transgenic line of RvL and TvL respectively 
C: Col-0 wild type, serves as negative control  
4-17: 4-2/17 plant, serves as negative control 
 
 

5.2.5 Lac 16 did not represent a complete sequence 
Lac 16 transgenic lines did not complement the mutation despite having a very 

high sequence similarity to Lac 4 (69 % amino acid identity).  Upon further investigation, 
I found that the version of the sequence used, which was reported in Turlapati (2011) and 
in the Genbank database, was not a complete sequence.  As discussed before in 5.1.4, the 
mRNA sequence of AtLac16 on the Genbank database was not based on experimental 
data, but on a software prediction.  I could amplify the Lac16 sequence using a primer 
binding at the beginning of the predicted exon 1. However, this sequence contained no 
signal peptide implying that Lac16 was the only laccase localized in the cytosol.  After 
the phenotype testing which revealed that none of Lac16 transgenic line had a 
complemented phenotype, I found a report in McCaig (2005) claiming that Lac16 had a 
signal peptide, and that the Genbank annotation was misannotated.  The authors claimed 
that an exon was missing from the Genbank database, making it appear that Lac16 has no 
signal peptide.  The missing exon will be referred to as exon 0.  The predicted exon 0 was 
well-conserved when aligned with other laccases, and was identified in A. lyrata Lac16 
sequence as well.  To verify this prediction, I amplified a piece of Lac16 mRNA by PCR 
with 16F3 primer binding 38 nucleotide up-stream of the start codon on exon 0, and with 
16R2 primer binding in exon 4, producing a 770 bp fragment (Figure 5-11 A).  These 
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primer pairs would only produce a product if exon 0 was present on the cDNA of Lac16.  
For comparison, I ran another PCR reaction with 16F0 primer, which primed at the 
beginning of the previously predicted exon 1, and 16R2 primer.  This latter pair should 
produce a 620 bp fragment regardless of whether Lac16 mRNA contained the predicted 
exon 0.  I found that both PCR produced a DNA product, and that the product of 16F3-
16R2 pair, which included exon 0, was bigger than that of 16F0-16R2 (Figure 5-11 B).  
The result demonstrated that the predicted exon 0 was present in the mRNA of Lac16.  
The DNA sequence of Lac 16 used in the transgene had a 10 amino acid deletion from 
the N-terminus of the enzyme (Figure 5-11 C). The finding of exon 0 made the results 
from Lac 16 transgenic line inconclusive. 
 

 
 
Figure 5-11 The presence of unannotated exon (Exon0) in Lac16 mRNA 
A. Diagram of the predicted Exon 0 sequence and the positions of the primers used in the 
PCR reaction in B.    Exon1 was the first exon predicted by Genbank database. 
B. PCR reaction showing the presence of Exon 0.   

Primers (1): 16F3-16R2   Expected size 770 bp 
Primers (2): 16F0-16R2   Expected size 620 bp 
(+): Reactions with the cDNA template 
(-): Reactions without the cDNA template (Negative control) 
L: DNA ladders, the unit of DNA ladder sizes was in base pairs (bp) 

C. Diagram of exon 0 (yellow and red), and exon 1 (green) of At Lac16.  Yellow: 
predicted signal peptide. Red: Deleted sequence in Lac16 transgene.  Green: Exon 1, 
which was the beginning of Lac16 amino acid sequence in Lac16 transgene. 
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5.2.6 Mapping back to the phylogenetic tree 
The summary of the results of each transgenic line mapped back onto the 

phylogenetic tree is shown on Figure 5-13.  A trend emerged that most laccases in the 
clades of Lac 4 and Lac 17 could substitute for the functions of the two laccases.  Lac 1, 
which is in its own clade, only partially complemented the double laccase mutant 
phenotype. Only some members of the Lac 3, 5, 12, and 13 clade changed the appearance 
of the laccase double mutant and only partially restore the phenotype of 4-2/17.  None of 
the Lac14, 15 clade members complemented the phenotype.  A Laccase from lacquer tree 
(RvL) and a fungal laccase (TvL) also failed to complement. When the pairwise amino 
acid identity scores compared to Lac 4 were examined, the group of Lac 10, 11, and 17 
had the highest percentage of amino acid identity (Figure 5-12, Table 5-2). It was not 
clear whether the levels of amino acid identity or the positions on the phylogenetic tree of 
each gene relative to Lac 4 was the factor that determined the ability of a Laccase gene to 
substitute for the functions of Lac4 and 17. However, the results demonstrated that not all 
laccases were functionally equivalent.  The generalization of laccase function only 
seemed to be contained in the clade of Lac 4, 10, 11, and 16.  Laccase in other clades 
might have other functions, and were not able to fully function in the lignification process 
of the xylem and the fiber in the inflorescence stems.  

 
 

 
Figure 5-12 Pairwise percent amino acid identity among At Laccases, RvL and TvL 
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Figure 5-13 Results of the complementation project mapped back to the tree from 
Figure 5-1 
Colors of the highlight: 
Green: Full complementation 
Orange: Partial complementation 
Red: No complementation 
Gray: The function of Lac16 could not be concluded because I did not use the full 
sequence.  
 
At-Lac…:  A. thaliana Laccase with the AT numbers.  
Al-L…: Arbitrarily numbered A. lyrata Laccase-like sequences used in the construction 
of the phylogenetic tree 
At-LL…: A. thaliana Laccase-like sequences, arbitrarily numbered.  
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Transgenes % ID 
17 55 
10 73 
11 60 
1 47 
12 49 
5 47 
2 53 
3 48 
15 40 
R 43 
T 24 

Table 5-2 Summary of percent amino acid identity scores between At Lac4 and 
other genes used in this study   
Transgenes: numbers = At Laccase 
%ID: percent amino acid identity 
R = RvL 
T = TvL 
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5.2.7 Conclusions 
As discussed in detail in Chapter 3, Laccases 4 and 17 appeared to have no S/G 

specificity.  The results from this chapter demonstrated that Lac 10 and 11 are 
functionally equivalent to Lac 4 and 17.  However, the idea that all laccases are 
equivalent could not be generalized to other laccases that diverged earlier in their 
evolution history.  Other laccases in other clades could not fully replace the functions of 
Lac 4 and Lac17.  Although I could not conclusively state that the different laccases had 
different substrate specificity, I could argue that A. thaliana laccases were not all the 
same.  This result implied that the other laccases had different native functions or modes 
of action.  It is also possible that they form complexes with unidentified partners or have 
different binding properties. The cause of this functional breakdown could not be 
conclusively stated because other factors such as the translation rate, post-translational 
modifications, localization, stability, or the pH optimum of each enzyme could affect 
how well the enzyme could restore the phenotype of 4-2/17 double mutant.  As we also 
learned from chapter 3, the enhanced yellow-fluorescent protein called ‘citrine’ could be 
used to visualize laccase 4 when they were linked together (Figure 3-13).  This citrine tag 
could be used to determine if laccase from the transgene is properly expressed and 
localized in future experiments.   
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6 Concluding Remarks 
 In this study, I further characterized laccase T-DNA insertion mutants from the 
Berthet group.  I was able to confirm the xylem collapse phenotype, and the lignin 
content phenotype of the lac 4-2/17 mutant reported by Berthet (2011) (Section 3.3.1).  I 
showed that the coding DNA sequence (CDS) of either Lac4 or Lac17 driven by their 
native promoter, translationally linked on the C-terminus to epitope tags, and followed by 
their native 3' untranslated region were able to restore the Mäule stain phenotype of lac4-
2/17 double mutant to look more like wild type (3.3.2, Figure 3-5).  From this result, I 
learned that the Mäule staining phenotype of stems was a simple and reliable tool to 
assay the function of laccase transgene. 
 
 Using 1H-13C 2D-NMR spectroscopy, my collaborator and I identified two 
specific changes in the cell walls caused by the absence of lac 4 and lac 17.  Guaiacyl (G) 
units were reduced, and phenylcoumaran linkages disappeared (3.3.4). This could mean 
either that laccases create this type of linkage, or that the tissue types that both laccase 
were expressed in were rich in the G unit and the phenylcoumaran link.  Whether or not 
laccase plays a direct role in forming this linkage remains inconclusive.   
 
 To test whether or not Laccase 4 and 17 have specificity for Guaiacyl (G) or 
Sinapyl (S) subunit, I examined the lignin content of the 4-2/17 mutant with no G unit in 
their lignin.  I crossed the 4-2/17 double mutant with the fah1-2 mutant, and then 
transformed them with C4H-F5H construct.  The resulting hybrid had a high S and low G 
content.  The lignin content in the resulting quadruple hybrids was not restored to wild 
type level (Figure 3-19), which invalidated the hypothesis that Lac 4 and 17 cannot react 
with sinapyl alcohol.  This result implied that the S/G composition of lignin was 
determined by the source of the monomer, such as the types of tissue or the 
developmental stages.  The mechanism by which the guaiacyl unit was specifically 
reduced in 4-2/17 remained unexplained.  
 
 I further asked if we can generalize the notion that laccases have no specificity of 
either S or G subunit to all laccases in A. thaliana.  To test this hypothesis, I attempted to 
restore the phenotype of 4-2/17 double mutant with a transgene construct using Lac4 
promoter to drive the protein coding region of other laccases from A. thaliana, and from 
two foreign species: Rhus vernicifera Lac1 (RvL) and Trametes versicolor lcc2 (TvL). 
The results demonstrated that some laccases within the clade of lac 4 and 17 were able to 
substitute for lac 4 and 17 (Section 5.2.2). Lac 11, studied by Zhao (2013), also 
complemented the mutation. Lac 10 was the new laccase which I identified to be 
functionally equivalent to Lac 4 and Lac 17 by my complementation test.  This result 
indicated that Lac 4, 10, 11 and 17 were functionally equivalent.  Other laccases ( Lac 1, 
2 , 5, and 12)  only partially restored the phenotype of the double mutant, and others (Lac 
3, 15, RvL, TvL) did not function at all (Section 5.2.3 and  5.2.4).  The results implied 
that the generalization of laccase function could not be expanded beyond the four 
laccases (Lac 4, 10, 11 and 17), and suggested that these other laccases might have 
different functions or react with a different set of substrates. However, I could not detect 
tagged laccase derived from plant tissue, even in cases where the mutant phenotype was 
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restored by the transgene.  Therefore other explanations such as problems in protein 
expression, post-translational modifications, or protein localization could not be ruled 
out. More genetic experiments, such as the study of knock out lines are required before 
any functions can be assigned to these other laccases.  The hybrids between these laccase 
transgenic plants and fah1-2, C4H-F5H need to be studied to determine if other laccases 
are specific to the S/G composition of the monolignols or not.  
 
 I also learned that the localizations of laccase can examined by tagging citrine 
YFP onto  the C-terminus of laccases, and using the native promoter to drive the 
expression.  In future work, this method could be used to monitor the levels and the 
localization of the transgenic enzyme, and could provide more insight in cases where the 
transgene could not complement the phenotype of the double mutant. 
 
 Efforts to directly test the Lac4 substrate specificity by attempting to express and 
purify Lac4 from heterologous hosts were not successful.  I had tried expressing Lac4 in 
E. coli (strain BL21, and Origami), P. pastoris, N. benthamiana.  Two expression 
systems were used in N. benthamiana, the 35S promoter-driven construct, and with the 
tobacco mosaic virus-based Nomad expression system (Chapter 4).  I could produce 
crude protein extract with laccase activity using the Nomad protein system, but the 
enzyme activity yields were inconsistent, and the affinity tags were cleaved from Lac 4.   
Expression by infiltrating N. benthamiana with A. tumefaciens carrying Laccase 4 coding 
sequence driven by the 35S promoter led to a lower yield, but the tag might not be 
cleaved off (Section 4.4).   This result was encouraging but needs to be confirmed with 
more Western blot experiments, and optimized to be more consistent and to produce a 
higher yield.  
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8 Appendix 1  
List of Sequences used to generate phylogenetic tree 
 
Species Database Accession Number Names 
A. lyrata CoGe AL_SCAFFOLD_0004_3357 L01 
A. lyrata CoGe AL_SCAFFOLD_0006_91 L02 
A. lyrata CoGe AL_SCAFFOLD_0008_1090 L03 
A. lyrata CoGe AL_SCAFFOLD_0008_3230 L04 
A. lyrata CoGe FGENESH1_PM.C_SCAFFOLD_1001857 L05 
A. lyrata CoGe FGENESH1_PM.C_SCAFFOLD_4000237 L06 
A. lyrata CoGe FGENESH1_PM.C_SCAFFOLD_6000548 L07 
A. lyrata CoGe FGENESH1_PM.C_SCAFFOLD_7000162 L08 
A. lyrata CoGe FGENESH1_PM.C_SCAFFOLD_7001110 L09 
A. lyrata CoGe FGENESH2_KG.1__2223__AT5G01040.1 L10 
A. lyrata CoGe FGENESH2_KG.1__4571__AT1G55560.1 L11 
A. lyrata CoGe FGENESH2_KG.2__1856__AT1G75790.1 L12 
A. lyrata CoGe FGENESH2_KG.2__673__AT1G41830.1 L13 
A. lyrata CoGe FGENESH2_KG.3__1421__AT3G13390.1 L14 
A. lyrata CoGe FGENESH2_KG.3__1422__AT3G13400.1 L15 
A. lyrata CoGe FGENESH2_KG.3__938__AT3G09220.1 L16 
A. lyrata CoGe FGENESH2_KG.41__3__AT2G29130.1 L17 
A. lyrata CoGe FGENESH2_KG.4__1875__AT2G38080.1 L18 
A. lyrata CoGe FGENESH2_KG.4__992__AT2G30210.1 L19 
A. lyrata CoGe FGENESH2_KG.6__109__AT5G01050.1 L20 
A. lyrata CoGe FGENESH2_KG.6__2155__AT5G21105.1 L22 
A. lyrata CoGe FGENESH2_KG.6__231__AT5G03260.1 L23 
A. lyrata CoGe FGENESH2_KG.6__468__AT5G05390.1 L24 
A. lyrata CoGe FGENESH2_KG.6__881__AT5G09360.1 L25 
A. lyrata CoGe FGENESH2_KG.7__1740__AT4G25240.1 L26 
A. lyrata CoGe FGENESH2_KG.7__366__AT4G37160.1 L27 
A. lyrata CoGe FGENESH2_KG.7__37__AT4G38420.1 L28 
A. lyrata CoGe FGENESH2_KG.8__1830__AT5G58910.1 L29 
A. lyrata CoGe FGENESH2_KG.8__1956__AT5G60020.1 L30 
A. lyrata CoGe SCAFFOLD_102020.1 L31 
A. lyrata CoGe SCAFFOLD_105351.1 L32 
A. lyrata CoGe SCAFFOLD_202568.1 L33 
A. lyrata CoGe SCAFFOLD_401375.1 L34 
A. lyrata CoGe SCAFFOLD_402828.1 L35 
A. lyrata CoGe SCAFFOLD_603692.1 L36 
A. lyrata CoGe SCAFFOLD_702175.1 L37 
A. lyrata CoGe SCAFFOLD_801086.1 L38 
A. lyrata CoGe SCAFFOLD_801582.1 L39 
A. thaliana CoGe AT1G18140 Lac1 
A. thaliana CoGe AT2G29130 Lac2 
A. thaliana CoGe AT2G30210 Lac3 
A. thaliana CoGe AT2G38080 Lac4 
A. thaliana CoGe AT2G40370 Lac5 
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Species Database Accession Number Names 
A. thaliana CoGe AT2G46570 Lac6 
A. thaliana CoGe AT3G09220 Lac7 
A. thaliana CoGe AT5G01040 Lac8 
A. thaliana CoGe AT5G01050 Lac9 
A. thaliana CoGe AT5G01190 Lac10 
A. thaliana CoGe AT5G03260 Lac11 
A. thaliana CoGe AT5G05390 Lac12 
A. thaliana CoGe AT5G07130 Lac13 
A. thaliana CoGe AT5G09360 Lac14 
A. thaliana CoGe AT5G48100 Lac15 
A. thaliana CoGe AT5G58910 Lac16 
A. thaliana CoGe AT5G60020 Lac17 

A. thaliana CoGe AT1G55560 
Laccase-
Like1 

A. thaliana CoGe AT3G13390 
Laccase-
Like2 

A. thaliana CoGe AT3G13400 
Laccase-
Like3 

A. thaliana CoGe AT4G39830 
Laccase-
Like4 

A. thaliana CoGe AT5G21100 
Laccase-
Like5 

A. thaliana CoGe AT5G21105 
Laccase-
Like6 

Cucurbita pepo medullosa 
(Green Zucchini) PDB 1AOZ 

Ascorbate 
Oxidase 

T. versicolor  PDB 1GYC lcc1 
Melanocarpus albomyces PDB 2Q9O lac1 
Coriolopsis gallica PDB 2VDZ lac1 
Cerrena maxima PDB 3DIV   
R. vernicifera Genebank AB062449.2 lac1 
T. versicolor  Genebank Y18012.1 lcc2 

 
Database URLs:  
CoGe: https://genomevolution.org/CoGe/FeatView.pl 
PDB: http://www.rcsb.org/pdb/home/home.do 
Genebank: http://www.ncbi.nlm.nih.gov/nuccore 
 
Note: 
The numerical names (L01-L39) of A. lyrata, and the numerical names of Laccase-Like 
(1-6) in A. thaliana were chosen alphabetically.  



 

 
 

129 

9 Appendix 2   
 
List of Primers 
All sequences are in the 5’ to 3’ direction.  
 
Chapter 3 Primers 
 
T-DNA insertion line primers 

T-DNA line 
Primer 
name Sequence 

Salk_144432 1LP TTCAAGATACCGGCGTCATAG 
  1RP AATGTTTTGGATGAATGTGTGG 
4-1 4.1LP CTCGATCCCTCAACCATCTC 
  4.1RP TTCCACTACGAAGCCACAAAC 
4-2 4.2LP CTCCATCTGAGAGCATGGTTC 
  4.2RP TCACATTGCAATGAATGACTG 
17 17LP ATTTCGGAAATTCCCTTCATG 
  17RP TTTGATCAGAACCTGGTCACC 
  Lbb1.3 ATTTTGCCGATTTCGGAAC 
  o8409 ATATTGACCATCATACTCATTGC 

 
T-DNA insertion line primer pairs 

Genotype Locus Primer pair 
amplicon 
size (kb)  

Salk_144432 wild-type 1LP 1.4 
    1RP   
Salk_144432 insert Lbb1.3 0.7 
    1RP   
4-1 wild-type 4.1LP 1.4 
    4.1RP   
4-1 insert Lbb1.3 0.7 
    4.1RP   
4-2 wild-type 4.2LP 1.4 
    4.2RP   
4-2 insert o8409 0.7 
    4.2RP   
17 wild-type 17LP 1.4 
    17RP   
17 insert Lbb1.3 0.7 
    17RP   

 
Note:  
Insert = T-DNA insertion  
wild-type = The wild type allele at the same locus as the T-DNA insertion, indicating the 
absent of the T-DNA.   
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Other genotyping primers 

Genotype 
Primer 
names Sequence 

amplicon size 
(kb)  

fah1-2 fah1F TGGTGTGTACATATATGGATGAAGAA 0.72* 
  fah1R TAGCAAGAGTGGTGAATATGTGAAGT   
C4H-F5H F5HF TGGTGTGTACATATATGGATGAAGAA 1.1 
  F5HR TAGCAAGAGTGGTGAATATGTGAAGT   

*Digesting the amplified product with MseI will produce two bands (300 and 380 bp) for 
the wild type allele, but will produce  3 bands (300, 250, and 130bp) for the mutant allele. 
 
 
 
Primers to amplify genomic DNA for the transgene constructions 

Locus 
Primer 
names Sequence 

Lac4 
Promoter L4P F1 GACACTCGAGGATCCGTCAAGCTCAAGCGACAACA 

  L4P R1 GAACCATCGATTCAGATGGAGCTGGGAAC 
Lac17 
Promoter L17P F1 CAGAGAGCTCGGATCCTGTGATGAGTATTTGCTTCAATTAT 

  L17p R1 CTAGCAGTAGCTGTAACGCCATTG 

Lac4 3'UTR 4_3U_F CAGTACTAGTGTCCTGCAACTAAATAGGGCGACA 

  4_3U_R CAGTAGCGATCGACAACTTTGGACCATATAAGAGGTG 

Lac17 3'UTR 17_3U_F CTCAACTAGTCTTTCCCCATGATTCAAGTCC 

  17_3U_R CAGTAGCGATCGAGATTGTGTATATATATTAGTTTTGG 
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Chapter 5 primers 
 
Primers to amplify the transgene from the cDNA pool 

Gene 
Primer 
name Sequence 

Lac1 L1F0 AGTCCAGGTCTCACTAGATCAACCACTCGTCGATTTCAC 

  L1R0 GTGACTGGTCTCTGTCCACACTGAGGAAGATCATGAGGA 

Lac2 L2F0 AGTCCAGGTCTCACTAGAGGAATCACGCGGCACTAC 

  L2R0 GTGACTGGTCTCTGTCCACATTTAGGGAAATCTGAGGGTGG 

Lac5 L5F0 AGTCCAGGTCTCACTAGAAACAAAGCACACCACCACG 

  L5R0 GTGACTGGTCTCTGTCCACAAACGGGCAAATCATGAGG 

Lac10 L10F0 AGTCCAGGTCTCACTAGAGCAATCCGCAAGTACACCTTC 

  L10R0 GTGACTGGTCTCTGTCCACATTTGGGAAGATCACTTGG 

Lac11 L11F0 AGTCCAGGTCTCACTAGAGCGGTGAAGAAGTACCAATTC 

  L11R0 GTGACTGGTCTCTGTCCACAGGACGGATAGTCTTTAGGC 

Lac12 L12F0 AGTCCAGGTCTCACTAGATCATTGATTATCGCCAAAGTCCA 

  L12R0 GTGACTGGTCTCTGTCCGCAAATAGGTAGATCGTGAGGAG 

Lac16 16F0 AGTCCAGGTCTCACTAGAATGACGAACACCACGAAGC 

  16R0 GTGACTGGTCTCTGTCCACATTTGGGAAGATCAGCGG 
 
Genotyping primers for transgenes 

Gene 
Primer 
name Sequence 

Lac1 1F1 CTTATCCCTTTTCCGGCAGC 
Lac2 2F1 TCAGCCTTACCCTTTTCCCA 
Lac3 3F1 TCGAGGATCAAGAGGGTACG 
Lac4 S2F1 GCACGGTGTGAGACAAGTGA 
Lac5 5F1 ACCCATTCACAAAACCCCAC 
Lac10 10F1 CCCTAAACCACATAGAGAAGAAGTC 
Lac11 11F1 TCCCACAGCCATACCAAGAA 
Lac12 12F1 TCCTTTCCCTAAACCGGACC 
Lac15 15F1 TTCCATCGAAGACACGACTG 
Lac16 16F1m AATGGTGGAAATCGGACGTG 
Lac17 NdeF GGTCCCAATGTCTCTGATGC 
RvL RvL F1 ACGCCCATAGTGACTGGACT 
TvL TvL F1 CGCACTTGTCAACGCAGTAT 
FSH R FSH R GGTGATGCTGGTTACCCTTC 

Note: Use the forward primer specific to the transgene and FSH R as the reverse primer 
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RT PCR primers 

Gene 
Primer 
name Sequence 

Actin1 Act1F GCGACAATGGAACTGGAAT 
  Act1R GGATAGCATGTGGAAGTGCATACC 
transgene  FSH F GTTGCAAGGAGCAAAAAGGT 
  43U R1 CGAACCTTTTGCTTTGCTCA 

Note: Every transgene version of the Lac4 Promoter-Lac4 signal peptide-[Other laccase 
CDS] construct will amplify with the transgene primer pair. 
 
Lac16 mRNA diagnostic primers 
Primer name Sequence 
16F3 ACCATCACAAACATCAAGACACA 

16F0 AGTCCAGGTCTCACTAGAATGACGAACACCACGAAGC 
16R2 AGCATCAACTTCCACAACGG 
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10 Appendix 3  
 
List of DNA sequences 
All sequences are in the 5’ to 3’ direction.  
 
Lac4 Promoter-Lac4 construct from Section 3.3.2 
gctcaagcgacaacagaaacaaaagataagtcatgggcccgtggaacatgttaaggaggcaggaaagtgaaactaacaa
aaaagatatgttaaggagacaagaagagcccgtgtgagcatatgactccaaaattatttgaggtcatagggcaaaaatt
actctcttgggccttttgttaaggataccaaattaaatcatacctttttctatgagtttaaaaaaaaaaaaaaaccaaa
tggatcagaaatagcgagagattatgatccctattggtatctaaaactttccttttgtcgcaaaatcttgagaaaattt
acgaaaaatctgtcaactgcgactagccgaatatgtatgttccaatcgtttagtttacgtcaggcccagctcagttttt
tagttctgaaagcccataaattgttttagttagcccagctcacactaacaagtagcaaactaaattcaaccattgaagt
tgtcgaagaagtattaatgtattatagctacacctttttagtccaaagctgatgagaaatacagtacatcatcataata
aatacgaaagttttaaaaacgttttgatgattaaagtcgatatttccagattttcaaattgttatgttgtcgtcttttg
gactttagtgttacttaaaaagaaggttactttcaaggattgttgagaaaatgacaataacaaattaactacaaattgg
agttgattgacactttacccaattttaaccatgaccgctcagcaaatcatctgtcgagttaagtggctagctgagacat
ctcggtacggcaaagatactaattgaccaatttgaccataaatgtatacaaaattgtttaaatggtgtgtggcctaaac
ggcgtcgtccaagcgacacgcatatttgtatgtagccttagctttgaaacaaacccaaagaggctgtctttgttgggtc
attgtttacaacgacatgaaagccatttctcaacttattctactgtcttagtttctaagcattgtaatctccacctcac
ttcacacagcttctaagacactttttacaatatgtatgtgaccattgcatccgctatcaatataccaaaataacgcatt
aatctttatatacggaattcttgtttttaactataaggataaattcacaattatatctaaaaatgtgtgtgcgtgagtt
gtagacaattaaaactattgatcattaaaatttactataaagtcgttggagaaaaagtttactataattgttggaaaaa
aaaaatttactataaggtctcattcgtattctgaccatagttttcattggactgttaaatttgttatattctttgtatg
actaaaagaacatctacatgcatgccaaataaagcgaccacattaaaaagtttgatccagttttggttcgaatttaatt
tggaaatttgagttttgtgtttattttgtaatgtagaagaataaacttgaaagtgttaatacgttcaattatatttggt
ttcgattgaaattcaatctaatgtggttagatgagtcctatattaccatgtcattgttaatacccattgccaaaaataa
aagtgaagcagaaggagaaattgtttttgtatacccgaaggaattaagatgtacgatcttaaaatagacatttcggcca
tctatcaaaataaatgtctaaaagttttgtggtcgtcttaaatactacttcgagttcagacgtatacgtctcaccaaag
taatgcacatacttgatgttaagtttatctctttttactatttcaaatttcgcgtttgacaacactttaagtctacatt
atccatagagaatataacataaagatcatgaacttctcatgaatgtataagacaaatcaagcttatatatgagatctat
ttagtaatttgatatgtatgtaatatatgataaatctttgatgcaatattttattatgattattagatatacactagtc
aactttaactttagaagattaatcattccgtcgcaaaccataccataaattagcaagggatcgacttaatatctccgat
ccgctatatatttaagaagcatttagattgtttataatacatgtcatgattttataattatgtatatataaatactaat
tgatgtatgaagtacgtagataatgttacgatctattaatctatttacattaacttttaattagtgttgagtagggaaa
attaacatataaacctttagcagttggttgtattattaaaaataatttgaacttaaaatccaccttcgaaaagataaat
caaacaagtataaaaaatgctataaatccagaatatttacctaaggtttttattcttctacttaataatgtaagataaa
accggcacaatacttgttacgtatgcatggtaggtaccgcaattgtgtaagcaaatcggcacaatactaaggttacata
tactaactaaataaaacaatctgatttcagtgacaccgtatatctaacctttattcaaatccaagggaacatgacttga
cttcttctgttggaactaactcgatccctcaaccatctccagggatagaagagttagtaaaatcaaacttgaagtgagg
aagtaagcagtttaacgactccatatgactacagttatatacaaagttgggcacaaagtacaagtactaaatactcaaa
gtcagataataattttaataagtacaaactatatatatgcagtacaattattgagtatatataaacgagactggtgatt
tggggcattgtccaccagggtgttatatcccaattgaaatttgaaaatttaagtgtgtgagtgttacgacaaaaaaaag
tgtgtgaattgtaggcgcggtgaaaaggtaaattaagattggaactagaaaaatagttgaatatcctttactaaaagtt
gtcaattccggttttagtaaaaaaaaattttaaaatagaaattttatccaaaagacttcaaacacacatattcgcatat
ataacataagatatcattttttgtaaacagttaaaaagaaaaacacatgtttttttttttaatttagaaaaaaacatgt
tattatacaaaacagagttttgcccacttttaatatgttatgaaaagaaaaatgattttcttgggtttggtcagagaga
ttggttgtggtaagaatgggaatcttaattacaaagaattggattttgggtcgacctaccacctaaaacgacgtcgcct
ccatctctggtttccaaatctctttctcctctccctttataagcttgcgttggccagtcgctcatctcgaaaacagaga
gaaaaagactaaaaacacagtttaagaagaaggagagatagagagagaagagaaagatagagagggagATGGGGTCTCA
TATGGTTTGGTTTCTATTTCTTGTATCCTTCTTCTCTGTGTTCCCAGCTCCATCTGAATCGATGGTTCGCCACTACAAG
TTTAACGTTGTAATGAAGAACGTGACTAGATTATGCTCAAGCAAGCCAACCGTGACCGTCAACGGTAGATATCCAGGTC
CCACAATCTACGCACGAGAAGATGACACGTTGCTCATCAAAGTCGTTAATCACGTCAAGTACAACGTCTCCATCCACTG
GCACGGTGTGAGACAAGTGAGAACGGGATGGGCTGATGGGCCTGCTTACATAACTCAGTGCCCGATCCAGCCTGGTCAA
GTCTATACATACAACTACACTTTGACCGGCCAACGCGGAACGCTCTGGTGGCACGCTCATATCCTCTGGCTCCGAGCCA
CTGTTTACGGTGCATTGGTCATCCTTCCCAAACGCGGTGTTCCCTATCCTTTCCCCAAACCCGACAATGAGAAAGTCAT
CGTTCTAGGTGAATGGTGGAAATCGGATACTGAAAATATTATTAATGAGGCGCTTAAGTCTGGATTAGCCCCTAATGTC
TCTGACTCTCACATGATCAACGGACACCCAGGCCCAGTTAGAAACTGTCCATCTCAAGGTTACAAACTGTCAGTAGAGA
ATGGCAAAACCTATCTGCTACGACTGGTCAACGCTGCACTTAATGAAGAACTCTTTTTCAAAGTCGCCGGCCATATTTT
CACGGTGGTAGAAGTAGATGCAGTCTATGTTAAACCGTTCAAGACCGACACCGTCCTTATAGCCCCCGGTCAAACCACC



 

 
 

134 

AACGTCCTCCTAACCGCCTCAAAATCCGCCGGGAAATACCTTGTAACCGCTTCTCCTTTCATGGACGCCCCAATCGCGG
TGGACAACGTAACCGCCACCGCAACTGTTCATTACTCGGGAACACTCTCCTCCTCCCCAACAATCCTCACCCTTCCTCC
CCCGCAAAACGCTACTTCCATAGCCAACAACTTCACAAACTCTCTTCGTAGTCTCAACTCCAAGAAGTACCCTGCTCTT
GTCCCGACCACCATCGACCACCACCTCTTCTTCACCGTCGGCCTTGGGCTAAACGCATGCCCTACTTGCAAGGCCGGAA
ACGGAAGCCGTGTCGTGGCTAGCATCAACAATGTAACCTTCATTATGCCTAAAACCGCTTTGCTCCCGGCTCATTACTT
CAACACAAGTGGAGTTTTCACGACAGACTTTCCCAAGAATCCACCACACGTTTTCAACTACAGCGGAGGATCAGTCACG
AACATGGCCACAGAAACCGGCACAAGGCTCTACAAGCTACCGTATAACGCCACTGTTCAGCTTGTCCTTCAAGATACCG
GCGTCATAGCGCCAGAGAACCATCCAGTACATCTTCACGGTTTTAACTTTTTTGAAGTCGGTCGTGGATTAGGTAACTT
CAACTCCACGAAAGACCCAAAAAACTTCAATTTGGTAGATCCGGTTGAGAGGAACACAATCGGAGTTCCATCCGGTGGA
TGGGTCGTCATCAGATTCAGAGCAGATAATCCCGGGGTTTGGTTCATGCATTGTCACTTGGAGGTACACACGACGTGGG
GATTAAAGATGGCTTTCTTGGTGGAGAACGGCAAAGGACCCAATCAGTCGATTTTGCCGCCGCCTAAGGATCTTCCCAA
GTGTCTAGATTGTTGCCCAGGATGTTGCAAGGAGCAAAAAGGTACCAATTCAGCGGCCGCATGGTCTCATCCTCAATTT
GAGAAGGGTAACCAGCATCACCATCACCATCATGActagtgtcctgcaactaaatagggcgacatatcaacatcacgcc
acgtccaagaagactaatgagtggtgatttaatgcgtggatttggctaacaaattgtatttttttgagcaaagcaaaag
gttcggttttttttgctcatgtcaaaagtttgaataatggagaaaaaagagcattgtattataataatttgttttcatt
atattcaaattccattcatattttttattattgtctctaacacacctcttatatggtccaaagttgtcgatcgttcaaa
catttggcaataaagtttcttaagattgaatcctgttgccggtcttgcgatgattatcatataatttctgttgaattac
gttaagcatgtaataattaacatgtaatgcatgacgttatttatgagatgggtttttatgattagagtcccgcaattat
acatttaatacgcgatagaaaacaaaatatagcgcgcaaactaggataaattatcgcgcgcggtgtcatctatgttact
agatcggg 
 
 

Key:  
blue lowercase = Lac4 Promoter 
BLACK CAPITALS = Lac4 CDS 
BLACK CAPITALS = C-terminal tags (Strep II and 6x His) 
gray lowercase = 3’ Untranslated Region of Lac4 
black lowercase= NOS terminator 
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Lac17 Promoter-Lac17 construct from Section 3.3.2 
gtgatgagtatttgcttcaattatttttagaactatatataaagtgttgtgaacttgttattgttattttg
tctttgtcaaaattcttgaaattaagaaaactctctcatatgcacatacgcttttctaaagtttaccattt
ttaaatttcgaggttttttcctcctaaatcggataagtttaccattgttagtttagaactattttgttgtt
gttgttgttaaatgcttaattagaactaattaatctgattacattgttaataaaaagagatggtttcacct
cgagcaagtgaaaccatagtgattaagacatatttgaaattaataattggtatgatcgtaagagaaatact
tttttttttttcttattaagaaaattacgtaagaaatattttctttgggtgtacttatactctgctttttt
ctttttgacgttattgaagattggctaatctttggcacttaaggtaaagcatcttaattaatcatcattga
tcccttctattcaaaggttaataaaaagaaagttgattatttatatacatatggcttagttctaatgtcgc
agtaagattctttggttcctcctaaattatataattggtggatatatacaacacttcctgatataatatag
gacatggacatacatgatacatttgtacatgcataggcagaacaaatagtataatataatataacaataat
aatgatcgcgtggctggctaacataacactttctttttaattaacattatcatatggacacatcacacatg
catatatgtcttcacgtggaactcaaaagttttaagagaacttttgtaattatcaccatctttttatattc
acctaaaaggtggctagttactgtccgtactaatgtccatatatattcgtataagatacgttctatatatg
tatacatacgtgcatacattatagtactatatattgttggagccttaatcagaaatcaagggttggtgtaa
caacaatatatgtacatgtgaaaattttaaataagaaaaaacatgtattaatacttcctccaatctaatca
aactcacgtacatgtatgtcttacgcgtatatgtgtgtgtataaagactacactttactacgtagtaattg
atatatagtatcaatttaatatgtgtttataacatatatctatttttttaaacatatctatttaagtttaa
gtttaagtccaataatttcattttactagtaaagatcacaatgtcatttaccgcattcacttaataattgc
tgaattcacatagtgcctgtaaattaagactaattttaggtttcaaataatttttcttttttacataactt
acgatcgatattttaaatggtattggtaagtttaaggtatatagatagtgtgtctaaactagagttcgttg
aaattggtctgaggtataaatacctaaaaggttatatatgtttttagtttaatgtaattcgataaatttta
gtcgaaaccgttaagagatatcagaatttcgttttcaaataatatgggatataattacccgggattaaccg
tacctgataaaatatagctctcgtacgtgtcacatgcctaatgcctagttaaacttaaaacgaatatctat
atttactgttattgattgtgagttaccaactaaaatattgttaaaagacattgtaaaactacaaatggttc
gaactgtatactaatgatgtaaactcgtgtttcatcgttatgtccgatatttttttcattcaaccattatt
caatttcaagatttctttattgtctttttttctttctagaaagcctatatatttaattacccactttgcat
attcagaggataagttgatacgtacttgttagcaacctgtctagatcatcttttgattgtagatttgactt
taaatttctcacaattataaatatgaaaaataacaagcaaagaatttacaaatgtatataattatatacac
gcattgatgaataaacatatttagaaaataatgtgttctaaggaaattttgtggcattttttaaaaaataa
ttaaacaaataagaatagtgtaaagttgtttaaatatgtatgtataagtggcatgcctttgaggatacgaa
cttaaaagggagttaggtaacttgcttgggaaataaaatagccaaccttaatttgaggtttcctcaatgtt
cttatcaaaaagaataaaaatttcggaaattcccttcatggattttgatatctaaccctaatcgtgacctt
ctttgatagctacaatctccctctctttgcttattccccaagcaattttagcttacgaatgttttgactaa
ctccacatcggtttatctcttaagttccccacctacaaatatacaaaaaaagaagtaaaataaaaataatt
attaacaaaccgatgaagtacttatcatttataaacatgcttatgaaatgtattttctaaaacataaccgc
taaccagagaagtttcctagagttctgcttcagactcttttggtcgatcaagaagtctccaagagttgttt
ttgttgggtctaaacaaaacttggccagggaacaaatcaaactatattattaatcttctacatctggtcct
aagttccttactatctcatgttaaaatttgaagtctaatatactcaaagctgtcaaagaagcagaacatgg
aagaggaactgtcatatctgagaaaccaaaattggcaatcttgcatttcatatttagaatctacgccatag
tattgagatggaaacaaagagttttcgaagagggtcaaagagtttgacttatctttgacaccactcataca
ttagctgttcatataatctaacaactagtcaatatcaagtgtctccaaattacggagagtacttctctacc
aattatctttttgtttttcataaacattttactaattgttttttctatatctcctgctcaagcaaacacct
aactctcctttcctatatatacactaaaggttgaaaacaatgaatccacaatctacagcaaaacataagcg
aggcagagtcttcagaaaacttacctgctctaaacaacgcctccgtgtccaagctcacttcaATGGCGTTA
CAGCTACTGCTAGCTGTATTCTCTTGTGTTCTTCTTCTTCCTCAACCTGCATTTGGGATTACAAGGCATTA
TACGCTGGAAATCAAAATGCAGAACGTAACACGTCTTTGCCACACAAAGAGCCTTGTTTCTGTAAACGGGC
AGTTTCCAGGTCCTAAGCTTATTGCTAGAGAAGGTGAACAGGTTCTGATCAAAGTCGTTAATCAAGTGCCA
AACAACATCTCTCTCCACTGGCATGGGATTCGGCAATTACGAAGTGGTTGGGCTGATGGTCCAGCCTATAT
AACCCAATGTCCTATTCAGACAGGACAAAGCTATGTTTACAACTATACCATTGTTGGTCAACGAGGCACTC
TGTGGTATCATGCTCACATTTCATGGCTAAGATCAACAGTCTATGGTCCACTTATCATCCTTCCCAAACGC
GGAGTTCCTTACCCGTTTGCTAAACCTCACAAAGAAGTTCCCATGATCTTTGGGGAGTGGTTCAACGCAGA
CACTGAGGCAATCATCCGCCAAGCAACCCAAACAGGAGGTGGTCCCAATGTCTCTGATGCTTACACGATAA
ACGGGCTTCCTGGTCCATTATACAACTGCTCCGCAAAAGATACATTCAGACTGAGAGTGAAGCCAGGAAAA
ACATACCTTCTCAGGCTAATCAATGCTGCACTTAATGACGAACTCTTTTTCAGCATCGCAAATCACACGGT
TACGGTTGTTGAAGCTGATGCGATCTATGTTAAGCCATTTGAGACTGAAACCATCTTAATTGCTCCTGGTC
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AGACCACAAACGTCCTGCTGAAGACTAAATCTAGTTATCCGAGTGCCTCCTTCTTCATGACTGCTAGACCA
TATGTCACAGGTCAAGGAACTTTTGATAACTCTACAGTTGCTGGAATCTTAGAATATGAACCACCTAAACA
GACCAAAGGTGCTCACTCAAGGACCTCTATCAAAAATCTTCAACTCTTCAAACCGATACTCCCTGCTCTAA
ACGATACAAATTTTGCTACCAAGTTCAGTAATAAGCTACGCAGCCTGAACAGCAAAAACTTTCCAGCAAAC
GTGCCTCTGAATGTTGATCGGAAGTTCTTCTTCACAGTAGGACTGGGAACAAACCCGTGCAATCATAAGAA
TAACCAGACATGCCAAGGTCCTACTAACACCACAATGTTTGCTGCTTCAATCAGTAACATTTCATTCACAA
TGCCAACAAAAGCTCTCCTTCAATCTCACTATTCTGGGCAATCTCATGGAGTGTATTCCCCAAAATTCCCA
TGGAGTCCCATTGTCCCTTTTAACTACACAGGCACTCCACCTAACAATACTATGGTTAGTAACGGGACAAA
CTTGATGGTTCTACCTTATAACACCAGTGTGGAGTTGGTGATGCAAGACACTAGCATTCTTGGCGCAGAAA
GCCATCCTCTTCATCTTCATGGGTTCAACTTCTTTGTTGTTGGCCAAGGGTTTGGGAATTTCGACCCGAAC
AAGGACCCTAGAAACTTCAACCTTGTTGACCCAATAGAGAGGAACACAGTCGGTGTGCCATCTGGTGGATG
GGCTGCTATTCGATTCCTTGCAGATAACCCAGGAGTGTGGTTCATGCACTGTCACTTGGAAGTGCATACCA
GTTGGGGTCTGAGGATGGCTTGGCTTGTTCTTGATGGAGATAAACCTGATCAGAAACTTCTTCCTCCTCCT
GCTGACTTGCCCAAATGTCTAGATTGTTGCCCAGGATGTTGCAAGGAGCAAAAAGGTACCAATTCAGCGGC
CGCATGGTCTCATCCTCAATTTGAGAAGGGTAACCAGCATCACCATCACCATCATGACTAGtctttcccca
tgattcaagtcctttttctttttgtttcttgtctcttctttcttacaagcttcgcacatttttttcgtttt
tttcctcggccatttatcggtttgacatgaggtcaattcctgttcaataatttgacatgaggtcaatttct
ttacaattatttactgttgcacagctctgttttctgcaagtgtagatctatgtaaacccaaaactaatata
tatacacaatctcgatcgttcaaacatttggcaataaagtttcttaagattgaatcctgttgccggtcttg
cgatgattatcatataatttctgttgaattacgttaagcatgtaataattaacatgtaatgcatgacgtta
tttatgagatgggtttttatgattagagtcccgcaattatacatttaatacgcgatagaaaacaaaatata
gcgcgcaaactaggataaattatcgcgcgcggtgtcatctatgttactagatcggg 
 
 

 
Key:  
blue lowercase = Lac17 Promoter 
BLACK CAPITALS = Lac17 CDS 
BLACK CAPITALS = C-terminal tags (Strep II and 6x His) 
gray lowercase = 3’ Untranslated Region of Lac17 
black lowercase= NOS terminator 
 
 



 

 
 

137 

Lac4 Promoter-Lac4-Citrine construct from Section 3.3.3 
gctcaagcgacaacagaaacaaaagataagtcatgggcccgtggaacatgttaaggaggcaggaaagtgaaactaacaa
aaaagatatgttaaggagacaagaagagcccgtgtgagcatatgactccaaaattatttgaggtcatagggcaaaaatt
actctcttgggccttttgttaaggataccaaattaaatcatacctttttctatgagtttaaaaaaaaaaaaaaaccaaa
tggatcagaaatagcgagagattatgatccctattggtatctaaaactttccttttgtcgcaaaatcttgagaaaattt
acgaaaaatctgtcaactgcgactagccgaatatgtatgttccaatcgtttagtttacgtcaggcccagctcagttttt
tagttctgaaagcccataaattgttttagttagcccagctcacactaacaagtagcaaactaaattcaaccattgaagt
tgtcgaagaagtattaatgtattatagctacacctttttagtccaaagctgatgagaaatacagtacatcatcataata
aatacgaaagttttaaaaacgttttgatgattaaagtcgatatttccagattttcaaattgttatgttgtcgtcttttg
gactttagtgttacttaaaaagaaggttactttcaaggattgttgagaaaatgacaataacaaattaactacaaattgg
agttgattgacactttacccaattttaaccatgaccgctcagcaaatcatctgtcgagttaagtggctagctgagacat
ctcggtacggcaaagatactaattgaccaatttgaccataaatgtatacaaaattgtttaaatggtgtgtggcctaaac
ggcgtcgtccaagcgacacgcatatttgtatgtagccttagctttgaaacaaacccaaagaggctgtctttgttgggtc
attgtttacaacgacatgaaagccatttctcaacttattctactgtcttagtttctaagcattgtaatctccacctcac
ttcacacagcttctaagacactttttacaatatgtatgtgaccattgcatccgctatcaatataccaaaataacgcatt
aatctttatatacggaattcttgtttttaactataaggataaattcacaattatatctaaaaatgtgtgtgcgtgagtt
gtagacaattaaaactattgatcattaaaatttactataaagtcgttggagaaaaagtttactataattgttggaaaaa
aaaaatttactataaggtctcattcgtattctgaccatagttttcattggactgttaaatttgttatattctttgtatg
actaaaagaacatctacatgcatgccaaataaagcgaccacattaaaaagtttgatccagttttggttcgaatttaatt
tggaaatttgagttttgtgtttattttgtaatgtagaagaataaacttgaaagtgttaatacgttcaattatatttggt
ttcgattgaaattcaatctaatgtggttagatgagtcctatattaccatgtcattgttaatacccattgccaaaaataa
aagtgaagcagaaggagaaattgtttttgtatacccgaaggaattaagatgtacgatcttaaaatagacatttcggcca
tctatcaaaataaatgtctaaaagttttgtggtcgtcttaaatactacttcgagttcagacgtatacgtctcaccaaag
taatgcacatacttgatgttaagtttatctctttttactatttcaaatttcgcgtttgacaacactttaagtctacatt
atccatagagaatataacataaagatcatgaacttctcatgaatgtataagacaaatcaagcttatatatgagatctat
ttagtaatttgatatgtatgtaatatatgataaatctttgatgcaatattttattatgattattagatatacactagtc
aactttaactttagaagattaatcattccgtcgcaaaccataccataaattagcaagggatcgacttaatatctccgat
ccgctatatatttaagaagcatttagattgtttataatacatgtcatgattttataattatgtatatataaatactaat
tgatgtatgaagtacgtagataatgttacgatctattaatctatttacattaacttttaattagtgttgagtagggaaa
attaacatataaacctttagcagttggttgtattattaaaaataatttgaacttaaaatccaccttcgaaaagataaat
caaacaagtataaaaaatgctataaatccagaatatttacctaaggtttttattcttctacttaataatgtaagataaa
accggcacaatacttgttacgtatgcatggtaggtaccgcaattgtgtaagcaaatcggcacaatactaaggttacata
tactaactaaataaaacaatctgatttcagtgacaccgtatatctaacctttattcaaatccaagggaacatgacttga
cttcttctgttggaactaactcgatccctcaaccatctccagggatagaagagttagtaaaatcaaacttgaagtgagg
aagtaagcagtttaacgactccatatgactacagttatatacaaagttgggcacaaagtacaagtactaaatactcaaa
gtcagataataattttaataagtacaaactatatatatgcagtacaattattgagtatatataaacgagactggtgatt
tggggcattgtccaccagggtgttatatcccaattgaaatttgaaaatttaagtgtgtgagtgttacgacaaaaaaaag
tgtgtgaattgtaggcgcggtgaaaaggtaaattaagattggaactagaaaaatagttgaatatcctttactaaaagtt
gtcaattccggttttagtaaaaaaaaattttaaaatagaaattttatccaaaagacttcaaacacacatattcgcatat
ataacataagatatcattttttgtaaacagttaaaaagaaaaacacatgtttttttttttaatttagaaaaaaacatgt
tattatacaaaacagagttttgcccacttttaatatgttatgaaaagaaaaatgattttcttgggtttggtcagagaga
ttggttgtggtaagaatgggaatcttaattacaaagaattggattttgggtcgacctaccacctaaaacgacgtcgcct
ccatctctggtttccaaatctctttctcctctccctttataagcttgcgttggccagtcgctcatctcgaaaacagaga
gaaaaagactaaaaacacagtttaagaagaaggagagatagagagagaagagaaagatagagagggagATGGGGTCTCA
TATGGTTTGGTTTCTATTTCTTGTATCCTTCTTCTCTGTGTTCCCAGCTCCATCTGAATCGATGGTTCGCCACTACAAG
TTTAACGTTGTAATGAAGAACGTGACTAGATTATGCTCAAGCAAGCCAACCGTGACCGTCAACGGTAGATATCCAGGTC
CCACAATCTACGCACGAGAAGATGACACGTTGCTCATCAAAGTCGTTAATCACGTCAAGTACAACGTCTCCATCCACTG
GCACGGTGTGAGACAAGTGAGAACGGGATGGGCTGATGGGCCTGCTTACATAACTCAGTGCCCGATCCAGCCTGGTCAA
GTCTATACATACAACTACACTTTGACCGGCCAACGCGGAACGCTCTGGTGGCACGCTCATATCCTCTGGCTCCGAGCCA
CTGTTTACGGTGCATTGGTCATCCTTCCCAAACGCGGTGTTCCCTATCCTTTCCCCAAACCCGACAATGAGAAAGTCAT
CGTTCTAGGTGAATGGTGGAAATCGGATACTGAAAATATTATTAATGAGGCGCTTAAGTCTGGATTAGCCCCTAATGTC
TCTGACTCTCACATGATCAACGGACACCCAGGCCCAGTTAGAAACTGTCCATCTCAAGGTTACAAACTGTCAGTAGAGA
ATGGCAAAACCTATCTGCTACGACTGGTCAACGCTGCACTTAATGAAGAACTCTTTTTCAAAGTCGCCGGCCATATTTT
CACGGTGGTAGAAGTAGATGCAGTCTATGTTAAACCGTTCAAGACCGACACCGTCCTTATAGCCCCCGGTCAAACCACC
AACGTCCTCCTAACCGCCTCAAAATCCGCCGGGAAATACCTTGTAACCGCTTCTCCTTTCATGGACGCCCCAATCGCGG
TGGACAACGTAACCGCCACCGCAACTGTTCATTACTCGGGAACACTCTCCTCCTCCCCAACAATCCTCACCCTTCCTCC
CCCGCAAAACGCTACTTCCATAGCCAACAACTTCACAAACTCTCTTCGTAGTCTCAACTCCAAGAAGTACCCTGCTCTT
GTCCCGACCACCATCGACCACCACCTCTTCTTCACCGTCGGCCTTGGGCTAAACGCATGCCCTACTTGCAAGGCCGGAA
ACGGAAGCCGTGTCGTGGCTAGCATCAACAATGTAACCTTCATTATGCCTAAAACCGCTTTGCTCCCGGCTCATTACTT
CAACACAAGTGGAGTTTTCACGACAGACTTTCCCAAGAATCCACCACACGTTTTCAACTACAGCGGAGGATCAGTCACG
AACATGGCCACAGAAACCGGCACAAGGCTCTACAAGCTACCGTATAACGCCACTGTTCAGCTTGTCCTTCAAGATACCG
GCGTCATAGCGCCAGAGAACCATCCAGTACATCTTCACGGTTTTAACTTTTTTGAAGTCGGTCGTGGATTAGGTAACTT
CAACTCCACGAAAGACCCAAAAAACTTCAATTTGGTAGATCCGGTTGAGAGGAACACAATCGGAGTTCCATCCGGTGGA
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TGGGTCGTCATCAGATTCAGAGCAGATAATCCCGGGGTTTGGTTCATGCATTGTCACTTGGAGGTACACACGACGTGGG
GATTAAAGATGGCTTTCTTGGTGGAGAACGGCAAAGGACCCAATCAGTCGATTTTGCCGCCGCCTAAGGATCTTCCCAA
GTGTCTAGATTGTTGCCCAGGATGTTGCAAGGAGCAAAAAGGTACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGG
GTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATG
CCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCAC
CTTCGGCTACGGCCTGATGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCC
GAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGG
GCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGC
TGCCCGACAACCACTACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCT
GGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGCGGCCGCATGGTCTCATCCTCAATTT
GAGAAGGGTAACCAGCATCACCATCACCATCATGActagtgtcctgcaactaaatagggcgacatatcaacatcacgcc
acgtccaagaagactaatgagtggtgatttaatgcgtggatttggctaacaaattgtatttttttgagcaaagcaaaag
gttcggttttttttgctcatgtcaaaagtttgaataatggagaaaaaagagcattgtattataataatttgttttcatt
atattcaaattccattcatattttttattattgtctctaacacacctcttatatggtccaaagttgtcgatcgttcaaa
catttggcaataaagtttcttaagattgaatcctgttgccggtcttgcgatgattatcatataatttctgttgaattac
gttaagcatgtaataattaacatgtaatgcatgacgttatttatgagatgggtttttatgattagagtcccgcaattat
acatttaatacgcgatagaaaacaaaatatagcgcgcaaactaggataaattatcgcgcgcggtgtcatctatgttact
agatcggg 
 
 

Key:  
blue lowercase = Lac4 Promoter 
BLACK CAPITALS = Lac4 CDS 
BLACK CAPITALS = C-terminal tags (Strep II and 6x His) 
BLACK CAPITALS =  Citrine YFP 
gray lowercase = 3’ Untranslated Region of Lac4 
black lowercase= NOS terminator 
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Lac16 Partial mRNA sequence from the seedling cDNA (Section 5.1.4) 
ATGACGAACACCACGAAGCTGTGCTCGTCGAAGCCTATAGTCACCGTCAATGGACAATTTCCGGGACCCACCATTGTTG
CAAGAGAAGGCGACACTATTTTGATCAAAGTTGTGAATCACGTGAAGTACAACGTCTCCATCCACTGGCACGGGATTAG
ACAATTGAGGACAGGTTGGGCAGATGGACCGGCTTACATAACACAATGTCCTATCCAACCGGGACAGAATTATCTCCAC
AATTTTACATTGACGGGTCAACGAGGAACCCTATGGTGGCATGCTCACATCTTGTGGCTTCGTGCTACGGTGCACGGCG
CCATTGTCATCTTGCCTAAGCTCGGTGTCCCATACCCTTTCCCTAAGCCCTACAAAGAGAAAACCATTGTCCTTAGTGA
ATGGTGGAAATCGGACGTGGAAGAACTCATAAACGAGGCTTCAAGAATAGGAACAGCTCCTAGTGCTTCGGATGCACAT
ACCATCAATGGTCATTCAGGCTCCATCTCTAATTGTCCTTCCCAAAGTAGTTACGGTTTACCAGTGAGAGCAGGAAAGA
CATACATGTTAAGGATCATCAACGCGGCGTTAAACGAAGAGCTCTTCTTTAAAATTGCTGGTCACGTATTAACCGTTGT
GGAAGTTGATGCTGTTTACACCAAACCGTATAAAACTGACACAGTATTCATAGCCCCGGGACAGACTACTAACGTTCTC
TTAACAGCAAACGCAAACGCTGGTTCAAATTACATGGTCGCCGCCACAACATTTACGGACGCTCACATCCCATACGACA
ACGTCACAGCCACTGCCACCCTCCACTATATCGGTCACACTTCCACCGTTTCCACCTCCAAAAAAACCGTTCTCGCATC
ACTTCCACCTCAAAACGCAACATGGGTTGCAACCAAATTCACTAGATCACTCAGGAGCTTAAACTCCCTCGAGTATCCA
GCTAGGGTTCCAACAACCGTGGAACATTCCTTGTTCTTCACGGTAGGTCTTGGTGCAAACCCTTGCCAGAGTTGCAACA
ACGGTGTTCGCTTAGTGGCCGGAATAAACAACGTAACGTTTACCATGCCTAAAACCGCTTTACTCCAGGCTCATTTCTT
TAACATTTCCGGCGTATTTACCGACGACTTCCCGGCGAAACCTTCCAATCCGTATGACTATACCGCACCAGTAAAGCTC
GGCGTTAATGCTGCGACGATGAAAGGGACAAAGCTTTACAGGCTTCCATACAACGCGACGGTGCAAATTGTTCTGCAGA
ATACAGCAATGATCTTGTCCGATAACCATCCGTTTCATCTTCACGGGTTTAACTTCTTCGAAGTGGGTAGAGGTTTGGG
GAATTTTAACCCGGAAAAAGATCCGAAAGCGTTTAACTTGGTGGATCCGGTAGAGAGAAACACCGTTGGAGTTCCAGCC
GGTGGTTGGACTGCCATAAGATTCATCGCCGACAATCCAGGGGTATGGTTCATGCATTGTCACTTGGAGTTACATACAA
CTTGGGGATTAAAGATGGCATTCGTCGTTGACAATGGTCACGGCCCTGACCAGTCATTGCTTCCTCCACCCGCTGATCT
TCCCAAATGT 
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Lac4 Promoter-Lac4 signal peptide-[Other laccase CDS] constructs used in the 
complementation study (Chapter 5) 
gctcaagcgacaacagaaacaaaagataagtcatgggcccgtggaacatgttaaggaggcaggaaagtgaaactaacaa
aaaagatatgttaaggagacaagaagagcccgtgtgagcatatgactccaaaattatttgaggtcatagggcaaaaatt
actctcttgggccttttgttaaggataccaaattaaatcatacctttttctatgagtttaaaaaaaaaaaaaaaccaaa
tggatcagaaatagcgagagattatgatccctattggtatctaaaactttccttttgtcgcaaaatcttgagaaaattt
acgaaaaatctgtcaactgcgactagccgaatatgtatgttccaatcgtttagtttacgtcaggcccagctcagttttt
tagttctgaaagcccataaattgttttagttagcccagctcacactaacaagtagcaaactaaattcaaccattgaagt
tgtcgaagaagtattaatgtattatagctacacctttttagtccaaagctgatgagaaatacagtacatcatcataata
aatacgaaagttttaaaaacgttttgatgattaaagtcgatatttccagattttcaaattgttatgttgtcgtcttttg
gactttagtgttacttaaaaagaaggttactttcaaggattgttgagaaaatgacaataacaaattaactacaaattgg
agttgattgacactttacccaattttaaccatgaccgctcagcaaatcatctgtcgagttaagtggctagctgagacat
ctcggtacggcaaagatactaattgaccaatttgaccataaatgtatacaaaattgtttaaatggtgtgtggcctaaac
ggcgtcgtccaagcgacacgcatatttgtatgtagccttagctttgaaacaaacccaaagaggctgtctttgttgggtc
attgtttacaacgacatgaaagccatttctcaacttattctactgtcttagtttctaagcattgtaatctccacctcac
ttcacacagcttctaagacactttttacaatatgtatgtgaccattgcatccgctatcaatataccaaaataacgcatt
aatctttatatacggaattcttgtttttaactataaggataaattcacaattatatctaaaaatgtgtgtgcgtgagtt
gtagacaattaaaactattgatcattaaaatttactataaagtcgttggagaaaaagtttactataattgttggaaaaa
aaaaatttactataaggtctcattcgtattctgaccatagttttcattggactgttaaatttgttatattctttgtatg
actaaaagaacatctacatgcatgccaaataaagcgaccacattaaaaagtttgatccagttttggttcgaatttaatt
tggaaatttgagttttgtgtttattttgtaatgtagaagaataaacttgaaagtgttaatacgttcaattatatttggt
ttcgattgaaattcaatctaatgtggttagatgagtcctatattaccatgtcattgttaatacccattgccaaaaataa
aagtgaagcagaaggagaaattgtttttgtatacccgaaggaattaagatgtacgatcttaaaatagacatttcggcca
tctatcaaaataaatgtctaaaagttttgtggtcgtcttaaatactacttcgagttcagacgtatacgtctcaccaaag
taatgcacatacttgatgttaagtttatctctttttactatttcaaatttcgcgtttgacaacactttaagtctacatt
atccatagagaatataacataaagatcatgaacttctcatgaatgtataagacaaatcaagcttatatatgagatctat
ttagtaatttgatatgtatgtaatatatgataaatctttgatgcaatattttattatgattattagatatacactagtc
aactttaactttagaagattaatcattccgtcgcaaaccataccataaattagcaagggatcgacttaatatctccgat
ccgctatatatttaagaagcatttagattgtttataatacatgtcatgattttataattatgtatatataaatactaat
tgatgtatgaagtacgtagataatgttacgatctattaatctatttacattaacttttaattagtgttgagtagggaaa
attaacatataaacctttagcagttggttgtattattaaaaataatttgaacttaaaatccaccttcgaaaagataaat
caaacaagtataaaaaatgctataaatccagaatatttacctaaggtttttattcttctacttaataatgtaagataaa
accggcacaatacttgttacgtatgcatggtaggtaccgcaattgtgtaagcaaatcggcacaatactaaggttacata
tactaactaaataaaacaatctgatttcagtgacaccgtatatctaacctttattcaaatccaagggaacatgacttga
cttcttctgttggaactaactcgatccctcaaccatctccagggatagaagagttagtaaaatcaaacttgaagtgagg
aagtaagcagtttaacgactccatatgactacagttatatacaaagttgggcacaaagtacaagtactaaatactcaaa
gtcagataataattttaataagtacaaactatatatatgcagtacaattattgagtatatataaacgagactggtgatt
tggggcattgtccaccagggtgttatatcccaattgaaatttgaaaatttaagtgtgtgagtgttacgacaaaaaaaag
tgtgtgaattgtaggcgcggtgaaaaggtaaattaagattggaactagaaaaatagttgaatatcctttactaaaagtt
gtcaattccggttttagtaaaaaaaaattttaaaatagaaattttatccaaaagacttcaaacacacatattcgcatat
ataacataagatatcattttttgtaaacagttaaaaagaaaaacacatgtttttttttttaatttagaaaaaaacatgt
tattatacaaaacagagttttgcccacttttaatatgttatgaaaagaaaaatgattttcttgggtttggtcagagaga
ttggttgtggtaagaatgggaatcttaattacaaagaattggattttgggtcgacctaccacctaaaacgacgtcgcct
ccatctctggtttccaaatctctttctcctctccctttataagcttgcgttggccagtcgctcatctcgaaaacagaga
gaaaaagactaaaaacacagtttaagaagaaggagagatagagagagaagagaaagatagagagggagATGGGGTCTCA
TATGGTTTGGTTTCTATTTCTTGTATCCTTCTTCTCTGTGTTCCCAGCTCCATCTGAGAGCATGGTT CGC TCT AGA 
                                                              M  V   R   S   R 
[Other_Laccase_CDS]GGA CAG ACG CATGCAGATTGTTGCCCAGGATGTTGCAAGGAGCAAAAAGGTACCAAT  
                    G   Q   T 
TCAGCGGCCGCATGGAGTCATCCTCAATTTGAGAAGGGTAACCAGCATCACCATCACCATCATGACTAGgtgtcctgca
actaaatagggcgacatatcaacatcacgccacgtccaagaagactaatgagtggtgatttaatgcgtggatttggcta
acaaattgtatttttttgagcaaagcaaaaggttcggttttttttgctcatgtcaaaagtttgaataatggagaaaaaa
gagcattgtattataataatttgttttcattatattcaaattccattcatattttttattattgtctctaacacacctc
ttatatggtccaaagttgtcgatcgttcaaacatttggcaataaagtttcttaagattgaatcctgttgccggtcttgc
gatgattatcatataatttctgttgaattacgttaagcatgtaataattaacatgtaatgcatgacgttatttatgaga
tgggtttttatgattagagtcccgcaattatacatttaatacgcgatagaaaacaaaatatagcgcgcaaactaggata
aattatcgcgcgcggtgtcatctatgttactagatcggg 

 
Key:  
blue lowercase = Lac4 Promoter 
GRAY CAPITALS = Lac4 Signal Peptide 
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BLACK CAPITALS = C-terminal tags (Strep II and 6x His) 
gray lowercase = 3’ Untranslated Region of Lac4 
black lowercase= NOS terminator 
 




