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Secondary xylem, commonly known as wood, has had a major impact on both our 
planet and civilization, its uses so ubiquitous that it is often taken for granted in daily 
life. 

New challenges imposed by growing population and changing climate have led 
academia and industries to search for ways of altering wood characteristics to better 
suit specific purposes. Achieving this by genetic engineering requires the ability to alter 
gene expression in specific cell types, while avoiding alterations in others. This calls 
for an in depth understanding of the factors directing the differentiation and 
development of the cell types constituting secondary xylem.  

Studies detailed in this thesis exhibit my attempts to link the signals of the 
phytohormones auxin and gibberellic acid to the formation of fibres, and their 
deposition of thick secondary cell walls. Using high resolution RNA-sequencing data 
gathered across developing Populus wood, I was able to illustrate that the expression 
profiles of various wood-associated transcription factors are distinct, in relation to their 
functions. Furthermore, I investigated the response of gene expression and tissue 
anatomy to treatment by auxin and gibberellin and found that auxin down-regulates 
transcription factors previously identified as master regulators of fibre secondary cell 
wall formation, as well as impede secondary wall development on a tissue level. At the 
same time, gibberellic acid appears to have a general enhancing effect on the 
expression of the same genes, and is better able to rescue the tissue phenotype of 
decapitated Populus plants.  

I also highlight a role for gibberellic acid in the differentiation of fibre cells through 
DELLA regulated interaction of Class I KNOX transcription factors with proteins of 
the NUCLEAR FACTOR Y family.  

These findings suggest that an integration of auxin and gibberellin signals, acting 
through multiple pathways, is responsible for the correct spatiotemporal differentiation 
and development of the secondary xylem.  
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ARF 
 

auxin response factor 

bHLH 
 

basic helix-loop-helix 

bp 
 

base-pair 

CESA 
 

cellulose synthase  

ChIP 
 

chromatin immuno-precipitation 

CLE 
 

clavata3/esr-related41 

CSC 
 

cellulose synthase complex 

FSC 
 

forest stewardship council 

GA 
 

gibberellic acid 

GE 
 

genetic engineering 

GID 
 

gibberellin insensitive dwarf 

GM(O) 
 

genetically modified (organism) 

GUS 
 

β-glucuronidase 

IAA 
 

indole-3-acetic acid 

IRX 
 

irregular xylem 

KNAT 
 

knotted-like from arabidopsis thaliana 

KNOX 
 

knotted1-like homeobox 

LAC 
 

laccase-like 

LRR-RLK 
 

leucine rich repeat receptor-like kinase 

MYA 
 

million years ago 

MYB 
 

myeloblastosis 

NAA 
 

1-naphthaleneacetic acid 

NAC 
 

nam, ataf, cuc 

NF-Y 
 

nuclear factor y 

NST 
 

nac secondary wall thickening promoting factor 

PCD 
 

programmed cell death 
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PIN 
 

pin-formed 

POM2 
 

cellulose synthase-interactive protein 1 

PXY 
 

phloem intercalated with xylem 

RAM 
 

root apical meristem 

SAM 
 

shoot apical meristem 

SCF 
 

skp, cullin f-box  

SCW 
 

secondary cell wall 

SND 
 

secondary wall-associated nac domain 

STM 
 

shoot meristemless 

SWN 
 

secondary wall nac 

TF 
 

transcription factor 

VND 
 

vascular-related nac domain 

WOX 
 

wuschel-related homeobox 

 
  



 

1.1 The evolution and importance of wood 
The establishment of multicellular plant life on land, some 470 million 

years ago (MYA) (Kenrick et al. 2012), marks the beginning of a new 
evolutionary arms race. Competition for light drove plants to out-grow their 
neighbours by reaching for the sky, something that brought with it several 
novel challenges. Firstly, water had to be transported from moist soils to the 
sites of photosynthesis, a process which initially was possible through 
evapotranspiration-driven water movement through cell walls themselves, and 
secondly; plants needed to support their own weight against gravity when no 
longer held up by the buoyancy of water, before moving on to land, or by 
turgor pressure after first making the move from an aquatic environment 
(Sperry 2003). The earliest evidence of specialised water-transporting tissues 
has been described in fossils of the genus Cooksonia (Edwards et al. 1992) 
dating from 433-393 MYA, where the stem is described as containing a central 
vascular cylinder, reminiscent of a transitional form between non-vascular 
bryophytes, such as liverworts, and vascular plants. Reinforced tracheids which 
could withstand greater water tension were an improvement on those first 
vascular cylinders and allowed vascular tissues to transport water over greater 
vertical distances. Water conductivity is dependent on conduit diameter. 
However, the size of a tracheid is limited, as larger diameters increases the risk 
of cavitation and subsequent embolisms, and also affect frost sensitivity 
(Christensen-Dalsgaard & Tyree 2014). This limit to water transport capacity 
was overcome, in part, by the evolution of hollow end-joined vessel elements, 
which allowed multiple cells to form long, wide, water conduits. This 
specialized cell type led to the plant devoting less of its cross-sectional area to 
water transport, while allowing for non-vessel tracheid cells to evolve into 

1 Introduction 
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fibres, gaining stronger cell walls but largely losing the ability to conduct 
water.  

Individual fibres were longer than vessel elements and imparted greater 
mechanical strength to woody tissues, allowing plants to reach greater heights, 
and withstand harsher environments. Additionally, fibres provided a greater 
resistance to pathogens and pests thanks to the increased proportion of 
indigestible wood polymer. The chief components of the thick secondary cell 
walls (SCWs) of both vessels and fibres are cellulose, lignin and 
hemicelluloses. These are produced and laid down by a large number 
biosynthetic and other enzymes, under the control of a network of transcription 
factors (TFs), a process starting with the division of stem cells in the cambium. 
Cellulose is the most abundant biopolymer on Earth, commonly comprising as 
much as 40-45% of oven-dried wood biomass in softwoods and reaching as 
much as 50% in hardwoods (Ragauskas n.d.). Cellulose polymers are formed 
from β1-4 linked d-glucose monomers and can often reach a length of several 
thousand units (Klemm et al. 2005). Multiple such polymers then aggregate to 
form crystalline cellulose. Interactions between cellulose microfibrils and 
hemicellulose act to connect the microfibrils to the cell wall polymer lignin. 
Lignin is a complex, branched polymer consisting of phenolic monolignol 
subunits and forms a rigid matrix in spaces between other cell wall polymers, 
and also acts as an insulator against water permeation by virtue its hydrophobic 
properties. Monolignol composition varies between species, but the function of 
the polymer remains the same: to reinforce the cell wall against mechanical 
stresses and degradation by pathogens and pests. Not to be forgotten; the 
impregnability of the secondary cell wall to water is also an important factor 
allowing vertical water transport to take place, by ensuring that vessels do not 
leak, and can thus maintain their negative pressure throughout the plant. 

It is the diverse chemo-mechanical properties of wood that have allowed 
humans to employ it for a multitude of purposes throughout history; from 
burning (i.e. fuel), to structural material in furniture and homes, to tools, paper, 
and most recently; carbon fibre and other biomaterials. However, the properties 
of wood which are beneficial for a tree from an evolutionary standpoint, i.e. 
increasing the fitness and survivability of an organism and its offspring, are not 
necessarily optimal for human needs and purposes. A classic example is the 
recalcitrance to degradation faced by the pulp industry when attempting to 
separate lignin and cellulose during bleached pulp production. Research has 
shown that lignin is essential for proper plant growth and development, making 
it difficult to reduce its content through breeding or genetic engineering (Eudes 
et al. 2014) for reasons related to yield and survivability of the resulting plant, 
rather than the success rate of the techniques themselves. Traditional breeding 



 

of non-fruit trees is a fairly recent concept, compared to other crop species, 
with the first serious efforts arising during the 20th century. Even though the 
better part of a century has been spent improving both qualitative and 
quantitative traits in a number of species (primarily Eucalypts spp., Pinus 
radiata and Pinus taeda, and Picea abies), the long generation times of 
flowering trees mean that in species where clonal propagation and flower 
induction are not an option, only 3-5 generations have been through the 
programmes to date. Compounding this, research into the genetics of trees over 
the past decades has illustrated that many traits are complex, i.e. either 
governed directly by a large set of genes, or closely linked to multiple genes, 
making it difficult to select for superior trees among a population to act as 
parents for the next generation.  

The ability of trees to sequester carbon from the atmosphere has played an 
important role in the history of our planet, particularly prior to the evolution 
(Floudas et al. 2012) of wood-degrading micro-organisms, as carbon stored in 
tree trunks was trapped underground and eventually fossilised to form coal 
deposits. And in part due to the current debate on climate change, the 
enzymatic processes that have evolved to degrade wood in natural systems are 
being researched with the goal of harnessing them for the industrial 
degradation of lignocellulosic biomass and the production of valuable products 
from waste streams, with the aim of decreasing the requirement for energy and 
chemicals in these processes.  

Conversely, forests have also been suggested to once again be used as 
carbon sinks, with large scale plantation programmes (Oliver 2018) able to 
sequester massive amounts of atmospheric carbon for long periods of time. 
This would require use of local species, or breeding/engineering of fast-
growing species (e.g. Eucalypts) to adapt them to local climates to optimise 
growth. Another proposed method to exploit wood as carbon sink involves 
using more timber in construction. This is a concept that has gained 
considerable attention in recent years, as projects such as the proposed 
“Oakwood Timber tower” (Architecture 2017) helped put the spotlight on the 
potential of improved wood-based materials such as cross-laminated timber as 
a replacement for steel and concrete. While tree breeding has made great 
strides over the past century, the problems described illustrate the challenges 
faced when using this method along. Genetic engineering could potentially 
alleviate some of the problems associated with sub-optimal wood properties. 
However, biotechnological methods must be applied on pre-selected and 
characterised elite lines, to properly target alterations and minimise the risk of 
unforeseen adverse effects. Given that quantitative traits such as growth have 
been the main focus of most traditional breeding programmes to date, it is 
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likely that future genetic engineering efforts will be directed toward altering 
qualitative traits, such as lignin composition (or structure), pest and pathogen 
resistance, or resistance to abiotic factors.  

Recent advances in applied biotechnology, in the form of genetic 
engineering (GE), by private companies have claimed to increase the growth of 
both soft- and hardwood species†, but have yet to be widely adopted due to 
both legal restrictions as well as resistance from non-governmental 
organisations e.g. certification organisations such as the Forest Stewardship 
Council (FSC), and public resistance to genetically modified (GM) crops. In 
practice, this means that even though there may be technical solutions to 
certain challenges and even legal permission to apply it, it may not be 
commercially viable due to a resulting loss of, for instance, environmental 
certification of the product. And it has even been alluded to that employment 
of GM trees may lead to dissociation of an entire company from a certain 
certifying organisation, as the FSC has warned would be the consequence, 
should Brazilian pulp and paper producer Suzano chose to deploy its approved 
GM Eucalypt (FSC 2015) for commercial use in Brazil. Not only do academics 
and corporate researches face regulatory obstacles, but this soft banning of 
products leads to companies being unwilling to invest in what could prove to 
be very useful products.  

Novel technologies, such as those based on CRISPR/Cas9 offer means to 
circumvent some regulations as the products of these technologies may be 
indistinguishable from organisms produced by conventional breeding. For 
instance the Swedish board of agriculture has ruled that CRISPR/Cas9-edited 
plants may be grown in field trials without special authorisation needed for 
other GM organisms (GMO) (Klarin 2015), though commercial application is 
still not allowed. 

Irrespective of method; any attempt at genetic engineering of qualitative or 
quantitative wood traits, e.g. altering the rate or ratio of wood deposition, 
requires in-depth knowledge of the molecular processes involved in the 
differentiation of secondary xylem, maturation of its constituent cells, and 
associated secondary cell wall deposition. Not only is there a need to 
understand the enzymes involved in cell wall biosynthesis, but also the 
upstream transcription factors responsible for regulating their expression, as 
well as a need for the regulators of the transcriptional master switches to be 
identified and characterised. In this thesis, I will describe my work in 
attempting to increase our understanding of the factors regulating the formation 
of secondary cell walls, and the search for a way to affect changes in wood 
attributes by genetic engineering methods.  

† Futuragene Inc., Arborgen Inc. Private communication 

 



 

1.2 Meristems 
All growth in higher plants originates from two apical meristems, located in 

the root (Root Apical Meristem, RAM) and shoot (Shoot Apical Meristem, 
SAM). These meristems contain populations of un-differentiated stem cells 
which continuously divide to give rise to daughter cells, some of which 
subsequently differentiate into the below or above ground tissues, respectively, 
while others retain their meristematic identity. Apical meristems initially give 
rise to several primary meristems, from which tissues such as the epidermis, 
cortex, pith, and primary phloem and xylem develop. Additionally, apical 
meristems also produce progenitors of the secondary (lateral), meristems; the 
vascular cambium and cork cambium. While the cork cambium produces 
periderm, replacing the epidermis, derivatives of the vascular cambium 
differentiate to form secondary xylem and phloem, of which this thesis will 
treat mainly the secondary xylem. The vascular cambium, also known as the 
cambial meristem, contains the undifferentiated population of stem cells, 
transient amplifying pluripotent cells, and niche cells, which define the 
boundary of the different cell populations, reviewed by Johnsson & Fischer 
(2016). Use of the term “stem cell” in plants has been widely contested, as it 
originates from animal research and was borrowed in spite of the glaring 
differences between totipotent and pluripotent cells in the two fields. 
Therefore, a short clarification as to their definition is in order. Stem cells are 
non-differentiated cells with the ability for self-renewal and subsequent 
differentiation to supply the cells necessary for development of tissues and 
organs. While somatic stem cells in animal systems are able to migrate through 
the organism, this is not the case in plants, as cells are rigidly held together by 
intercellular linkages. Stem cells in the cambial zone have been described in 
various tree species, based on histology and anatomy, however, it is still 
unknown whether or not this stem cell population can be considered constant 
(as in the SAM and RAM) or if there is gradual replacement (Esau et al. 2009). 
Studies where agrobacterium have been utilised to induce transgenic changes 
directly in the cambial zone using a technique known as induced somatic sector 
analysis (Creux et al. 2013) have indicated that the cambial stem cell 
population consists of a single-cell layer of stem cells, surrounded by 
pluripotent stem cell derivatives, which give rise to files of phloem and xylem 
cells respectively. The same method also illustrates the longevity of these stem 
cells, as transgenic cell files stretch along a large portion of the radial distance 
from pith to bark. Divisions of the cambial stem cells are mainly parallel to the 
bark of the tree, i.e. periclinal, ensuring that stem cell cylinder integrity is 
maintained as the radius increases (Brackmann & Greb 2014). Radial growth 
results from stem cells dividing asymmetrically, maintaining the stem cell 
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population and leading to one daughter cell being added distally to the stem 
cell layer for each such division.  

As to the question whether or not derivatives of anticlinal cambial stem cell 
are toti- or pluripotent, it is yet one more example where use of nomenclature 
from the animal field causes confusion when applied to the study of plants. The 
definition of totipotency is the ability for the derivative of a stem cell to 
differentiate into all the cell types of the whole organism. The term itself was 
coined by Drosophila geneticist Thomas Hunt Morgan (Laimer & Rücker 
2003), and while the totipotency definition holds true for e.g. all cells in the 
human embryo, up until the 2-4 cell stage, after that, certain cells lose the 
potential for developing into extra-embryonic tissues, such as placenta (Condic 
2014), and enter a state called pluripotency. While some plants are able to 
regrow from isolated tissues, or even single cells (Ikeuchi et al. 2016), such 
growth does not lead to regeneration of an endosperm, emphasising that such 
original cells are indeed pluripotent rather than totipotent.  

Cambial stem cell derivatives only differentiate into a small number of 
different cell types within the cambial niche. Evidence from Arabidopsis 
thaliana (Arabidopsis) has shown that xylem cell files of hypocotyls consist of 
only parenchymatic and fibre cells, while some also have vessel cells (Liebsch 
et al. 2014). It is still currently unknown whether this difference is an effect of 
variation in micro-environmental cues, or points to a difference in potency of 
the various cell file mother cells. Supporting for the prior hypothesis comes 
from observed expression of vessel cell fate-determining factors VASCULAR-
RELATED NAC DOMAIN 6 and 7 (VND6/7) in both vessels and fibres 
(Obudulu et al. 2016), which would seem to indicate that all cells are initially 
primed for a vessel cell fate, but later receive another signal leading to most 
cells adopting a fibre cell fate as they leave the niche. 

1.3 The cambial zone 
The cambial zone consists of the stem cell layer, surrounded by what is 

known as the cambial niche. The loosely defined boundaries of the niche are 
thought to be regulated by the integration of both cell-intrinsic (lineage) factors 
and external signals, such as phytohormones. Due to the lack of mobility of 
plant cells; it is assumed that external factors are chief among directing these 
(Bhalerao & Fischer 2014). For a review of the cambial niche, see Paper I of 
this thesis (Johnsson & Fischer 2016). Divisions of meristematic cells in the 
cambial zone introduce new daughter cells to the cambial niche, while some 
daughter cells remain without, and assure that the pool of undifferentiated stem 
cells is maintained. As stem cell divisions proceed, older daughter cells are 



 

pushed out of the niche and may undergo further differentiation, resulting in a 
loss of pluripotency (Chen et al. 2013) dependent on the new 
microenvironment in which they find themselves. 

Currently, mechanisms for the direction of cambial cell division orientation, 
i.e. directing the balance between self-renewal and additive growth, remain 
unknown. Recent advances in our understanding of the direction of SAM 
morphogenesis may lead to new ways of studying these (Gruel et al. 2016). It 
has also been suggested that mechanical signals are responsible for directing 
the expression domain of the homeodomain transcription factor SHOOT 
MERISTEMLESS (STM), and also demonstrated that, in the SAM, auxin 
depletion is not strictly required for induced expression of STM. 

Maintenance of meristematic cells in the shoot apex relies on the 
CLAVATA/WUSCHEL pathway, as well as the complementary action of 
STM (Gallois et al. 2002; Lenhard et al. 2002). While this factor, along with its 
close homolog BREVIPEDICELLUS (BP), also known as KNOTTED-LIKE 
FROM ARABIDOPSIS THALIANA (KNAT1) are expressed in both the 
cambial and shoot meristems, they appear to have diverged functionally. This 
is supported by recent data, which suggests they perform opposite functions in 
the respective meristems; i.e. STM and KNAT1 are necessary for proper 
differentiation of cambial xylem derivatives, as shown by Arabidopsis single 
and double mutants of these genes having reduced numbers of xylem fibre 
cells, while maintaining proper vessel differentiation and only displaying a 
mild decrease in the total number of cells (Liebsch et al. 2014). This is in 
contrast to their function in the SAM, where they act to direct maintenance of 
the undifferentiated stem cell pool.  

While hormonal signals such as auxin, gibberellin and cytokinin primarily 
define the lateral extent of the niche, the radial dimension of the cambial zone 
has been proposed to be limited by a system of mobile short peptides and their 
receptors. The short peptide CLAVATA3/ESR-RELATED41 (CLE41), and 
possibly CLE44 (Hirakawa et al. 2008; Etchells & Turner 2010), are secreted 
in developing phloem cells, and recognized by membrane bound LEUCINE-
RICH REPEAT RECEPTOR-LIKE KINASE (LRR-RLK)-family protein 
PHLOEM INTERCALATED WITH XYLEM (PXY), which serve to regulate 
gene expression through the WUSCHEL-related HOMEOBOX4 gene, WOX4 
(Hirakawa et al. 2008). This leads to the formation of a boundary where the 
two signals meet. The topic has been recently reviewed (Etchells et al. 2015) 
and while very interesting, is beyond the scope of this thesis. 
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1.4 Secondary xylem formation 
The secondary xylem, commonly known as wood, is formed from 

derivatives of stem cells in the vascular cambium. In angiosperm trees, such as 
Populus spp., the main cell types of the secondary xylem are fibres, vessels, 
and ray cells, of which fibres are the most abundant by far. As daughter cells of 
the vascular cambium are separated from the continuously dividing cambial 
zone, they are deprived of the signals directed at maintaining their 
undifferentiated state. Initially, this causes a few evenly distributed cells in the 
outer layers of the xylary cylinder to rapidly expand, before depositing a 
reinforced SCW, and finally undergoing programmed cell death (PCD), 
whereupon the cell is emptied and a vessel element is left behind. Surrounding 
cells maintain a parenchymatic function and appearance, as they expand during 
this process, indicating that at least part of the signal directing differentiation of 
vessels is of apical origin rather than from the adjacent cambium. The role of 
auxin influx and efflux carriers in the direction of this vascular bundle 
patterning has been well established (Fàbregas et al. 2015). These 
parenchymatic cells subsequently initiate the SCW biosynthetic program 
(described in more detail below), gradually forming thick SCWs (at a rate 
lower than in vessels) becoming what is commonly referred to as fibres.  

1.5 Deposition of secondary cell walls 
Deposition of SCWs requires the coordinated action of a large set of diverse 

proteins. The end result of their action is the production and deposition of the 
main components of the secondary cell wall: cellulose, lignin and 
hemicelluloses (e.g. xylans). It is important to note that the proportions of these 
may vary between species and, even between cell types within an individual 
plant. Typically, 40-50% of the SCW is made up of cellulose microfibrils 
comprised of long β-1,4-linked glycosyl residues, often reaching degrees of 
polymerisation in the order of 104 (Timell 1967) with each fibril being 
approximately 1.5-3.5 nm in diameter (Klemm et al. 2005). The exact number 
of chains in each microfibril bundle has been a matter of some debate, with the 
common consensus thought to be 36 microfibrils (McFarlane et al. 2014), 
though a recent model (Newman et al. 2013) suggests that 18 glucan chains 
corresponds best to the average 3 nm diameter of single primary cell wall 
glucan chains. Additionally, a study in spruce suggests that microfibrils may 
consist of 24 glucan chains (Fernandes et al. 2011).  

Microfibril biosynthesis is carried out by plasma membrane-localised 
cellulose synthase complexes (CSCs), which were revealed by transmission 
electron microscopy to take on a rosette-like conformation (McFarlane et al. 



 

2014) of six domains, each of which are proposed to consist of three 
CELLULOSE SYNTHASE (CESA) subunits according to the aforementioned 
18-glucan chain model. All 18 subunits of the complex would be predicted to 
polymerise and extrude one glucan chain that is subsequently hydrogen-bonded 
together with its immediate neighbours to form a microfibril. However, given 
the studies referred to above, it is plausible that variation in CSC subunit 
makeup exists (from 18-36) between species and possibly also cell types, 
leading to correspondingly varied cellulose microfibril thickness. Synthesis of 
the β-1,4-glucan chain utilises UDP-glucose as a substrate in a process that 
forms an acetal link between each glucose ring (for a review of the function of 
these glycosyltransferases see Lairson et al. (Lairson et al. 2008) The 
translocation of the glucan chain by the CSC is thought to provide the energy 
for the movement of the membrane-bound CSC through the plasma membrane 
(Morgan et al. 2012). Studies of fluorescently tagged primary wall CESAs 
have indicated that the speed at which the complex moves is between 200-
350nm/min (Schneider et al. 2016) and while this is in line with theoretical 
estimates (Schneider et al. 2016), measurements of similarly tagged secondary 
wall CESAs suggest that these move faster, although the study also describes 
how speed varies across different developmental stages (Watanabe et al. 2015). 
Movement of the CSC has been found to follow the cortical microtubules, via 
interactions with CELLULOSE SYNTHASE-INTERACTIVE PROTEIN1 
(POM2) (Bringmann et al. 2012). This is likely regulated by a multitude of 
factors, including availability of substrates, energy, as well as stoichiometry of 
protein complex constituents. 

As glucan chains are extruded from the CSC they spontaneously crystallise 
together to form microfibrils, which are subsequently coated in the additional 
cell wall components; lignin and hemicelluloses. The degree of crystallinity of 
these microfibrils greatly affects their mechanical and chemical properties, in 
particular its recalcitrance to degradation by enzymatic and chemical means 
(Nishiyama 2009). 

Lignin is primarily composed of three monolignol subunits: p-coumaryl, 
sinapyl and coniferyl alcohol and forms a complex, seemingly random, three-
dimensional mesh structure in the volume between cellulose microfibrils. 
Named for the chief constituent monolignols; Syringyl (S-lignin, sinapyl 
alcohol), Guaicyl (G-lignin, coniferyl), p-hydroxyphenyl (H-lignin, p-
coumaryl) alcohol, the ratio between these types varies between species, with 
gymnosperms lacking S-lignin and dicots containing both S and G, while H-
lignin is particularly enriched in grass species (Zhong & Ye 2015). 
Monolignols are derived from hydroxycinnamoyl-CoA esters produced from 
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phenylalanine through the phenylpropanoid pathway. A recent review 
describes this thoroughly (Ye & Zhong 2015). 

How cytosol-synthesised monolignols are transported to the apoplastic 
space is still poorly understood, though one model suggests that storage and 
transport of monolignols utilises glucoside forms of each subunit, which are 
later mobilised for polymerisation through the action of a glucosidase 
(Freudenberg 1959) and export across the plasma membrane appears to utilise 
Golgi-like vesicles (Pickett-Heaps 1968). A more recent study challenges this 
mode of transport, showing that protein synthesis inhibitors are sufficient to 
remove the signal from radiolabelled monolignols observed in vesicles by 
previous investigators (Kaneda et al. 2008). Furthermore, there is strong 
evidence that export of the monolignol p-coumaryl alcohol is mediated by a 
plasma membrane-bound ABC-transporter in Arabidopsis (Alejandro et al. 
2012). 

Upon export, monolignols are polymerised in the apoplastic space, 
putatively by the action of laccases and peroxidases. Although the evidence for 
this hypothesis mainly originated from biochemical experiments in vitro 
(Bonawitz & Chapple 2010), recent data from Arabidopsis suggests that altered 
expression of LACCASE-LIKE 15 (LAC15) results in decreased lignin 
deposition in the seed coat. Furthermore, disruption of the LAC4 and LAC17 
enzymes affect lignin deposition in Arabidopsis interfascicular fibres (Berthet 
et al. 2011), confirming that this model does have some merit. Research in 
spruce has also implicated peroxidases as integral to proper monolignol 
radicalisation (Fagerstedt et al. 2010). It is this radicalisation that allows for the 
formation of a random polymer structure, often described as akin to chicken 
wire. The lignin structure imparts strength and rigidity to the cell wall, but also 
contributes to water transport and retention characteristics, and resistance to 
pathogens by providing a recalcitrant barrier against invasion of the cell. 

Attempts at altering lignin composition and structure have yielded 
promising results, although early efforts often led to negative effects on growth 
(Petersen et al. 2012; Bonawitz & Chapple 2013), due mainly to impaired 
water transduction as weakened cell walls lead to vessel cell collapse. More 
recent studies have illustrated the ability of integrating non-native monolignols 
and changing the inter-molecular bonds between subunits to improve 
degradability without negatively affecting yield (Wilkerson et al. 2014; Eudes 
et al. 2014). 

The third main component of SCWs is hemicelluloses, the most abundant 
of which is xylan. Xylans are synthesised in the Golgi, and consist of a 
backbone with an average of 120 (Jacobs & Dahlman 2001), β-1-4 linked 
xylosyl residues, with some residues substituted with α-1, 2-linked 4-O-



 

methylglucuronic acid (MeGlcA). A common attribute of xylan chains 
throughout woody angiosperms and gymnosperms is the presence of a unique 
reducing-end tetrasaccharide sequence (Zhong & Ye 2015). Early 
transcriptome profiling in Populus orthologues of Arabidopsis IRREGULAR 
XYLEM 7 (IRX7), PARVUS and IRX8 have shown them to be involved in the 
synthesis of this reducing end (Djerbi et al. 2005; Lee et al. 2009a; Lee et al. 
2009b). Biosynthesis of the xylan backbone itself in the wood-forming zone of 
Populus has been suggested to involve a large set of genes, including 
xylosyltransferases (e.g. IRX10/IRX10L orthologues), xylan biosynthetic 
genes (e.g. IRX15/IRX15L orthologues), and finally a set of genes for 
affecting backbone modifications, including GLUCURONIC ACID 
SUBSTITUTION OF XYLAN (GUX) for adding GlcA onto xylan, and 
REDUCED WALL ACETYLATION (RWA) responsible for correct 
acetylation of the polymer.  

1.6 Transcriptional regulation of SCW formation 
Deposition of the secondary cell wall requires the spatiotemporally 

coordinated expression of a large set of biosynthetic genes. This has been 
found to be under the control of a complex hierarchical network of 
transcription factors, mainly of the MYELOBLASTOSIS (MYB) and NAM, 
ATAF, CUC (NAC)-domain transcription factors families. At the base of the 
network the various biosynthetic genes necessary for production of the 
biopolymers of the SCW themselves can be found. The intermediate level is 
composed of a large number of TFs regulating the expression of the 
biosynthetic genes directly. This level is mainly comprised of MYB TFs, 
which are able to activate either all three cell wall-component biosynthetic 
pathways (i.e. cellulose, lignin and hemicellulose) in a semi-promiscuous way, 
as binding elements for many of these TFs are present in promoters of a 
multitude of the target genes, but also includes intermediate TFs involved in 
the regulation of specific downstream genes, e.g. proteins repressing SCW 
formation such as WRKY12 (Wang et al. 2010). For an excellent review of this 
process, see Ye & Zhong (2015). At the top of this hierarchy lie the so-called 
master level transcription factors; TFs involved in direction of xylem cells 
differentiation, or in initiation of the transcriptional cascade. Previous research 
has described the master level TFs as belonging to two or more, subgroups 
depending on their cell type specificity. These are chiefly the VND or SND / 
NST1 classes, associated with vessel or fibre cells respectively. These factors 
regulate the expression of the mid-level TFs, but can also target some 
biosynthetic genes directly.  
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1.6.1 NAC domain transcription factors 
The NAC TF family is one of the largest characterised in plants, with at 

least 117 members (Nuruzzaman et al. 2010) in Arabidopsis, and more than 
160 in Populus (Liu et al. 2014; Hu et al. 2010). The large number of NAC 
proteins encoded by the genomes of both Populus and Arabidopsis predicts 
tremendous potential for specialisation, and it is well established that NAC TFs 
are involved in a plethora of developmental processes (Hu et al. 2010) 
Although only a small proportion of these proteins have been characterized 
with regard to their function, there are plenty of examples in literature of NAC 
TFs involved diverse processes, such as SAM function (Takada et al. 2001), 
vascular and flower (Sablowski & Meyerowitz 1998) development (Kubo et al. 
2005), and secondary cell wall formation (Zhong et al. 2010), to name only the 
ones most relevant to this thesis. A typical NAC TF contains a highly 
conserved N-terminal NAC domain, usually of approximately 150-160 amino 
acids, divided into several sub-domains (Hu et al. 2010). A 60 amino acid 
region of this domain has been described as containing the actual TF fold, 
responsible for DNA binding. Apart from DNA binding functionality, the NAC 
domain is involved in hetero- and homodimerisation, as well as nuclear 
localisation (Olsen et al. 2005). The C-terminus of NAC TFs is more divergent, 
both in amino acid sequence and function. Most common is that it consists of a 
transcriptionally regulating domain, either an activator or repressor, while 
some NAC TF C-terminal domains also contain transmembrane motifs (Shao 
et al. 2015).  

Phylogenetic study of NAC TFs in Populus, Arabidopsis, and rice has 
revealed that TFs involved in distinct processes sub-cluster together across 
species into 18 distinct families (Hu et al. 2010). Most of these contain genes 
from several species; however, there are groups that illustrate the divergence 
between monocots and dicots, and also between herbaceous and woody dicots. 
NAC genes in Populus are distributed in 19 linkage groups (across the same 
number of chromosomes) in a non-random fashion, indicating that even though 
a large number of NAC genes have overlapping expression patterns duplicates 
have been retained. This indicates that multiple copies have conferred a 
selective advantage, irrespective of whether or not both proteins retain their 
original function, or have taken on new regulatory roles (Hu et al. 2010).  

One of the 18 subclusters includes NACs involved in the direction of SCW 
deposition. These secondary wall regulating NAC domain TFs, often labelled 
Secondary Wall NACs (SWN), have been found to direct gene expression 
through binding to short 19 base pair (BP) secondary wall NAC-binding 
element (SNBE) motifs (Zhong et al. 2011). The fact that many NAC target 
genes present in the network regulating SCW deposition also contain 



 

secondary wall MYB-responsive elements (SMREs) has led to the suggestion 
that TFs from multiple levels of the regulatory network act in concert with each 
other to direct gene expression. 

1.6.2 MYB domain transcription factors 
MYB transcription factors are prolific throughout Eukaryotes and are, like 

NACs, involved in transcriptional regulation of a wide range of developmental 
and metabolic processes including stress response, hormone signalling, 
regulation of differentiation, and, most relevant to this thesis; direction of 
phenylpropanoid biosynthesis (Roy 2016). First described in Zea mays (Paz-
Ares et al. 1987), large families of MYB proteins have been identified in 
several plant species. These families are sub-classified dependent on the 
quantity of repeated motifs present in the DNA-binding MYB domain. These 
repeats result in a structure containing 3 α-helices and consist of some 52 
amino acids, and commonly occur one to four times, leading to the 
classification 1R, R2R3- 3R, and 4RMYB proteins, of which the R2R3 is the 
most common in plants (Roy 2016). Two helices of each three-helix repeat 
form a helix-turn-helix structure while the third constitutes a so called 
recognition helix, interacting directly with DNA through intercalation. 

Investigation of sequence conservation within the (usually) N-terminal 
MYB domain and variable C-terminal domains of studied MYB TFs has led to 
further sub-classification of R2R3 MYB TFs. Initially based on Arabidopsis 
MYBs classifications, these groups have been expanded when new R2R3 
MYBs, which lack Arabidopsis orthologues, have been found in additional 
species such as Populus. 

While the sequence, structure and function of the MYB domain is highly 
conserved, other parts of MYB proteins are highly variable, allowing MYB 
TFs to carry out both transcriptional activation and repression, thus directing a 
wide range of cellular processes (Dubos et al. 2010). 

Regulation of MYB activity occurs at several levels. A number of MYB 
transcripts are targets of miRNAs (Allen et al. 2007), as well as trans-acting 
(ta)-siRNAs. Post-translational modifications, e.g. phosphorylation also play 
an important role (Araki et al. 2004), as do interactions with other proteins (e.g. 
hetero- or homodimerisation), the most intensely studied of which is likely that 
between R2R3-MYBs and basic helix-loop-helix (bHLH) proteins (Dubos et 
al. 2010). A particular motif in the R3 helix of the MYB domain has been 
implicated in mediating this interaction, though it is not present in all R2R3 
MYBs and a level of redundancy must therefore be assumed. 
Heterodimerisation of R2R3 MYBs with bHLH proteins is an example of 
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negative regulation, as binding to bHLHs sequesters MYB TFs from other 
interactions (e.g. homodimerisation) and does not bind DNA directly (Dubos et 
al. 2010). 

The plurality of MYB transcription factors means that there is ample 
opportunity for specialisation, either through specific interaction partners, 
unique binding affinities, or upstream control of their expression. One example 
of such specification is the transcriptional regulation of secondary cell wall 
biosynthetic genes by binding of PtMYB2 and PtMYB20 to SMREs. A large 
number of MYB-family TFs have been identified to as involved in the 
regulation of SCW formation (Ye & Zhong 2015). For instance, MYB103 has 
been found to be a key regulator of S-lignin biosynthesis (Ohman et al. 2012), 
while an orthologue of AtMYB43 (PtrMYB152) has been found to affect 
xylem fibre cell area (Hussey et al. 2011), and a multitude of others have been 
linked to various regulatory pathways during SCW formation (Zhong et al. 
2008). 

1.6.3 KNOX transcription factors 
KNOTTED1-like Homeobox (KNOX) genes encode a small family of plant 

transcription factors that was first isolated from Zea mays (Vollbrecht et al. 
1991). These three-amino acid loop extension (TALE) proteins are classified in 
two groups (Class I/II) of four genes each in Arabidopsis, on the basis of 
homeodomain sequence similarity, phylogenetic analysis, and intron position, 
with proteins of higher similarity to Kn1 designated Class I KNOX proteins. 
Genes of this group typically also have strict expression domains, restricted to 
the SAM (in both monocots and dicots) while expression patterns of genes 
within Class II are more varied (Zhong et al. 2008) and their functions less well 
characterised. The general structure of a class I KNOX protein in consists of an 
N-terminal MEINOX domain, responsible for protein dimerization, and a C-
terminal homeodomain, which binds to DNA.  

Class I KNOX genes in Arabidopsis are involved in a range of 
developmental regulatory processes, but their main function appears to be 
maintenance of the SAM (Endrizzi et al. 1996), as well as control of 
differentiation in the cambium (Liebsch et al. 2014).  

Expression of the STM gene in the SAM bounds the extent of that 
meristem, and its expression during embryogenesis is also the first measured 
instance of KNOX gene expression (Long et al. 1996). At a later stage, 
partially overlapping expression of KNAT2 and KNAT6 defines the base and 
boundaries of the SAM (Belles-Boix 2006) respectively. At the same 
developmental stage, expression of the Class I KNOX transcription factor 



 

KNAT1 delineates the hypocotyl while, at later stages, its expression overlaps 
with those of STM and KNAT6 (Hay & Tsiantis 2010). While, so far, only one 
Class II KNOX gene has been described as involved in direction of the SCW 
development program (KNAT7, (Li et al. 2012)), the Class I KNOX genes 
KNAT1 and STM play a vital role in the proper formation of secondary xylem, 
and are therefore of great interest to this thesis.  

1.7 Phytohormones 
Phytohormones are small molecules produced within the plant which, even 

at very low concentrations are able to elicit large scale responses in plant 
development and metabolism. In contrast to animal systems, plants lack 
specialised hormone-producing tissues (e.g. glands), rather; each plant cell is 
initially competent to produce and sense hormones. Phytohormones affect all 
aspects of plant development, from seed germination, to secondary growth, and 
senescence. Several occurrences of genes encoding the biosynthetic machinery 
for producing plant hormones have also been described fungi and bacteria. But 
in these cases, the plant hormones may not fill an endogenous function and are 
rather, as is the case with auxin in Agrobacterium tumefasciens (Nester 2015), 
used to facilitate the establishment of the inter-organismal relationship. One 
aspect of particular importance is the ability of hormones to act distally to the 
cells in which they are produced, i.e. their mobility. This can be achieved 
through either passive diffusion, or active transport, and modes of transport 
differ widely between hormones.  

There has been a great deal of discussion regarding whether or not the terms 
hormone, or morphogen (Bhalerao & Bennett 2003; Davies 1995), are 
applicable in plants, as they were initially borrowed from animal research. For 
the sake of ease I will henceforth use the terms plant hormone or 
phytohormone. The known classes of hormones, e.g. auxin, gibberellic acid 
(GA), jasmonic acid, brassinosteroids and ethylene, have been studied for 
several decades, but the greatest strides have been made since the early 2000s, 
primarily owing to the study of Arabidopsis mutants using new, and refined, 
analysis methods. By now the biosynthetic and signalling pathways are now 
well understood (Santner et al. 2009).  

Basic knowledge of phytohormones and their action was greatly improved 
during the green revolution, as advances in molecular genetics allowed for 
directed mutagenesis, and identification of possible traits and related genetic 
markers. A number of prominent high-yielding varieties of wheat and rice 
(with impaired GA biosynthesis) were introduced during this time, vastly 
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outperforming traditional varieties as the plants shifted carbon allocation from 
stem growth to seeds (Kush & Khush 2001). 

The large number of substances which classify as phytohormones are too 
diverse to cover within the scope of this thesis and thus, I will endeavour to 
introduce the chief plant hormones involved in xylogenesis; auxin and GA, as 
well as some other factors affecting cell division and growth prior to xylem cell 
differentiation.  

1.7.1 Auxin 
The auxin phytohormone class, of which indole-3-acetic acid (IAA) is the 

most abundant form, was the first of the major plant hormone classes described 
by science(Davies 1995). Initially alluded to by Charles Darwin in his 
experiments investigating differential growth in response to light in 1881, it 
was later repeated and expanded upon by, Boysen-Jensen (Boysen-Jensen 
1913). Building on Darwin’s findings, this research indicated that a mobile 
factor is transported throughout the plant and can affect developmental changes 
at sites distal to that of their synthesis. This factor was later identified as auxin 
by Thiman (Thiman 1935). Since then a number of endogenous auxins, along 
with several synthetic ones, have been identified (Simon & Petrášek 2011; 
Ludwig-Müller 2011). In spite of this, most research has been focused on 
understanding the function of IAA. Auxin is one of the main regulators of plant 
development, involved in directing processes from the very initiation of 
embryonal growth, to plant senescence (Mueller-Roeber & Balazadeh 2014; 
Zhao 2010). 

Although auxin biosynthesis occurs in both plants and plant-colonising 
microbes, such as Agrobacterium, this thesis will focus on its biosynthesis and 
action within plants. Multiple pathways exist through which IAA is produced. 
Several of these use tryptophan as a starting substrate; however, there is also a 
tryptophan-independent pathway, which has been reviewed (Zhao 2010).  

The main sites of auxin biosynthesis in above-ground tissues are the shoot 
apex and young leaves. From here auxin is transported to its site of action, 
either through non-directional transport along with photosynthates in the 
phloem, or by transporter-mediated export through cells in a polar fashion. 
This is a slower but more precise means of transport allowing sharp auxin 
gradients to be established. Partial retention of auxin within the cell is a 
function of the pKa (4.7)of auxin, meaning that the cytoplasmic pH of 
approximately 7 deprotonates IAA (Ljung 2013), effectively trapping it within 
the cell. In contrast, the auxin pool in the apoplastic space, where pH is two 



 

orders of magnitude lower, becomes partially protonated to IAAH and can then 
diffuse across the plasma membrane.  

The most prominent active form of auxin is believed to be free IAA (Gao & 
Zhao 2014), and while it’s activity is dependent on its carboxyl group, the 
process of inactivation by oxidation is still not fully understood. Though 
previous evidence pointed to peroxidases being involved in the process 
(Normanly 2010), more recent studies have implicated the oxidase proteins 
DIOXYGENASE FOR AUXIN OXIDATION 1 & 2 (DAO1 &2) (Porco et al. 
2016; Mellor et al. 2016) in Arabidopsis. Another means of IAA deactivation 
is by conjugation into IAA esters, e.g. by conjugation with a sugar, or amino-
conjugates (Ludwig-Müller 2011). These IAA esters are suggested to be 
storage forms (Gao & Zhao 2014) and evidence from Arabidopsis studies have 
identified the GRETCHEN HAGEN 3 (GH3) family consisting of some 20 
amidosynthase genes, as key actors in the formation of IAA-amide conjugates 
(Hagen et al. 1991). While these conjugates may be released as free IAA upon 
hydrolysation, indicating they may function as another storage form, others 
have no known pathway by which they can be hydrolysed, suggesting a role as 
an auxin-sink (LeClere et al. 2002).  

Active auxin elicits transcriptional responses through alteration of the 
availability of free AUXIN RESPONSE FACTOR (ARF) encoded proteins. 
These transcription factors affect gene expression upon homodimerisation and 
bind to the promoters of auxin-responsive genes. In the absence of auxin, such 
homodimers are kept from forming by ARF monomers instead 
heterodimerising with Aux/IAA proteins. Upon perception of auxin by the Skp, 
Cullin, F-Box containing (SCF) SCFTIR1/AFB1-5 complex, the ligase protein 
contained in the complex affects ubiquitin-mediated proteosomal degradation 
of the Aux/IAA repressor, allowing transcription of ARF-responsive genes to 
proceed (Chapman & Estelle 2009). 

Aux/IAA factors comprise a large family of proteins, with 29 members 
identified in Arabidopsis, having largely conserved domain organisation. Of 
the four domains (DI-IV), DI has been found to interact with the transcriptional 
repressor TOPLESS (TPL) (Overvoorde et al. 2005) while DII contains a 
protein stability-modulating 13-amino acid degron motif. Homo- and 
heterodimerisation are mediated by DIII and IV. Alluded to above, degradation 
of Aux/IAA proteins in response to auxin is carried out by a family of E3 
ubiquitin ligases named SCF, where the F-box protein consists of either a 
TRANSPORT INHIBITOR RESPONSE1 (TIR1) protein, or a member of the 
AUXIN SIGNALING F-BOX PROTEIN (AFB), the whole complex denoted 
SCFTIR1/AFB1-5. The F-box protein also directs substrate specificity of the 
complex, with substrate recognition being dependent on binding of auxin to the 
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F-Box protein (Kepinski & Leyser 2005; Parry et al. 2009; Dharmasiri et al. 
2005). A model of TIR1-Aux/IAA interaction based on structural studies of 
TIR1 in the presence of auxin and a 13 amino acid degron peptide of 
Aux/IAA7 suggests that post-translational modifications of TIR1 are not 
required for Aux/IAA or auxin binding and that binding of auxin does not 
induce conformational changes in TIR1 (Calderón Villalobos et al. 2012). 
Instead, presence of auxin in the binding pocket of TIR1 may act as a link, 
allowing for increased affinity for Aux/IAA interaction partners (Kepinski & 
Leyser 2005; Parry et al. 2009; Dharmasiri et al. 2005). While all of the 
TIR1/AFB1-5 proteins have been confirmed as auxin receptors, several studies 
have indicated that they perform disparate functions in vivo (Dharmasiri et al. 
2005; Vidal et al. 2010). The presence of so many potential interactors of the 
Aux/IAA-SCFTIR1/AFB1-5 pathway with such individually varying substrate 
specificities, both for auxin and for interaction partners, indicates that there is a 
system in place within plants, by which differential auxin sensitivity can be 
employed to alter gene expression in a hormone level-dependent manner 
(Calderón Villalobos et al. 2012). 

1.7.2 Gibberellic acid 
Gibberellic acid was initially identified by Eiichi Kurosawa during studies 

of rice afflicted by the fungus Gibberella fujikori in 1926 and was isolated 12 
years later (Yabuta, T. and Sumiki 1938). Gibberellins in plants come in a 
multitude of forms, but are all diterpenoid acids, produced through the 
terpenoid synthesis pathway in plastids, and subsequently modified by 
numerous enzymatic pathways in the ER and cytosol. To date, the enzymes of 
the GA metabolic pathway, as well as the genes encoding them, have largely 
been identified and their functions investigated (Yamaguchi 2008). 
Biosynthesis of the hormone has been suggested to occur mainly in fast-
growing tissues (based on data from Arabidopsis, tobacco, and rice) 
(Silverstone et al. 1997; Aach et al. 1997; Itoh et al. 1999; Kaneko et al. 2003). 
As these would also be the same location as its sites of action, GA may be 
synthesised distally and transported as biologically inactive forms to the sites 
of activity where, by the action of enzymes encoded by the GIBBERELLIN3 
OXIDASE (GA3ox) gene family, they are metabolised to their bioactive forms. 
Indeed, while studies (Proebsting et al. 1992; Eriksson 2006; Björklund et al. 
2007) indicated that GA is capable of acropetal and basipetal movement, 
experiments using grafts of Arabidopsis ga1-3 mutant scions onto wild-type 
stocks have since shown conclusively that GA is mobile (Ragni et al. 2011). 
Furthermore, the same study illustrated that this was the case for endogenous 



 

GA, whereas previous investigations had largely relied on exogenous 
application. Another proposed pathway for this includes transport of the GA 
precursor ent-kaurene, which can then be released, absorbed, and later 
metabolised at GA target tissues in Arabidopsis (Otsuka et al. 2004).  

Gibberellin is sensed by the receptor protein GA-INSENSITIVE 
DWARF1(GID1), a soluble protein, which localises to both the nucleus and 
cytoplasm in rice (Willige et al. 2007; Ueguchi-Tanaka et al. 2005). Though 
initially identified in rice, studies of the GID1 receptor have revealed a high 
degree of conservation across plant species (Hauvermale et al. 2012) with at 
least three homologs (GID1a, b and c) present in Arabidopsis. The function of 
the GID receptor was initially inferred from studies of mutants, which display a 
phenotype similar to that of GA biosynthesis mutants, but are unable to be 
rescued by exogenous GA supplementation. Binding of GA to the GID1 lipase 
catalytic domain induces conformational changes in the N-terminal domain 
which enhances the interaction between this domain and the bound GA. This in 
turn increases the interaction affinity of the GID1-GA complex for DELLA 
proteins, an interaction which further increases the binding affinity for GA4, 
stabilising the whole complex (Nakajima et al. 2006; Ueguchi-Tanaka et al. 
2007). DELLA repressors are homologous to metazoan STAT (for Signal 
Transducers and activators of transcription)-factors and are named for the N-
terminal regulatory domain containing a conserved Asp-Glu-Leu-Leu-Ala 
(DELLA) motif (Hauvermale et al. 2012). Additionally, they also contain a C-
terminal GRAS (GAI, RGA, and SCARECROW) domain. These effectors 
repress gene expression in planta by interaction with various target TF 
proteins, inhibiting them from effecting expression of their intended target 
genes. Thus, perception of GA may act to both up, or down-regulate gene 
expression through a single pathway, dependent on the function of each 
DELLA target (Hauvermale et al. 2012).  

The N-terminal domain of DELLA proteins is largely unstructured, 
however; upon interaction with GID1 it takes on a more ordered form (Sun et 
al. 2010). Apart from the DELLA motif, it also includes a domain suggested by 
multiple studies to be involved in protein phosphorylation, with a possible 
function in DELLA regulation (Hauvermale et al. 2012). DELLA repression is 
lifted by degradation of DELLA proteins through the ubiquitin-proteasome 
pathway in response to GA. This was established through studies utilising 
mutated Arabidopsis SLEEPY (SLY) and rice GID2, both homologous F-box 
proteins catalysing polyubiquitination of DELLA, which induced GA 
insensitivity by failing to degrade DELLA proteins (McGinnis 2003; Sasaki 
Itoh, H. et al. 2003). As with SCFTIR1/AFB1-5 mediated degradation of Aux/IAA 
proteins, the SLY/GID F-box proteins of the SCFSLY2/GID-complex confers 
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substrate specificity through a c-terminal protein-protein interaction domain 
(Smalle & Vierstra 2004) and the complex is subsequently degraded in a 
similar manner, allowing gene expression to take place. 

1.7.3 Short peptides 
In Arabidopsis, the aforementioned factors CLE41 and CLE44 have been 

shown to be processed into a short peptide signal, known as the tracheary 
element differentiation inhibitory factor (TDIF), which is perceived by the 
leucine-rich repeat receptor-like kinase (LRR-RLK), PXY. This signal utilises 
the transcription factor WUSCHEL HOMEOBOX RELATED 4 (WOX4), to 
alter downstream gene expression response to the TDIF signal. The 12-amino 
acid long TDIF peptide is produced from the independent progenitor peptides 
CLE41 and CLE44, each of which are approximately 100 amino acids in 
length (Ito 2006). Over-expression of genes from which TDIF is derived has 
been demonstrated to result in a loss of apical dominance (Strabala 2006) and, 
in the case of CLE41, 42 or 44, in increased cell division in vascular tissues 
(Etchells et al. 2015).While this signal transduction system itself may not 
contribute directly to xylem formation, it is clear from e.g. the pxy mutant in 
Arabidopsis that improper function of this system leads to striking phenotypes 
in the xylem (Fisher & Turner 2007). 

1.8 Hormonal control of xylem differentiation and SCW 
deposition 

A great many hormonal factors contribute to the regulation of wood 
formation, for a review of the subject I refer to (Sorce et al. 2013). However, to 
summarise the main concepts; auxin’s role in the regulation of cambial activity 
and differentiation of vessel cells has been extensively studied. Basipetal polar 
auxin flow, mainly in the vascular cambium (Uggla et al. 1996; Uggla et al. 
1998; Sundberg, B., Uggla, C., and Tuominen 2000), ensures continuity of 
vascular tissues and induces ordered patterning of vascular strands throughout 
the plant. This flow of auxin is thought to induce cambial divisions as well as 
the expansion of xylem derivatives. It has also been suggested to trigger the 
onset of maturation (Sorce et al. 2013), although evidence gained through work 
for this thesis suggests that the role in maturation is actually the opposite.  

Auxin has long been proposed to perform a pivotal role in secondary 
growth (Sundberg, B., Uggla, C., and Tuominen 2000). Approximately ten 
years ago, it was proposed to direct key regulators of secondary xylem 
formation in a concentration-dependent manner (Nilsson et al. 2008), a concept 



 

which has been further studied, and reviewed recently (Bhalerao & Fischer 
2014; Bhalerao et al. 2016). The main contribution of auxin to xylogenesis has 
been previously described as lying in the promotion of cell division activity in 
the cambium (Nilsson et al. 2008), and the subsequent differentiation and 
development of vessel cells (Fukuda 2004; Kubo et al. 2005).  

Involvement of GA and auxin in xylogenesis has previously been partially 
studied, for instance; Björklund et al. (2007), investigated the crosstalk 
between IAA and GA and the effects of depletion by decapitation of these 
hormones, followed by subsequent supplementation with either hormone, on 
xylogenesis. That study concluded that GA stimulates polar auxin transport, by 
induction of Populus PIN-FORMED 1(PIN1) expression, in a synergistic 
fashion with IAA. The role of GA was further described in the context of fibre 
elongation and xylogenesis and found to act through homologues of GID1 in 
Populus (Mauriat & Moritz 2009). This work built on previous findings that 
measured increased secondary growth and xylem fibre length in plants over-
expressing AtGA20ox (Eriksson et al. 2000). 

As described earlier, hormone concentrations peak at distinct locales in the 
cambium and developing xylem. Graded initiation of developmental programs, 
such as cell expansion and SCW deposition suggests that various tissues may 
be differentially sensitive to hormones, as discussed previously. Another mode 
of control of hormone activity, particularly relevant for gibberellic acid, is the 
transformation between biologically active, and inactive, forms. The 
connection between hormonal signals and the expression of master level 
secondary wall TFs affecting fibre cell walls is currently poorly understood. 
However; this thesis will endeavour to present evidence for just such a 
connection.  
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2.1 General objectives 
The aim of this thesis was to investigate the factors controlling SCW 

formation, specifically in fibre cells, of a commercially important species, and 
to attempt to identify ways in which this knowledge may be applied for future 
attempts at engineering biochemical properties of SCWs. 

2.2 Specific objectives 
To add to the understanding of the connection between plant hormones 

auxin and gibberellin, and formation of secondary cell walls - building further 
on knowledge gained through research performed within the bounds of this 
project, as well as novel findings from the greater scientific community. If 
possible; apply these findings to develop tools for specific engineering of wood 
traits by altering the expression of genes responsible for traits of interest. 
 

In context of the papers presented in this thesis: 
Paper I: Discuss and suggest a more specific terminology for the field 

of plant stem cells  
Paper II: Establish a method for screening Vessel specific from fibre 

specific genes by comparison of their expression profiles, 
protein sequence, and co-expression networks. 

Paper III: Attempt to connect the phytohormones auxin and GA 
directly to the developmental program of secondary xylem 
fibres. 

Paper IV: Investigate the role of GA in regulation of KNOX TF-
mediated fibre differentiation.  

2 Objectives 



 

3.1 Cambial Stem cells and their niche (Paper I) 
 

In this review paper (Paper I), my co-author and I discuss the problems 
associated with basing the terminology used to describe plant-related 
phenomena on terminology and concepts borrowed from animal research as 
there are important differences between plant and animal stem cell systems. 
We focus our review on the development and differentiation of stem cells in 
the vascular cambium, and suggest a specific terminology to help avoid 
confusion when discussing the subject (Paper I, Table 1).  

We highlight the need for investigation of cambial tissues in trees, as a 
complement to studies in Arabidopsis as, even though Arabidopsis hypocotyl 
is a powerful model system for cambial development; it does not account for 
the full range of evolved cambial forms. Nor does the rather simplistic genome 
of Arabidopsis allow for studies of systems in which genome duplications have 
led to specific neofunctionalisation and redundancies post gene/genome 
duplication. In this regard, Populus is a more apt model system, although the 
longer time required for the generation of transgenic lines that can be used for 
analysis is a major drawback.  
  

3 Results and discussion 
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3.2 AspWood: High-spatial-resolution transcriptome 
profiles reveal uncharacterized modularity of wood 
formation in Populus tremula (Paper II) 

 
In Paper II, I describe the expression patterns of secondary wall NAC 

domain transcription factors and how those described as master regulators of 
vessel and fibre differentiation, as well as those directing vessel 
maturation/PCD, are expressed in 4 distinct domains throughout the studied 
wood sections.  

 
The early, and rapid, onset of expression observed for VND6 paralogs 

centripetally from the zone where cell division occurs, in conjunction with the 
observation in tangential sections containing radially expanding vessel cells of 
maximum VND6 homologue expression (Fig. 1), supports its previously 
reported role in xylem vessel differentiation. Additionally, VND6 homologue 
expression remains throughout the SCW developing zone and exhibits a 
secondary peak in older cells, which alludes to the possibility of these TFs 
performing other functions. We suggest that the section with maximum 
expression of the detected VND7 homologue and the centripetal peak of the 
VND6 paralogues delimits the border between SCW deposition phase and the 
maturation phase of vessel cells, on the basis of the close correlation between 
the PCD marker gene METACASPACE 9 (MC9) and VND7. Homologues of 
factors identified as master regulators of fibre differentiation and SCW 
deposition in fibres, SND1 and NST1 are found to be expressed both toward 
phloem and xylem, indicating that though their function may be specific to 
fibres, there is no distinction between xylem or phloem fibres. The greatest 
level of expression of SND1 and NST1 homologues was observed centripetally 
from the cambium, shifted slightly further toward the pith than initiation of 
VND6 expression. This correlates closer with the later initiation of xylem fibre 
SCW biosynthetic genes, which are expressed further centripetally, e.g. in the 
case of SND3 homologues and SCW biosynthesis marker gene CESA8.  



 

  
Fig. 1. NAC Domain Transcription Factors Are Expressed in Distinct Patterns Corresponding to 
Phylogenetic Clustering.  

(A) Phylogenetic tree of Populus wood associated NAC-domain transcription factors with 
homologs in Arabidopsis. Colors indicate coexpression. Arabidopsis gene names in bold are used 
as clade names. (B) Expression profiles of Populus SND2 homologs (Potri.007G135300, 
Potri.017G016700, Potri.004G049300, and Potri.011G058400) compared with the VND3 
homolog with a similar expression profile (Potri.007G014400). (C) Expression profiles of 
Populus SND1 homologs (Potri.001G448400, Potri.002G178700, Potri.011G153300, and 
Potri.014G104800). (D) Expression profile of the Populus VND7 homolog expressed in 
AspWood (Potri.013G113100; Potri.019G083600 is not expressed). (E) Expression profiles of 
Populus VND6 homologs (Potri.001G120000, Potri.003G113000, Potri.012G126500, and 
Potri.015G127400) compared with the VND3 homolog with a similar expression profile 
(Potri.005G116800).  

My characterisation of SWN expression demonstrate that these occur in 
distinct zones, which supports functions in direction of differentiation for 
SND1/NST1/VND6 and in the maturation for SND3/VND7 genes. I then tested 
previously suggested direct targets of the master level transcription factor 
SND1, identified by either transactivation or Chromatin Immuno-precipitation 
(ChIP) assays in protoplasts (76 genes), or other more direct lines of evidence 
(34 genes). This was done by comparison of their expression patterns across 
wood with that of SND1 homologue genes. Generation of a co-expression 
network from these 110 genes yielded a network consisting of 69 nodes, 
indicating that 41 putative targets were not expressed in wood and, therefore; 
to be considered as false positives of the previous studies. I found that the 
ChIP-identified direct targets were particularly spurious, as only 35 of the 76 
genes were co-expressed with SND1 homologues, while 32 of 34 target genes 
proposed by other methods were included in the network.  
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The bulk of ChIP-identified targets were found to negatively correlate with 
the expression of SND1 homologues, indicating that while their promoters 
could indeed be direct targets of one, or several PtrSND1 paralogues; this may 
result in repression, rather than activation, of these targets. So far, this has not 
been tested experimentally. 

With my contribution to this paper, I show that it is possible to distinguish 
between master regulators of vessel and fibre cell differentiation and cell wall 
deposition by virtue of their distinct expression profiles, and I go on to 
examine previously suggested direct targets of the homologues of one such 
factor, SND1. This examination revealed that putative targets from earlier 
studies identified by ChIP were, to a large extent, not expressed in wood, and 
of the genes that were; many correlate negatively with PtrSND1. This 
highlights the need for verification of results obtained by methods such as 
ChIP, as it is prone to the generation of false positives, and also illustrates the 
power of this method as a tool for screening of potential interactors and targets 
of transcription factors. 
  



 

3.3 The plant hormone auxin directs timing of xylem 
development by inhibition of secondary cell wall 
deposition through repression of secondary cell wall 
NAC-domain transcription factors (Paper III) 

 
The motivation behind the study detailed in Paper III was to find a way of 

affecting selective alteration of cell wall properties in fibre cells, which 
required identification of a fibre specific promoter. Work in Arabidopsis has 
identified a group of NAC-domain transcription factors as master regulators of 
fibre differentiation and development. However, this identification has relied 
heavily on ectopic overexpression of such factors and therefore required 
verification. 

 
Using multiple sequence alignments combined with RNAseq data, I 

investigated a number of candidates, selected from the set of NAC domain TFs 
expressed in wood, and was able to filter them down by virtue of their 
phylogeny and expression profiles across Populus wood using a similar 
approach as established in Paper II.  

In this paper, I show that the plant hormone auxin represses the expression 
of secondary wall master switches on a transcriptional level, and also appears 
to negatively regulate the formation of secondary cell walls on the anatomical 
level.  

 
The promoter of PtrSND1-1 (Potri.011G153300) was selected as the main 

candidate, and through studying the expression patterns of a 1276 bp and 315 
bp fragment of the PtrSND1-1 promoter by promoter::GUS constructs in 
Arabidopsis, I found that it matches the expression pattern of the native 
promoter of the homologous AtSND1 gene (Fig. 2), though the expression 
pattern is slightly constrained. Most importantly: the expression is confined to 
fibre cells and differentiating parts of the cambium, in both stems and 
hypocotyls of Arabidopsis. I did not observe any expression of GUS in young 
differentiating vessels, though this may be difficult to score as vessels undergo 
rapid expansion followed by PCD. I observed the same GUS expression 
patterns when under the control of either of the isolated promoter fragments, 
indicating that the cis-elements necessary for direction of expression to fibre 
cells are present in the short fragment, and that the regulatory machinery 
appears to be conserved between the two species. 

 
Profiling the cis-elements present in the short promoter revealed a set of 8 

interesting elements, of which two in particular stood out; the ARFAT and 
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GAREAT elements, which are auxin and GA-responsive elements, 
respectively. The arrangement of these two elements was striking, as ARF-
binding elements commonly occur in tandem (Boer et al. 2014). However, this 
promoter fragment only contains a single copy, and the GAREAT element 
partially overlaps the region where the second ARFAT element is expected to 
localise. The exact consequence of this arrangement warrants further study, 
however, new information gleaned from Paper IV suggests that the GAREAT 
is very similar to the binding element of a class of transcription factors known 
as NUCLEAR FACTOR Y (NF-Y). My initial idea was that the arrangement of 
these elements could result in binding of a single ARF factor, or an inactive 
ARF heterodimer, thereby sterically hindering binding of a putative GA-
responsive factor. This is merely speculation and will need to be investigated in 
the future. Irrespective of this, the finding hinted at a signalling mechanism 
that integrates both auxin and GA signals may have evolved as a means to 
control the expression of PtrSND1-1. 

 
I therefore hypothesised that auxin and GA plays a direct regulatory role in 

the expression of this gene, and thus, I decided to investigate the effect of 
hormone treatment on the expression pattern of the short PtrSND1-1 promoter 
fragment, and how expression of SWNs would react to the same hormone 
treatment in native systems. I subjected pPtrSND1-1::GUS Arabidopsis 
transgenics, as well stem pieces of wild type Arabidopsis and tissue-cultured 
Populus to either auxin (NAA) or GA (GA3) for 4 hours, and also performed a 
long-term treatment of green-house grown Populus plants. I found that short 
term GA treatment of Arabidopsis inflorescence stems expands the GUS 
expression pattern to appear more like that of native pAtSND1 (Fig. 2), while 
NAA treatment appears to slightly restrict expression.  



 

 
Fig. 2. GUS signal from plants transformed with β-glucuronidase (GUS) under the control of a 
315bp promoter fragment of PttSND1-1. A, B. GUS signal in the hypocotyl of 30 day-old 
Arabidopsis. Signal is visible in cells directly adjacent to, and inside fibre cells undergoing SCW 
deposition (Arrow), but not in vessel cells (*). C, D. GUS signal in the inflorescence stems of 30-
day old Arabidopsis. Signal is visible in cambial cells close to interfascicular (IF) fibres (Arrow), 
as well as in adjacent fibre cells undergoing SCW deposition. No signal is visible in vessel cells. 
E. Expression pattern of pAtSND1, untreated control. F. Expression pattern of 315bp pPtrSND1-
1 after 4h DMSO treatment. G. Expression pattern of 315bp pPtrSND1-1 after 4h GA treatment. 
H. Expression pattern of 315bp pPtrSND1-1 after 4h NAA treatment. 
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Quantification of gene expression in response to hormone treatments by 
qRTPCR showed that SND1 orthologues tend to be down-regulated by NAA 
in Populus, as is one of the studied NST1 homologues. GA treatment has a 
general inductive effect on all tested genes (Paper III, Fig. 5). The inductive 
effect of GA is also observed in Arabidopsis, however; I did not observe the 
same effect upon auxin-treatment. Whether this discrepancy is due to an actual 
difference in expression or to the fact that fibres constitute a much smaller part 
of the whole tissue sampled, leading to a dilution of mRNA abundance, is still 
unclear. Long term treatment of decapitated Populus stems showed that GA is 
able to rescue cell division and expansion to a greater extent than NAA (Fig. 
3), but leads to an initial deficiency in vessel formation, likely caused by the 
loss of apical auxin.  

Secondly, while GA supplementation lead to an almost wild type phenotype 
in the cell walls of fibres, NAA treated plants have significantly thinner cell 
walls (Fig. 3), which also appear less lignified than in the controls, or GA-
treated, plants. 
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Fig. 3. Effects of NAA or GA-treatment on Populus and Arabidopsis anatomy. A-D: Coloured 
vertical bars denote developmental zones Green=cambium, Yellow= non-lignified cell wall zone, 
Purple= secondary cell wall deposition and cell maturation. Red bar denotes transition zones 
where a temporary lack of apically supplied hormones, due to decapitation has led to late-wood 
like anatomy. E. Widths of developmental zones under NAA or GA treatment. Changes in 
developmental zone width (µm) and the effect of NAA or GA treatment in cambium (green), non-
lignified cell wall zone (yellow), secondary cell wall deposition/maturation zone (magenta). Stars 
denote significant difference versus zone width in intact controls (P>=0.05, N=5), bars denote 
standard error. F-I: Calcofluor white stained transverse sections of Arabidopsis inflorescence 
stems. F: Intact, G: Decapitated DMSO treated, H: Decapitated GA-treated, I: Decapitated NAA-
treated. J: Cell wall thickness in respective treatment. † denotes significant difference compared 
to intact control. * denotes significant difference compared to decapitated, DMSO-treated control. 

Though there is likely a great deal of interplay between the GA and auxin 
pathways in the tissues studied in Paper III which needs to be further clarified; 
it is clear that auxin appears to have an, if not repressive, then at least a 
delaying effect on SCW formation in the secondary xylem of Populus. I 
speculate that this is due to an evolutionary pressure for avoiding vessel 
expansion in a micro-environment where fibres are developing SCWs in 
parallel. Such a case would likely restrict the ability of vessels to expand, 
negatively impacting water transport capacity. A likely example of this can be 
seen in auxin insensitive plants, such as axr2-1 mutant lines, or indeed in over-
expressor of SND1 plants, which both form ectopic secondary cell walls and 
display severely dwarfed phenotypes. 

The somewhat inconsistent findings of hormone treatments in Populus and 
Arabidopsis encouraged me to investigate Populus plants with altered 
endogenous hormone transport or biosynthesis.  

A line over-expressing the auxin transport protein PIN-FORMED 5 (PIN5) 
was studied, as these plants sequester auxin inside the cells at the site of 
biosynthesis, leading to a lack of the hormone available for transport 
throughout the plant. These plants displayed ectopic formation of xylem and 
phloem fibres (Paper III, fig 6, D, F), along with severely stunted growth. This 
is possibly caused by a lower incidence of vessel differentiation that also fails 
to properly expand, likely due to restrictive surrounding cell walls. 

 
The effect of altered GA availability was studied in GA20ox over-expressor 

plants, producing more bioactive GA. In these plants, we found that there was 
a tendency for SWNs to be induced similar to the GA-treated Populus stems. 

 
The alteration of expression patterns in response to hormone treatment, 

prompted me to query the AspWood database (established in Paper II) to 
investigate if the direct co-expression neighbourhoods of the Populus 



 

secondary wall NAC master switches contain any genes related to auxin or 
GA-biosynthesis, signalling or reception. What I found was a diverse number 
of Aux/IAA transcriptional repressor-encoding genes (Paper III, fig 4), co-
expressed mainly with the various PtrVND homologues. The PtrVND 
homologues expressed closest to the cambium are also co-expressed with the 
GA transporter-encoding gene NPF3, which is involved in GA homeostasis in 
Arabidopsis. In contrast, VND genes proposed to be involved in vessel cell 
maturation and PCD co-express with a separate set of Aux/IAA genes, and a 
homologue of RGA. Homologues of SND1 and NST1 co-vary positively with 
the GA-receptor homolog GID1B, and with one Aux/IAA gene. 

Co-expression of a number of Aux/IAA genes with PtrSWNs hints at a 
regulatory machinery able to differentially sense auxin concentrations. The 
actuality of such a regulatory system still needs to be studied but it would 
provide an explanation for how plants are able to make use of previously 
described differential phytohormone concentrations across wood forming 
tissues (Immanen et al. 2016). It is possible that the specific Aux/IAA genes co-
expressed with VND orthologues in Populus have auxin affinities that allow 
them to repress expression of SND1 and NST1 orthologues. However, this is 
speculation and will have to be experimentally verified in the future. 

A closer look at the co-expression neighbourhoods of PtrSND1-1, 
PtrSND1-2, PtrSND2-2, PtrVND6-3 and PtrVND7-1 revealed that there is 
overlap within their phylogenetic clades, but not between them. The 
neighbourhood of higher order TFs, e.g. PtrSND1-1, are enriched in other TFs 
while the neighbourhoods of their downstream targets, e.g. PtrSND2-1, contain 
mainly cell wall biosynthetic genes (Paper III, Supplemental Figure 2). In 
conclusion, differentiation of secondary xylem is an incredibly complex 
developmental program, that is likely under the control of a signalling cascade 
and begins with the integrated sensing of GA and auxin, and is possibly able to 
distinguish different hormone concentrations (at least in the case of auxin). The 
presence of an elevated auxin concentration has been shown to promote 
differentiation, and development, of xylem vessels cells, but in this Paper I 
show that auxin also acts to delay the deposition and development of SCWs in 
non-vessel cells.   
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3.4 Class I KNOX transcription factors interact with the 
NF-Y complex to promote fibre differentiation in the 
hypocotyl 

 
This paper sought to elucidate the functional difference of class I KNOX 

TFs in secondary versus primary growth, as described by Liebsch et al. (2014). 
A suggested explanation is that differential sets of interaction partners are 
present in the two meristems. We investigated this by a yeast-2-hybrid screen. 
Utilising full-length STM and KNAT1 proteins, in contrast to previous Y2H 
screens, we identified 15 and 22 putative candidates for KNAT1 and STM 
respectively. Both bait-proteins interacted with a member of the NUCLEAR 
FACTOR-Y (NF-Y) protein family, specifically the C-subunit of NF-YC3 and 
NF-YC9. To ensure that the observed interactions were biologically relevant, a 
cDNA library constructed from several different tissues and organs at various 
stages of development, including both primary and secondary meristems was 
used.  

 
The NF-Y-complex (a trimer consisting of subunits A, B, and C) regulates 

gene expression in a wide range of processes (Zhao et al. 2017) depending on 
the subunit composition. Apical tissues only exhibit expression of NF-YC at 
the site of the incipient leaf and, thus, expression does not overlap with that of 
either KNAT1 or STM. On the contrary, observed overlap in secondary tissues 
of the hypocotyl supports the putative interaction between NF-YC and 
homeobox transcription factors. Such an interaction may play a part in 
regulating the differentiation of meristematic stem cells to xylem.  

Analysis of first order mutants of NF-YC genes yielded no striking 
phenotype, though the high level of redundancy expected in the NF-YC family 
may be an explanation for this. As fibre formation or plant architecture in these 
mutants was not affected, we instead chose to focus on studying mutants of 
other known interactors of NF-YC, such as DELLAs, REF6, CO, and BRM. 
We were able to show that a mutant of the latter, and a DELLA quintuple 
mutant stabilised DELLA, which displayed phenotypes similar to knat1 and 
stm mutants.  

DELLA interaction with NF-Y was of particular interest as it could act as a 
competitor for KNAT1 in the absence of GA. The ability of stabilised DELLA 
to phenocopy knat1 suggests direct connection of GA to the regulation of 
secondary xylem formation, which is further supported by evidence of knat1 
mutants being insensitive to GA (Ikematsu et al. 2016). Our replication 
confirmed this insensitivity in knat1 mutants, but also demonstrated that 
increased GA, either by exogenous application, or through over-expression of 



 

GA20ox, increased the ratio of xylem II / xylem I (Paper IV, Fig. 4). 
Additionally, a ga3ox double mutant displayed almost complete loss of fibres, 
solidifying the idea that GA directs fibre formation through KNAT1. 

 
Transcript quantification of GA biosynthesis genes in the knat1 mutant 

found a sharp decrease in GA20ox and GA3ox transcripts, while GA2ox2, 
involved in GA catabolism was over-expressed (Paper IV, Fig. 5). We 
confirmed this by investigation of a KNAT1-GR fusion construct under the 
control of the KNAT1 promoter in a knat1-null mutant background. Upon 
dexamethasone treatment we found that the transcription of GA20ox was 
significantly increased, while transcript levels of KNAT1 were significantly 
decreased, hinting at negative feedback regulation. While class I KNOX TFs 
are suggested to negatively regulate GA biosynthesis in the shoot apex, our 
findings support a model for the vascular cambium where GA acts upstream of 
KNAT1; resulting in positive feed forward regulation by activated expression 
of GA biosynthetic genes.  

 
In conclusion: in Paper IV we present an updated model for how KNAT1 

interacts with NF-YC in the presence of GA to repress transcription of BOP1, 
thereby promoting fibre differentiation in the secondary hypocotyl. As part of 
this model we describe a positive feedback regulation of this system by 
induction of GA biosynthetic genes. Our model suggests that the distinct 
meristematic function of KNAT1 and STM may be reliant on the presence or 
absence of NF-YC interaction partners for these proteins. 
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From my research, I established that auxin is a negative regulator of SCW 
formation in non-vessel cells (Paper III). I also observed that GA promotes 
fibre differentiation in the secondary hypocotyl of Arabidopsis (Paper IV), 
through the interaction Class I Homeobox TF KNAT1 with an NF-Y complex. 
Recently, I have also found that the binding site of NF-Y may be present in the 
promoter of secondary wall master regulator PtrSND1-1 (described in Paper 
III). These observations are in accord with each other, with the distinct 
expression domains of secondary wall master switches specific to vessels and 
fibres, described in Paper II, and the distribution of hormone concentration 
peaks published previously (Immanen et al. 2016). Together, this evidence 
paints a picture of the hormonal regulation of fibre differentiation and 
secondary cell wall formation in wood forming tissues. Namely; the presence 
of high auxin concentration in the cambial niche promotes differentiation of 
xylem vessels while at the same time repressing the SCW biosynthetic program 
in surrounding non-vessel cells. As auxin concentration decreases, this 
repression is lifted. It is unclear whether auxin has a repressive effect on 
KNAT1 and STM expression in the hypocotyl, though it has been described in 
leaf primordia (Hay et al. 2006) and, if present, would act in concert with the 
SCW repression, by repressing fibre differentiation. The shift in auxin:GA 
ratio allows for de-repression, and subsequent induction, of transcription of the 
SCW master switches in fibre (non-vessel) cells.  

Such a model would make sense from an evolutionary standpoint, as this 
control mechanism allows plants to form properly expanded vessels, thereby 
optimising water transport capacity per unit area of the trunk. This allows for 
the plant to instead focus its energy and resources towards lateral growth and 
defence against pathogens and pests.  

 
Though the exact regulatory mechanism controlling expression of 

PtrSND1-1 is still unknown, it is possible that transcriptional activation occurs 

4 Conclusions and future perspectives 



 

as a result of a KNAT1/NF-Y complex binding to this site. This is particularly 
notable in light of the recent finding that the ARFAT motif in the short 
promoter fragment isolated from pPtrSND1-1 overlaps with a partial NFYBE 
motif (data not shown) on the opposite strand,  

 
There are several lines of inquiry that I would suggest to further our 

knowledge of this field. Firstly;  
It would be very interesting to investigate whether or not the KNOX/NF-Y 

complex can bind to pPtrSND1-1 and, additionally, if such binding is affected 
by the presence of auxin. Though such an experiment may be difficult to 
perform in vivo, cell-free systems may make it possible. Similarly, mutagenesis 
of the GAREAT and ARFAT elements could be carried out, utilising novel 
CRISPR-based techniques, and the resulting phenotype studied. Such an 
experiment was initiated as part of this thesis, however; it was abandoned due 
to time constraints.  

Secondly, if either of these elements are found to result in a silencing of 
gene expression in the presence of auxin, I would suggest the creation of a 
synthetic promoter incorporating this element, or a corresponding element with 
the same functionality, in a strong promoter such as CAMV 35S. If functional, 
this could lead to a way around the problems with ubiquitous cell wall 
alteration described in previous research. 

 
Aside from the points discussed above, it would be very interesting to 

characterise the Aux/IAA proteins found to co-express with SWNs in Paper III. 
While this could initially be done by bioinformatic methods, functional 
characterisation of, for example, their individual auxin affinities would be 
crucial. This would allow us to better explain how plants sense and respond to 
varying auxin concentrations. The power of using large scale RNA-sequencing 
data is well described in Paper II. One key study for furthering our 
understanding of the influence of phytohormones on wood formation would be 
to investigate the expression of these genes across the lateral axis of the plant, 
i.e. to perform multiple RNA-sequencing series (such as the one in Paper II), 
but distributed across the vertical length of the plant. This would allow us to 
better discern the transition from primary to secondary growth, and the factors 
involved in subsequent maturation stages. Additionally, complementary 
measurements of the distribution of phytohormonal concentrations in the same 
samples would be highly informative. 

 
Continued study of the NF-Y and KNOX interaction is also essential. It 

would be interesting to mis-express the KNAT1 and STM interacting subunits 
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in the apical meristems, particularly the SAM. I hypothesise that this could 
lead to a phenocopy of stm and knat1, in which the meristematic cells 
differentiate, leading to a loss of the meristem and cessation of primary growth. 
Due to the potentially early-lethal phenotype of such transgenic plants, 
utilisation of our dexamethasone-inducible system (used in Paper IV) would be 
advantageous. 

 
A study of direct interactors of the SND and NST proteins would also be in 

order. I am not aware of any such data being publicly available, but it could 
point to new regulatory pathways directing wood formation. 

 
To conclude: Future investigations should be focused on defining and 

optimising applications of these findings towards novel scientific and industrial 
purposes. I believe the potential of genetically altered trees to benefit the 
environment, through carbon sequestration and improvement of industrial 
processes, is immense. Continued work to facilitate this is crucial, both of 
biotechnologies and the legal regulatory framework underpinning their use.  

The findings described in this thesis, and elsewhere in literature, imply that 
what is commonly known as “fibre cell fate” is not necessarily defined by 
internal lineage factors. It may rather be the “default state” of xylem cells, with 
vessel cells presenting a special, developmentally privileged, case. This would 
imply that previous strategies for altering wood characteristics by genetic 
engineering may need to be re-evaluated. The common notion of over-
expressing genes encoding gainful enzymes exclusively in fibres should be 
revised to focus on directing expression to non-vessel cells. Hopefully, the data 
presented in this thesis, particularly the implication of auxin as a repressive 
signal in SCW formation, will be of benefit to the future development of such a 
system.  
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Trees and their wood have played important roles in the history of our 
planet and species. Humans have used wood for a multitude of purposes from 
fuel to paper, biofuels, and lately; new bio-based materials.  

For most people, a tree is just a tree, but the structure and composition 
wood greatly affects its characteristics. Since these decide how well suited a 
tree is for a certain industrial process, it means that characteristics that are good 
for tree fitness in the wild are not necessarily optimal for industrial use. 

 
Starting in the 20th century, several large scale traditional breeding 

programmes for tree species were initiated, and have garnered some success, 
particularly in fast-growing, short rotation, species such as Eucalyptus. 
Research has shown that many of the interesting traits for industry are often 
complex and difficult to alter by traditional breeding methods. 
 

New biotechnology methods, particularly genetic engineering, could be 
applied to make specific changes to the genomes of trees. However, to ensure 
that these changes affect development at the correct time and place requires in 
depth knowledge of the normal control of gene expression during wood 
formation. 

 
In this thesis I present new knowledge about how the plant hormones auxin 

and gibberellin control the activity of factors directing the formation and 
development of fibre cells in wood.  
  

6 Popular science summary 



 

Träd och deras ved har spelat en viktig roll under både vår planets och arts 
historia. Vi människor har använt ved för en mängd ändamål, från bränsle för 
matlagning till papper, biobränslen och på senare tid: för framställning av nya 
biomaterial.  

 
För de flesta är ett träd bara ett träd, men uppbyggnad av ved och dess 

sammasättning påverkar dess egenskaper i grunden. Eftersom dessa har stor 
inverkan på hur väl trädet lämpar sig för varje användningsområde innebär det 
att egenskaper som är fördelaktiga för träd i det vilda inte alltid är optimala för 
industriella processer. 

 
Med början under 1900-talet startades flera storskaliga avelsprogram för 

skogsträd och dessa har nått stora framgångar, särskilt i snabbväxande arter 
som Eukalyptus. Forskning har dock visat att många av de egenskaper som 
industrin är intresserad av att påverka är komplexa och svåra att påverka med 
klassisk avel. 

 
Nya gentekniska metoder skulle kunna tillåta specifika modifieringar av 

träds gen-uppsättning, men för att vara säker på att dessa får effekt på rätt tid 
och plats i växten krävs en god förståelse för när och var ved-specifika gener 
normalt är aktiva.  

 
I den här avhandlingen lägger jag fram ny kunskap kring hur 

växthormonerna auxin och gibberellin reglerar aktiviteten hos faktorer som styr 
utvecklingen av fiberceller i ved. 
  

7 Populärvetenskaplig sammanfattning 
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