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Keep interested in your own career, however humble; 
it is a real possession in the changing fortunes of time. 
Exercise caution in your business affairs; 
for the world is full of trickery. 
But let this not blind you to what virtue there is; 
many persons strive for high ideals; 
and everywhere life is full of heroism.  

Max Ehrmann, Desiderata 
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Abstract 

Leaves are essential for sustaining humanity as they function as the energy and 
oxygen-producing organ of plants. Intensive research on physiological processes 
has contributed immensely to our understanding of the function of leaves. 
However, comparatively little is known about how leaf size and shape is 
determined. The aim of my PhD was to assay leaf shape variation among 
individuals of Populus tremula (European aspen) sampled across the 
distribution range of Sweden to characterize the genetic architecture underlying 
variation, including elucidating contributing molecular mechanisms.  

In this PhD I employed an integrated systems genetics and systems biology 
approach to identify genetic components of variation and to assign biological 
function to these. We integrated population-wide data on leaf shape, gene 
expression and genome variation from a collection of P. tremula genotypes and 
used this to perform genome-wide association studies. We then integrated these 
results with a systems biology transcriptomics study of leaf development to 
provide developmental and biological context. We demonstrate that our 
developmental gene expression series captured known homologs of functionally 
characterized Arabidopsis thaliana genes and biological processes of 
importance during leaf development. In addition to these known genes of high 
importance, we also identified many novel candidate genes. Our systems 
genetics approach identified numerous genes with a potential role in leaf 
development that was supported by the developmental time series. From our 
association studies and population analyses we have shown that there are no 
large-effect loci contributing to variation in leaf shape and that highly ranked 
loci associated with leaf shape are primarily located in the regulatory regions of 
genes. Furthermore, we identified loci controlling variation in gene expression 
and sets of genes with significant differential expression between groups of 
genotypes with highly contrasting leaf shapes. We show that genes with 
significant associations influencing expression among genotypes are enriched in 
the periphery of the corresponding gene co-expression network and that they 
experience relaxed selective constraint. Taken together, these results suggest 
that leaf shape is a highly complex trait controlled by a large number of loci, 
each contributing only a small effect, that those loci likely act via modulation of 
gene expression and that they do not show signals of adaptive selection. In 
addition, we adapted and optimized the method of spatial transcriptomics for 
use in plant species. This method provides a transcriptome-wide in situ, 
spatially-resolved assay of transcript expression at high spatial resolution. 

Keywords: Populus, Arabidopsis, systems biology, systems genetics, spatial 
transcriptomics (ST), single nucleotide polymorphism (SNP), Genome wide 
associations study (GWAS), expression GWAS (eGWAS)  



 

iv 

Sammanfattning  

Blad är viktiga för att upprätthålla liv på jorden då de fungerar som de syre- och 
energiproducerande organen hos växter. Intensiv forskning kring fysiologiska 
processer har varit en stor bidragande orsak till vår förståelse av bladens 
funktion, men trots detta saknar vi förståelse för hur bladens storlek och form 
styrs. Målet med denna avhandling är att kartlägga variation av bladform i asp 
Populus tremula från hela dess svenska utbredningsområde för att 
karakterisera den genetiska arkitekturen som ligger bakom denna variation. 

I denna avhandling tillämpar jag ett systemgenetiskt och systembiologiskt 
tillvägagångssätt för att identifiera de genetiska komponenter som ligger bakom 
variation av bladform, och jag sätter också dessa i ett biologiskt sammanhang. 
Vi samlade bladformsdata, genuttrycksdata och data på genetisk variation från 
en population av asp. Dessa data kombinerades med genuttrycksdata från en 
studie av bladutveckling med syftet att sätta vårt populationsdata i ett 
utvecklingsmässigt sammanhang. Vi demonstrerar att bladutvecklingsserien 
fångade upp gener från backtrav Arabidopsis thaliana med känd funktion inom 
bladutveckling, men också ett stort antal kandidatgener med en potentiell roll i 
bladutveckling. Vårt systemgenetiska tillvägagångssätt identifierade ett stort 
antal gener i vårt populationsdata med koppling till bladutveckling som även 
stöds av resultaten från bladutvecklingsserien. Från våra associationsstudier 
och populationsanalyser har vi visat att det inte finns några områden i genomet 
har en stor enskild effekt på variation av bladform. Majoriteten av de loci med 
störst effekt ligger i regioner som främst förknippas med reglering av 
genuttryck. Vi identifierade också loci som kontrollerar variation i genuttryck 
genom att associera genetisk variation med genuttryck, samt gener differentiellt 
uttryckta för kontrasterande bladformer. Vi visar att gener som influeras starkt 
av enstaka loci också befinner sig i utkanten av co-uttrycksnätverket och att de 
upplever ett minskat selektionstryck. Sammantaget visar dessa resultat på att 
bladform är en komplex egenskap som kontrolleras av ett stort antal loci som 
var och en bidrar med en liten effekt. Troligen agerar dessa loci indirekt på 
bladform genom att modulera uttrycket av gener som i sin tur bidrar till 
variation av bladform. Utöver dessa resultat tillämpade och optimerade spatial 
transkriptomik i växtarter. Denna metod tillåter rumsbestämd analys av 
transkriptuttryck med hög upplösning in situ. 
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Introduction  

Overview 
Leaves are the powerhouses of most food chains and, as such, are the main 
energy source that sustains humankind. In the past, intensive research on 
biochemical and physiological processes (e.g. photosynthesis, respiration or 
nutrient allocation) has contributed immensely to our understanding of the 
function and importance of leaves as the energy source-producing organ of 
plants (Oguchi et al., 2018). However, still relatively little is known about how 
leaf size and shape, i.e. leaf physiognomy, is determined and how those 
parameters contribute to the physiological function of leaves (Sluis & Hake, 
2015).  

The final size and shape of leaves results from a combination of factors 
(Gonzalez et al., 2012). Leaf size is defined at its most basic level by the leaf 
length and width and may range from a few millimetres, as in the case of Azolla 
filiculoides Lam., to several meters, as for Raphia regalis Becc. (Armstrong 
W.P., 2014). Leaf shape, often most basically defined as the ratio between leaf 
length and width, can be characterised by parameters such as leaf circularity 
and leaf margin shape (e.g. smooth, toothed or lobulated). In botanical books 
(e.g. (Lawrence, 2017) more than 60 terms exist for describing the various 
shapes of leaves, indicating the extensive diversity of leaf shape. This variation 
in shape often appears obvious to us when looking at different species in a park, 
forest or any plant community. In contrast, we often pay less attention to the 
variation in leaves among individuals within the same species.  

Little is known about how natural variation in leaf shape is achieved and how 
this relates to the developmental program. Therefore, the overall aim of my PhD 
studies was to describe leaf shape variation in Populus tremula (European 
aspen) and to identify the underlying genetic and molecular mechanisms 
controlling this variation. 

The genus Populus, which includes cottonwood (Populus trichocarpa), balsam 
poplar (P. balsamifera) and aspens (e.g. P. tremula and P. tremuloides) 
represents an important model system for tree genetics, genomics and 
physiological studies: P. trichocarpa was the first tree to have its genome 
sequenced (Tuskan & Torr, 2006), which opened an era of genomic studies. 
Populus spp. show high genetic variability making them ideal for population 
genetics and association mapping studies with the aim to uncover the causal 
relationship between genetic variation and local adaptation of phenotypic 
characteristics (traits) (Lin et al., 2018). In addition, Populus is easy and 
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relatively fast to propagate in the field, greenhouse and in-vitro and is readily 
transformed (Jansson & Douglas, 2007). 

Within this PhD, I studied development of and variation in leaf shape in P. 
tremula (aspen). On an individual tree, aspens produce two distinctly different 
types of leaves: (I) terminal leaves grown on young, extending shoots or suckers 
and (II) pre-formed leaves grown on non-extending branches (short shoots), a 
phenomenon called heterophylly (Curtis John & Lersten N, 1978). These 
characteristics make aspen an excellent model system to study leaf development 
and leaf shape and to identify genes involved in determining leaf physiognomy 
(size and shape) parameters. There is also extensive, heritable variation in leaf 
shape among individuals (Bylesjö et al., 2008). 

Previous research, largely conducted using Arabidopsis (Arabidopsis thaliana 
L. Henyh.), on the genetic determination of leaf shape development and leaf size 
identified a number of key genes controlling leaf shape development, including 
ANGUSTIFOLIA (AN), ROTUNDIFOLIA (ROT) and ERECTA (ER), mutants of 
which have altered leaf width and length (Narita et al., 2004; Lee et al., 2009; 
Tsukaya, 2014). These genes affect pattern formation at the shoot apical 
meristem (SAM) or promote the rate of leaf primordia initiation and leaf 
expansion, most likely acting as part of a tightly coordinated regulatory 
mechanism that involves hormones, transcription factors and effector genes 
(Kessler & Sinha, 2004; Tsukaya, 2005; Byrne, 2012). However, this past 
research was conducted on maize (Zea maize L.), snapdragon (Antirrhinum 
majus L.) - species that do not show heterophylly in leaf shape. In addition, 
studies using a variety of Arabidopsis ecotypes with contrasting leaf 
characteristics could not reveal whether genes controlling leaf physiognomy are 
as well associated to natural variation in leaf shape within the same species. 
There is an advantage in using heterophylly in contrast to e.g. the variation 
between different ecotypes. Heterophylly is a result derived from the same 
genomic information i.e. it comes from the same individual and therefore the 
difference observed results only in regulatory and transcriptional variation.  

A number of studies have determined that variation in many phenotypic traits 
within populations is under strong genetic control, with a complex underlying 
genetic architecture (Pérez-Pérez et al., 2002; Hake, 2003; Frary et al., 2004). 
Complex traits form a continuous variation (with a normal distribution) rather 
than having discrete phenotypes (such as flower color or wrinkled seeds). A 
defining feature of any normally distributed trait is that numerous genes each 
contribute small influences on trait variation; i.e. it is a complex trait. So far, 
identification of causal physical loci in the genome contributing to natural 
variation of complex traits remains challenging since (I) the biological function 
of many loci in coding or non-coding regions is unknown, (II) the detection of 



 

 

an association is often hindered by a large number of loci, each contributing 
only a little to the overall expression of the trait and (III) knowledge acquired 
may not be universally valid across species boundaries due to their unique 
evolutionary histories. For these reasons, we undertook a systems genetics 
approach that integrated population-wide information on leaf shape, genetic 
polymorphisms and gene expression together with systems biology profiling of 
the leaf development transcriptome from a single individual (Fig. 1). We then 
used the systems biology analysis to provide developmental context to genes 
identified from the population study. 

This study was based on publicly available information on the genomes of P. 
tremula (Lin et al., 2018) as well as a collection of P. tremula individuals 
comprising the Swedish Aspen (SwAsp) collection (Luquez et al., 2007). By 
utilizing the occurrence of heterophylly, I showed that some leaf shape traits are 
more heritable than size and that there was extensive, heritable variation in leaf 
shape in the SwAsp collection (PAPER I). Morphological and transcriptional 
analyses were used to establish a developmental timeline for molecular 
processes involved in leaf development of contrasting leaf forms in the single P. 
tremula reference individual (PAPER I). Subsequently, a systems genetics 
approach was applied where information derived from gene expression profiling 
using RNA-sequencing (RNA-Seq) data of the SwAsp collection at one distinct 
time point in leaf development (juvenile pre-formed) was integrated to identify 
genes contributing to leaf shape variation within the SwAsp population 
(PAPER I). In addition, this RNA-Seq data was used to establish that many 
genes have significant heritability for transcript abundance variation among 
genotypes and to perform association mapping to identify expression 
quantitative trait loci (eQTL; PAPER II). 

Within the frame of this study, a method called Spatial Transcriptomics (ST) 
was adapted and tested for its applicability for analysis of leaf shape 
development of developing and dormant pre-formed aspen leaves enclosed 
within buds (Giacomello et al., 2017). The method was further validated against 
gold-standard data on flower development in Arabidopsis and application 
demonstrated in Norway spruce. ST enables capturing transcriptome-wide 
transcript expression from snap-frozen tissue cross-sections while preserving 
morphological tissue context. As such, ST represents a powerful method to 
generate high throughput, spatially resolved gene expression profiles. 

Within this thesis I demonstrate how studies using morphological methods can 
be combined with genomic resources to address questions about complex 
biological systems. 
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Figure 1. Overview of the approaches integrated within this thesis. The thesis combines systems 
biology (the vertical box), systems genetics (the horizontal box at the bottom) and population 
genetics (the horizontal box at the top). Systems biology is investigating genetic and 
morphological aspects in leaf development of a single individual of Populus tremula. It includes 
gene expression studies, gene co-expression network and morphological studies. Using systems 
genetics allows investigation of gene expression profiles from several individuals of the SwAsp 
collection to characterize the genetic architecture of leaf shape variation. In combination with 
systems biology and systems genetics, population genetics was used to perform Genome Wide 
Associations Studies (GWAS) to identify loci associated with leaf shape and gene expression 
variation. 
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Background 

Leaf Development 
Leaves are initiated as leaf primordia at the shoot apical meristem (SAM) in a 
complex process, with leaf primordium initiation being a well-studied stage in 
the process (Evert, 2006). Some leaf developmental processes are fixed among 
different plant species and involve tight and coordinated regulation of 
transcription factors, micro RNAs (miRNAs) and hormones. Despite these fixed 
components of the leaf developmental program, final leaf shape and size are 
highly variable in response to internal and environmental factors in addition to 
the presence of great variation among species (Tsukaya, 2005; Bar & Ori, 2014).  

Leaf primordium initiation 
During vegetative growth, leaves originate as leaf primordia in a sequential 
pattern at the flank of the SAM. The SAM is a well-organized structure divided 
into two functional zones: the inner central zone (CZ) and the peripheral zone 
(PZ) (Medford, 1992). The inner CZ consists of a pool of slowly dividing; 
undifferentiated meristematic cells while cells within the PZ give rise to future 
leaf primordia (Laufs et al., 1998; Barton, 2010). In each zone, sets of expressed 
genes have been shown to be important in defining and maintaining the 
function of the two zones (e.g. (Steeves & Sussex, 1989); (Medford, 1992; 
Kerstetter & Hake, 1997; Clark & Schiefelbein, 1997). The undifferentiated state 
and meristematic homeostasis at the SAM is maintained through the well-
characterized genes CLAVATA3 (CLV3) and WUSCHEL (WUS) that form a 
feedback loop (Schoof et al., 2000). CLV3 is expressed in the CZ and represses 
WUS, while WUS positively regulates CLV3. 

Arabidopsis mutants affected in CLV3 expression show an increase in WUS 
expression and a consequently enlarged meristem (Schoof et al., 2000). Once a 
leaf primordium has been initiated, it follows a determinate developmental 
program from a juvenile, undifferentiated primordium to a mature and 
differentiated leaf (Sluis & Hake, 2015). Studies on Arabidopsis, snapdragon 
and maize revealed some understanding of the molecular genetic network and 
hormonal regulation specifying leaf organogenesis (Tsukaya, 1998; Byrne et al., 
2000; Byrne, 2006; Efroni et al., 2010; Bar & Ori, 2014; Rodriguez et al., 2014). 
A simplified view of this complex network is shown in (Fig. 2). 
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Figure 2. Simplified view over leaf primordia intation at the shoot apical meristem (SAM). Dark 
grey zones represnts the peripherial zone (PZ) of the SAM, light grey areas represent the central 
zone (CZ). CLV3 = CLAVATA3, which is expressed in the CZ. CLV3 negatively regulates the 
WUSHEL (WUS) gene, while WUS positively regulates CLV3, forming a feedback loop that is 
essential for SAM maintenance. The hormones Cytokinin (CK) and Gibberellic acid (GA) are in 
balance within the SAM.  

Hormones involved in leaf primordia initiation  
Plant hormones play a role during plant growth, differentiation and 
development and in many physiological processes such as during respiration 
(Davies, 2010). Among plant hormones cytokinin (CK), gibberellic acid (GA), 
abscisic acid (ABA) and auxin are all involved in the control of leaf development, 
with auxin being perhaps the central regulator during all stages of plant and 
organ growth (Benková et al., 2003; Pinon et al., 2012; Sluis & Hake, 2015). 
Leaf primordia initiation can be divided into a number of defined stages, each 
with characteristic molecular and hormonal events. The first stage of leaf 
primordia initiation is associated with local auxin concentration maxima that 
establish where the primordia will form. The local auxin concentration maxima 
are the outcome of polar distribution of the PINFORMED1 (PIN1) auxin efflux 
transporter (Benková et al., 2003). Leaf primordia initiate as a group of 
undifferentiated cells (called founder cells) expressing a set of genes that induce 
molecular and cell structural changes such as changes in cell division and 
expansion orientation (Raven et al., 2005), alteration in cell wall structure 
(Peaucelle et al., 2011) and microtubule orientation (Hamant et al., 2008). In 
addition to molecular factors, mechanical properties also play an important role 
in leaf primordia initiation. These mechanical properties include the geometry 
of the SAM, cell wall stiffness and stiffness variability between cells at the CZ 
and the PZ (Milani et al., 2011) as well as the establishment of a boundary 
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region between the CZ, the PZ and the site of leaf primordia initiation (Hay & 
Tsiantis, 2010; Bar & Ori, 2014). In the second stage of leaf primordia initiation 
Class I KNOTTED-LIKE HOMEOBOX (KNOX) genes are repressed in the 
founder cells, which is crucial for lateral organ initiation. The KNOX genes are 
homeodomain transcription factors that are important regulators of the 
function of the SAM including hormone homeostasis. KNOX genes include 
KNOTTED1, (KN1), which was identified in maize (Vollbrecht et al., 1991), and 
related Arabidopsis genes such as SHOOT MERISTEMLESS (STM), 
BREVIPEDICELLUS (BP) and KN1-like KNAT2 and KNAT6 (Vollbrecht et al., 
2000). KNOX genes have been reported to promote the indeterminate state of 
cell pluripotency within the CZ of the SAM by maintaining a pluripotent cell 
population when KNOX is expressed (Long et al., 1996; Byrne et al., 2000; Ori 
et al., 2000). At the same time KNOX transcription factors regulate and 
modulate the abundance of CK and gibberellic acid (GA), keeping them in 
balance. Cytokinin promotes cell division while GA promotes cell elongation 
and differentiation (Hay et al., 2002; Hay & Tsiantis, 2010). The indeterminate 
state of the CZ requires a high CK to low GA ratio, which in turn is important for 
KNOX function to prevent cell differentiation, thus maintaining a pluripotent 
cell fate (Hay & Tsiantis, 2010; Moon & Hake, 2011). To date, several molecular 
pathways that act as negative regulators of the KNOX genes have been identified 
based on phenotypic mutants, however little is known as to which KNOX 
repressive pathways contribute to cell-fate decision at the SAM and which to 
organ growth regulation (Kalve et al., 2014). The above mentioned local auxin 
maxima in the flank of the PZ leads to repression of the KNOX genes via efflux 
transporters (Reinhardt et al., 2003; Benková et al., 2003), however another 
possibility of KNOX gene repression is via auxin signaling molecules, the ARFs - 
AUXIN RESPONSE FACTORs (Hay & Tsiantis, 2010). Ectopic KNOX 
expression causes defects in floral organs in the double mutants arf6arf8 due to 
ARFs repressing KNOX transcription (Tabata et al., 2010). Negative regulators 
of KNOX include ASYMMETRIC LEAVES1 (AS1), identified in Arabidopsis, 
ROUGH SHEATH2 (RS2), identified in maize, and PHANTASTICA (PHAN) in 
snapdragon, which are collectively called the ARP gene family (Chitwood & 
Sinha, 2016). The ARP genes encode MYB transcription factors and are required 
to repress KNOX expression during the later stages of leaf development (Byrne 
et al., 2000; Hay & Tsiantis, 2006). Other genes are also known to be involved 
in these later stages of leaf differentiation: For example proteins such as 
LATERAL ORGAN BOUNDARIES (LOB) and ASYMMETRIC LEAVES2 (AS2) 
are known to interact with AS1 to repress KNOX genes at the transcriptional 
level in the adaxial side of Arabidopsis leaves (Hay & Tsiantis, 2010). 

Once a leaf primordia initiation site has been established and the cells within 
the leaf primordium have acquired their initial leaf identity, an increase in cell 
proliferation rate in the newly formed leaf primordium stimulates its outgrowth 
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from the SAM (Cleland, 2001). Leaf primordia outgrowth depends on a signal 
originating in the SAM (SUSSEX, 1951). At the same time a boundary region 
between the newly formed leaf primordia and the SAM forms (Sluis & Hake, 
2015). Genes expressed at the boundary region between the leaf primordia site 
and the SAM regulate organ boundary specification and meristem formation. 
These genes include, for example, NO APICAL MERISTEM and CUP-SHAPE-
COTYLEDON (CUC), which are NAC family transcription factors (Hasson et al., 
2011). Mutants with defects in these genes result in organ initiation failure or 
organ fusions (Aida, 1997). After the initiated leaf primordium has formed a 
delineated boundary following leaf primordium outgrowth, morphogenesis and 
cell differentiation begin, giving rise to the basal leaf shape (Bar & Ori, 2014). 

Polarity establishment  
Once the initiation of leaf primordia is established and outgrowth from the SAM 
is initiated, the future leaf undergoes morphogenic processes to become a flat, 
structured leaf. This requires the establishment  of the adaxial - abaxial (upper - 
lower) and a longitudinal - lateral (leaf  length - leaf width) polarity (Tsukaya, 
2005; Moon & Hake, 2011). Leaf morphogenesis can be divided into two phases: 
primary morphogenesis, where the leaf lamina initiates, polar axes are 
established and the basic leaf shape and marginal structure are formed, and 
secondary morphogenesis, during which the leaf expands and the final mature 
shape is produced (Bar & Ori, 2014; Sluis & Hake, 2015). However, it is 
important to mention that the final leaf shape develops and is modified during 
the entire leaf developmental program.  

The establishment of the adaxial-abaxial polarity is essential for flat, two-
dimensional leaf lamina growth. During this process abaxial-adaxial 
determinants interact antagonistically (Fig. 3) (Yamaguchi et al., 2012; Sluis & 
Hake, 2015). Typically, the adaxial side of a leaf (upper, i.e. the sun-exposed, 
side) is composed of an epidermal layer with a protective cuticle below which 
are functional palisade mesophyll cells specialized in photosynthesis to 
maximize light capture (Yamaguchi et al., 2012). The abaxial side (the lower 
side) typically consists of an epidermal layer including stomata and beneath it a 
layer of spongy mesophyll cells. The abaxial surface is specialized for gas 
exchange (Tsukaya, 2005; Barkoulas et al., 2007; Yamaguchi et al., 2012). It 
was shown that adaxial/abaxial polarization is under genetic regulation by 
characterization of polarity mutants such as leafbladeless in maize 
(Timmermans et al., 1998) or phantastica in snapdragon (Waites R. & Hudson 
A., 1995).  

 



 

 

 
Figure 3 Establishment of adaxial-abaxial polarity. Simplified drawing showing the main genes 
acting antagonistically between the adaxial (AD) and abaxial (AB) side during adaxial-abaxial 
polarity establisment. KAN- KANADI and YAB YABBY are part of the HD-ZIP III gene family. 

A complex network of two main groups of genes together with miRNAs are 
involved in adaxial/abaxial polarization, characterized through polarity mutants 
(McConnell & Barton, 1998; Bowman et al., 2002; Laufs et al., 2004; Ezhova, 
2007; Chen, 2009; Sluis & Hake, 2015; Yang et al., 2018). The first group 
consists of Class III Homeodomain Leucine Zipper (HD-ZIP III) family genes 
including PHABULOSA (PHB), PHAVOLUTA (PHV), and REVOLUTA (REV), 
which establish and maintain cell differentiation on the adaxial side (Fig 3) 
(McConnell et al., 2001; Otsuga et al., 2008). For example, mutants lacking the 
protein HD-ZIPIII function display only the abaxial domain and the SAM fails 
to form (Moon & Hake, 2011). The second group consists of transcription factors 
from the regulatory gene families KANADA (KAN) and YABBY (YAB) that act 
on the abaxial side (Fig. 3) (Sawa et al., 1999; Eshed et al., 2004). Both classes 
of genes produce signals that suppress expression of the other in the relevant 
spatial domain. As a result, HD-ZIP III family genes and KAN and YAB interact 
in an antagonistic manner (McConnell et al., 2001; Eshed, 2004). Beyond 
antagonistically reacting with each other, YAB can be involved in pathways with 
other genes. For instance, YAB together with MYB genes (orthologs of 
PHAN/AS1) can repress KNOX genes suggesting that the cells in leaf primordia 
shift towards determination and polarization (Ezhova et al., 2007). Leaf polarity 
was reported to be affected in phan ortholog mutants in snapdragon (Waites R. 
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& Hudson A., 1995) or absence of PHAN activity in tobacco (McHale & Koning, 
2004) and Arabidopsis (Sun et al., 2002; Xu, 2003; Fu et al., 2007). 

The role of the miRNAs during polarity establishment 
MicroRNAs (miRNAs) - non-coding small RNA molecules - have been identified 
as key regulators of gene expression and function specifically involved in RNA 
silencing and post-transcriptional regulation of gene expression in a series of 
developmental processes including leaf adaxial-abaxial polarity specification 
(Liu et al., 2018). In Arabidopsis alone there are more than 200 known miRNA 
encoding genes with more than 10 miRNA families conserved in angiosperms 
(Chen, 2009). As transcriptional regulators, miRNAs target other genes in 
various developmental processes. For example, miRNA165/166 target members 
of the HD-ZIP III transcription factor family and therefore control not only 
meristem function but also negatively regulate adaxial polarity by targeting the 
adaxial-determinant HD-ZIP III transcription factors (Emery et al., 2003; 
Prigge et al., 2005; Prigge & Clark, 2006; Barton, 2010). Typically, 
miRNA165/166 need a complex containing an ARGONAUTE (AGO) protein to 
function (Rodriguez et al., 2016). In both Arabidopsis and maize, miR165/166 
miRNAs target HD-ZIP III transcription factors and act in the abaxial side of 
leaf primordia, thereby promoting abaxial identity (Rodriguez et al., 2014). 

Another miRNA is mir396 that targets for instance the GROWTH REGULATOR 
FACTOR (GRF) gene family that is essential for leaf growth and SAM size 
regulation by promoting cell division (Kim et al., 2002; Kalve et al., 2014). It 
has been reported that overexpressing mir369 in mutants deficient in GRF 
results in reduced SAM size (Rodriguez et al., 2010) and in Arabidopsis leaf 
polarity mutants as1 and as2, enhanced abaxial-adaxial polarity by reducing cell 
proliferation (Wang et al., 2011). On the other hand, mir396 and mir319 can be 
modulated by the growth regulator TCP family of transcription factors, which 
affects leaf morphogenesis (Palatnik et al., 2003; Rodriguez et al., 2010).  

Establishment of the leaf margin  
Leaf margin formation represents an additional level of complexity. The margin 
of a leaf can be entire, meaning smooth, without any margin patterns, or it can 
have marginal divisions defined as serrations (Tsukaya, 2006). Serration 
patterns and outgrowth of lobes is tightly connected to cells with short-lived 
marginal meristem-like properties. The short-lived meristem is activated along 
the adaxial/abaxial boundary and changes rod-shaped leaf primordia into 
elongated spatula-like primordia with a prolonged cell proliferation phase at the 
leaf margin (Donnelly et al., 1999a). Lobe outgrowth at the boundary region, 
and therefore further leaf diversity, is possible due to genes such as the NAC 



 

 

transcription factors NO APICAL MERISTEM and CUP-SHAPED COTYLEDON 
(CUC) and local auxin maxima (Souer et al., 1996; Aida et al., 1997; Vroemen et 
al., 2003).  

The CUC transcription factors are expressed at the boundary of leaves and 
regulate boundary specification along leaf margins when interacting with local 
auxin maxima (Fig. 4) (Nath et al., 2003; Aida & Tasaka, 2006; Žádníková & 
Simon, 2014). The boundary regulator CUC2 is also reported to repress KNOX 
genes in collaboration with mir164 (Hepworth & Pautot, 2015). A mutation in 
MIR164a leads to enhanced leaf serration, suggesting that miR164 mediates 
regulation through suppression of CUC1 and CUC2 to establish leaf boundaries 
(Baker et al., 2005; Nikovics et al., 2006). The TCP member CINCINATA (CIN) 
gene from Antirrhinum, LANCEOLATE (LA) of tomato and CIN-TCP of 
Arabidopsis are a class of transcription factors involved in the cell cycle arrest 
(Nath et al., 2003; Palatnik et al., 2003; Ori et al., 2007). Mutants affected in 
CIN gene expression display increased cell proliferation especially at the leaf 
margin and altered leaf size, suggesting that CIN is involved in cell cycling in the 
leaf blades (Crawford et al., 2004). Multiple downregulation of TCP genes 
results in decreased leaf size and crinkliness (Schommer et al., 2008). 

 
Figure 4 Simplified drawing of modifying leaf margin. Black dots on the leaf margin indicate 
marginal outgrows, where genetic interactions lead to formation of a lob/ serration patterns. 
PIN1 (red arrows) leads to formation of auxin maxima reinforcing feedback (blue arrows) on 
PIN1. CUC2 is required to produce auxin maxima via PIN1. Auxin represses CUC2 (black lines). 
CUC2 expression is restricted to regions between serrations pattern. CUC2 represses KNOX genes 
in collaboration with mir164. 
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Leaf expansion 
Further leaf blade growth involves coordinated cell proliferation and expansion, 
which occurs throughout the expanding leaf (Rodriguez et al., 2014). In 
dicotyledonous leaves, expansion occurs in both a polarized and non-polarized 
way. During non-polarized expansion, newly divided cells expand and divide in 
a controlled manner. At some point cells at the distal part of the leaf stop 
dividing and begin to expand. Thus, cells actively dividing become restricted 
only to the base of the leaf. Eventually cell division also ceases in the basal 
region and the entire leaf lamina grows further only via cell expansion 
(Rodriguez et al., 2014). There are several regulators playing important roles in 
the transition between cell division and expansion (Wilson, 1966; Donnelly et 
al., 1999b; Wang et al., 2000; Xiao et al., 2014) and it is known that auxin also 
plays an important role (Perrot-Rechenmann, 2010). Polarized expansion is 
under genetic control along the longitudinal (leaf length) and lateral (leaf width) 
axes and further involves polarized cell proliferation and cell expansion. General 
regulators of cell cycle genes and multiple regulations of meristematic activities 
regulate polarized expansion in leaf margin and parenchymatous cells (Tsuge et 
al., 1996; Tsukaya, 2005). Thus, leaf length and width are under tight genetic 
control and changes in leaf length:width lead to alteration in leaf shape. 

Polar cell proliferation  
Polar cell proliferation is under the control of well-characterized genes such as 
ANGUSTIFOLIA3 (AN3), known also as GIF1 (GRF INTERACTING FACTOR 1), 
in the lateral axis and ROTUNDIFOLIA4 (ROT4) in the longitudinal axis (Fig. 
5). ROTUNDIFOLIA4 (ROT4) is a small peptide that controls the number of 
cells along the longitudinal axis, as characterized in the Arabidopsis rot4-1D 
polar mutant (Narita et al., 2004). The stunted leaves of rot4-1D mutants 
contained fewer cells in the longitudinal direction without any defect in the cell 
size when compared to wild type (Narita et al., 2004). An interesting question 
here is whether the cell shape plays a role in leaf shape during the polarized cell 
proliferation as well and whether it contributes to overall leaf shape variation.  

In the lateral axis the transcription coactivator ANGUSTIFOLIA3 (AN3) 
specifically controls cell proliferation (Lee et al., 2009). The Arabidopsis AN3 
loss of function mutant (an3) displays narrow leaves and a decreased cell 
number along the lateral axis (Tsukaya & Beemster, 2006). AN3 is expressed in 
mesophyll cells and the AN3 protein moves into the epidermal layer where it 
promotes coordinated growth in both the epidermis and the mesophyll layers 
(Kawade et al., 2013). Variation in cell number or the distribution of cells in the 
leaf lamina causes variation in basic leaf shape, such as alterations to 
length:width (Tsukaya, 2002). On the other hand, overexpression of AN3 
results in increased leaf size and cell number (Lee et al., 2009). In addition, it 



 

 

has been reported that AN3 interacts with GRF5 (Horiguchi et al., 2005). 
Overexpression of GRF5 results in increased cell number due to prolonged 
growth while mutant grf5-1 displays narrow leaves with reduced cell number 
(Horiguchi et al., 2005).  

Polar cell expansion 
In common to polar cell proliferation, cell expansion is under genetic control 
along the longitudinal and lateral axes. In the longitudinal direction, polar cell 
expansion is under control of the ROTUNDIFOLIA3 (ROT3) gene (Tsuge et al., 
1996). In Arabidopsis, mutants in the ROT3 gene show defects in cell expansion 
in the leaf length direction more specifically, with ROT3 overexpression 
triggering longitudinal leaf elongation with elongated cells. ROT3 encodes a 
plant type cytochrome P450 (CYP90C1) and may be involved in steroid 
biosynthesis such as brassinosteroids (BRs) (Kim et al., 1998, 1999). The rot3-1 
mutant only affects cell size of a leaf, however cell number and size was affected 
in mutants impaired in Brs biosynthesis (Nakaya et al., 2002). Lateral polarity 
is under control of the well-characterized ANGUSTIFOLIA (AN) gene that 
regulates polar cell expansion in the lateral direction (Tsuge et al., 1996). 
Arabidopsis an mutants display narrow leaves with fewer, but evidently 
elongated cells, more precisely the palisade cells, in the lateral axis.  

 
Figure 5. Polar cell proliferation and polar cell elongation duing leaf development. Polar cell 
proliferation is under the control of ANGUSTIFOLIA3 (AN3) in the lateral axis and 
ROTUNDIFOLIA4 (ROT4) in the longitudinal axis. AN represents the ANGSTIFOLIA gene 
controlling cell elongation in the leaf width direction with the ROT3 (ROTUDNIFOLIA3) gene 
controlling cell elongation in the leaf length direction. 	
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Simultaneously, more elongated cells were detected along the adaxial-abaxial 
axis, however the total number of cells did not differ between wild-type (wt) and 
an mutants (Tsuge et al., 1996). 

Leaf lamina expansion is determined by an expansion of epidermal cells (Dale, 
1988). an mutants also showed effects on polarized cell expansion of epidermal 
cells and epidermal complexity (Tsuge et al., 1996). In addition, an mutants also 
had altered trichome morphology. This phenotype was similar to that of zwichel 
mutants, which have defects in the gene encoding kinesin, which is a 
microtubule motor protein possibly regulating orientation of cellulose 
microfibrils (Oppenheimer, D., 1995). Similarly, defects in polarity-specific cell 
elongation in AN possibly regulate the orientation of cellulose microfibrils 
(Tsuge et al., 1996). The AN gene encodes a homolog of the conserved animal 
carboxyl-terminal binding protein (CtBP), which is important in animal 
development. Therefore, AN function might be related to microtubule 
organization during cell morphogenesis (Kim et al., 2002). In addition to AN 
controlled cell polarity function during leaf expansion, newly identified AN 
knockout phenotypes, such as twisted petals or premature opening of flowers, 
suggest that AN functions as a transcriptional activator/regulator in the signal 
transduction cascade in many other developmental processes (Gachomo et al., 
2013).  

Microtubule orientation in expanding leaves 
Microtubules are part of the plant cytoskeleton - a complex intracellular 
network of protein filaments - that regulate cell division, expansion, 
morphology and that ultimately provides structural support to the entire plant 
(Baskin, 2001; Lloyd & Chan, 2004; Seagull, 2016; Luptovčiak et al., 2017). In 
higher plants, studies on microtubule organization and dynamic properties 
characterized the main player as the KATANIN protein - a microtubule-severing 
protein involved in microtubule arrangement, cell elongation and 
morphogenesis (Hamada, 2014) The Katanin-like protein (AtKTN1) in 
Arabidopsis is essential for normal organ morphology, in particular for cell wall 
biosynthesis, cell elongation and cell expansion (Burk et al., 2001; Burk & Ye, 
2002). It has been proposed that AtKTN1 (isolated from fragile fiber mutant; 
(Nakamura et al., 2012) is required for rapid microtubule disassembling during 
microtubule organization after cytokinesis. Delayed establishment of the 
cortical microtubule array in AtKTN1 mutants causes altered cell morphology 
ranging from reduction in fiber cell length and cell wall elongation to altered cell 
wall biosynthesis i.e. increased cell wall thickness and a consequent decrease in 
cellulose and hemicellulose content (Burk et al., 2001; Burk & Ye, 2002). 
Altered leaf shape in fra2 mutants (which have defective AtKTN1) show altered 
leaf palisade cells and leaf epidermal cell shapes. Moreover, fra2 mutants also 



 

 

show shorter leaves in the leaf length direction but not leaf width, suggesting 
leaf shape changes by altering length:width (Burk et al., 2001). 

Leaf shape as model system 
Taxonomic discrimination in the plant kingdom uses, among others, leaf 
morphological descriptions including physical forms comprising several 
parameters for leaf shape. A brief assessment of the plant flora on Earth reveals 
a tremendous diversity of leaf shapes between different angiosperms. However, 
there is also a subtler variation in leaf shape among individuals within a 
population of the same species. The extent to which this subtle variation in leaf 
shape is determined by genetic or environmental factors differs between species 
and has not yet been determined in the majority cases. Comparative studies on 
leaf shape between and within populations of the same species revealed that 
environmental cues, such as temperature or light perception, affected the 
expression of a specific morphological phenotype (Gurevitch, 1992; Klich, 2000; 
Kozuka et al., 2005; Ferjani et al., 2008), affecting physiological functions of 
the leaf (Nicotra et al., 2011). 

Even though it has been assumed that variation in leaf shape reflects natural 
selection operating on their physiological functions (e.g. heat dissipation, 
hydraulic constraints, light interception adaptation to avoid herbivory, response 
to abiotic conditions) a distinct functional or adaptive role of natural variation 
in leaf shape has not yet been described (Nicotra et al., 2011; Chitwood et al., 
2015a). In addition, underlying genetic factors causing the subtle leaf shape 
variation within plant populations of the same species remain to be explored. 

Leaf physiognomy and allometry 
Leaf shape and variation in leaf shape can be assessed and characterized based 
on two categories (Micol, 2009). The first category represents subjective leaf 
form parameters describing leaves as elongated, round, pointed, serrated or 
reticulated, however those qualitative parameters often remain imprecise. The 
second category is based on basic quantitative parameters such as length, width, 
area or serration traits. Those informative parameters allow reconstruction of 
the measured leaf shape and size using computer-based tools such as 
LeafAnalyser or LAMINA (Weight et al., 2008; Bylesjö et al., 2008). For 
example, differences in variation in leaf shape and size between two large 
mutant collections were quantitively captured using LeafAnalyser followed by a 
Principle Component Analysis (PCA) to quantitatively analyze differences in leaf 
shape variation (Bensmihen et al., 2010). For a variety of species, such 
parameters formed the basis for further studies of underlying genetic 
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mechanisms controlling leaf shape variation, such as transcriptomics, 
Quantitative Trait Loci (QTL) mapping or systems biology studies. 

Leaf shape - a complex trait 
When studying how complex traits are genetically regulated, two opposing 
models can be assumed: the polygenic model and the oligogenic model. The 
polygenic model describes the regulation of the expression of a trait by many 
genes, each with small effects on the phenotype. In contrast, the oligogenic 
model assumes a trait being controlled by only few genes, each with relatively 
large effect and therefore with discrete, distinct phenotype classes.  

Within our study population (see below), leaf shape is a complex, polygenic trait 
that is highly heritable. This is in common with reports for several species 
including snapdragon (Langlade et al., 2005), maize (Zea mays, (Tian et al., 
2011) and grape (Vitis vinifera, (Chitwood et al., 2014). Several studies have 
used QTL-mapping to identify genetic loci controlling the heritable shape 
variation in a variety of plant species including Arabidopsis, grape, maize, 
snapdragon and tomato (Frary et al., 2004; Weight et al., 2008; Tian et al., 
2011; Chitwood et al., 2015b). For example, identified QTLs in maize were 
associated with leaf traits including leaf length and width and explained around 
80% of the phenotypic variation and genetic variance. Small effect alleles 
underlie all QTLs for leaf shape traits (Tian et al., 2011).  

QTL mapping has also been applied to tree species with the aim to understand 
how tree-related traits are genetically controlled. Those traits were 
commercially generic complex traits (e.g. stem diameter or stem growth) and 
different leaf traits, including width:length (Bradshaw & Stettler, 1995; Wu et 
al., 1997). While stem growth associated to only a few QTLs (Wu et al., 1997), 
several QTLs could be associated with leaf morphology traits including leaf area 
and leaf shape (Wu et al., 1997). A more recent study identified the ADP-
ribosylation factor (ARF GDPase) as a candidate gene involved in the regulation 
in leaf shape variation (Drost et al., 2015). These results support the idea of a 
polygenic mechanism underlying the control of the expression of complex traits 
such as leaf shape. They also indicate that the development of a phenotypic trait 
is extremely complex involving many different genes, regulatory networks and 
biochemical pathways. To further decipher and characterize those interactions 
requires the combination of different types of information and data sets using 
approaches such as systems biology and genetics. For example, in a study 
combining information from promoter regions and gene expression profiles of 
leaf-specific genes, a systems biology model was used to identify regulatory 
transcription factors and their co-regulators in a co-expression network (Street 
et al., 2011) and in hybrid aspen (P. tremula x P. tremuloides ‘T89’) a set of 



 

 

candidate genes could be identified representing transcription factors, co-
expression network modules and regulators associated with leaf development in 
Populus spp. (Street et al., 2008). 

Leaf development in aspen 
A single P. tremula tree produces heterophyllus leaves of contrasting shapes: 
the so-called terminal and pre-formed leaves. Terminal leaves emerge from the 
SAM of young aspen shoots. They are typically elongated and heart shaped. In 
contrast, pre-formed leaves arise from meristematic tissues inside a protective 
bud, where they overwinter in a developmentally arrested state. In the spring 
the buds ‘flush’ and the leaves emerge and expand rapidly. Pre-formed leaves 
typically are circular, smaller and represent the classical quaking leaves on 
flattened petioles that define the quaking and trembling aspens (Fig. 1, 
PAPER I). 

Terminal leaves initiate as leaf primordia at the SAM of a young, extending 
aspen shoot. Young shoots can be products of sexual reproduction from seeds, 
but they may also derive from asexual, clonal replication, where new shoots 
regenerate from dormant meristems along the root, a process called suckering 
(Mitton & Grant, 1996). During suckering an individual tree grows lateral roots, 
which, under certain conditions, give rise to an individual shoot - a clone 
(Mitton & Grant, 1996). Each clone continuously produces terminal leaves at 
regular intervals during the first active growing season as long as it is actively 
extending (Stettler et al., 1996). 

Pre-formed leaves develop inside a protective bud at side branches/shoots 
where they undergo dormancy and are released in the subsequent growing 
season (Fig. 6). Typically for northern Sweden, pre-formed leaves are produced 
as embryonic leaves from early June until mid-July. Newly formed embryonic 
leaves are developmentally arrested to overwinter inside the bud. During the 
subsequent growing season, embryonic leaves flush, rapidly expand and mature. 
Simultaneously to bud flush, the new protective bud with embryonic leaves 
inside will form (Stettler et al., 1996).  
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Figure 6. Pre-formed leaves of Populus tremula inside a protective bud. The bud was collected in 
February while the leaves unergo dormancy.	

Shoots producing one bud per growing season are called short shoots as they 
stop growth after bud flush (Wilson, 2000). In contrast, so-called long shoots 
continue growth after bud flush. At the same time a series of terminal-like 
leaves, called neo-formed leaves, are initiated until a new bud enclosing 
embryonic pre-formed leaves is formed at the end of the growing season (Curtis 
John & Lersten N, 1978). Leaves along such an extending shoot will transition in 
form, with this process referred to as heteroblasty. 

The Swedish Aspen (SwAsp) collection  
Phenotypic traits vary between individuals within a population. Any natural 
phenotypic variation can result from genetic or environmental factors or a 
combination of both. Studies on the underlying mechanisms controlling natural 
phenotypic variation require therefore a population characterized by (a) a high 
level of genetic variation, to account for genetic factors; and (b) an adequate 
geographical distribution, to investigate the impact of a natural variation of 
environmental factors. 

High levels of genetic variation are often associated with dioecious, especially 
wind pollinated species, such as Populus species (Cronk, 2005). Indeed, 
sequencing and physical map construction of a single heterozygous individual P. 
trichocarpa revealed high haplotype diversity (Kelleher et al., 2007), which is 
even more prevalent in aspen (Wang et al., 2016). Therefore, Populus spp. 
represent excellent model systems to study the genetics of natural phenotypic 
variation.  

With the aim to profile the environment-related natural variation present in 
aspen (P. tremula) and to enable genetics, genomics and physiological studies, 
the Swedish Aspen (SwAsp) collection was established (Luquez et al., 2007). 



 

 

Within Sweden, aspen naturally grows in diverse environments at different 
altitudes along the longitudinal cline spanning almost the entire length of the 
country. The SwAsp collection comprises 116 genotypes collected from 12 
locations. All 116 genotypes of the collection have been clonally propagated and 
cultured in two divergent climates zones in the north (64°N) and south (56°N) 
of Sweden (Luquez et al., 2007). Profiling of the leaf shape characteristics 
revealed that within the SwAsp-collection, there is extensive heritable variation 
among the different genotypes (Bylesjö et al., 2008). 

Genomics resources  
The discovery of the double helix Deoxyribonucleic Acid (DNA) structure in the 
early 1950’s composed of four bases (A, T, C, G) induced an interest to 
understand the complexity and diversity of the complete set of DNA – the 
genome of an organism (Watson & Crick, 1953). It took approximately 40 years 
until Sanger and colleagues developed a method to actually determine the exact 
sequence of a given DNA molecule- called Sanger sequencing, or 1st generation 
sequencing. In the past decade more innovative and advanced technologies - 
called 2nd generation sequencing or next generation sequencing (NGS) - 
improved the sequencing performance. The new technologies offer high-
throughput sequencing while at the same time being fast, inexpensive and 
requiring little starting material compared to Sanger sequencing (Shendure et 
al., 2011; Goodwin et al., 2016; Kchouk et al., 2017). 

Every living organism possesses a genome encoding the set of information units 
(genes) that serve as the instructions to form a functioning organism. The 
challenge is to answer the open question of how the gene collection results in a 
functioning organism and variation among individuals, using holistic 
approaches such as systems biology (Kitano, 2002a). Systems biology analyses 
the interactions between the components of biological systems and aims to 
elucidate how these interactions result in a functioning organism (Ideker et al., 
2001; Parikshak et al., 2015). 

Since NGS technologies appeared more than a decade ago, the progress in the 
development of new techniques in genome sequencing and subsequently 
processing and analyzing the generated sequencing data boosted the field of 
genomics as well as the scale and throughput of data generation (Metzker, 
2010). Genomics focuses on determining, characterizing and quantifying the 
entire set of genes, i.e the genome, of an organism using different sequencing 
and assembly methods. In addition, functional genomics aims to determine the 
functions of yet to be annotated genes and other genomic regions and elements 
that regulate genes throughout the genome and to explore interaction between 
DNA, proteins and the environment. Genomics allows investigating genome 
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function, structure, or even genome evolution. In combination with genetics 
tools it is possible to find variations in the DNA sequence among individuals 
(Depristo et al., 2011). This can, for example, be applied in human medicine to 
develop and apply genome-based strategies for the early detection, diagnosis, 
and treatment of disease (Albert & Kruglyak, 2015). Another approach is the 
comparison between species to study e.g. evolutionary processes. 

Sanger sequencing - first generation sequencing  
The aim to determine what is the nucleotide sequence in a DNA molecule of 
interest and the technology connected to it has a rich and long history (Heather 
& Chain, 2016). However, Sanger’s biochemistry in the sequencing methodology 
marked the first generation sequencing (Ruddy & Partridge, 2009). Sanger 
sequencing, also called the chain termination method, determines the 
nucleotide sequence in a given DNA molecule by making use of inhibitors to 
terminate the newly synthesized chains at specific residues. The classical chain-
termination method requires a single stranded DNA template, DNA primer, 
DNA polymerase and nucleotides. Sanger sequencing uses normal dNTPs for 
DNA replication and modified dNTPs the di-deoxynucleotide triphosphate 
(ddNTP) as specific inhibitors terminating the DNA chain reaction to enable 
visualization of terminated fragments. The concentration of the ddNTP is 
approximately 100-fold lower compared to normal dNTPs so that enough 
extending fragments are produced to enable sequence determination of the 
whole DNA fragment (Ruddy & Partridge, 2009). A defining characteristic of 
Sanger sequencing is that only one DNA fragment is sequenced per sequencing 
reaction and that large amounts of that single fragment are needed, which was 
achieved by cloning the DNA fragment into bacteria and subsequent 
amplification via bacterial colony propagation. As such, maintaining, extracting 
and sequencing the hundreds of thousands of short DNA fragments required to 
cover even moderately sized genomes (such as the human genome) was 
extremely labor intensive, costly and error prone. 

Next generation sequencing (NGS) 
The emergence of new innovative technologies, instruments, chemicals and 
reagents revolutionized the sequencing field (Berglund et al., 2011). Within 
sequencing technologies, terms such as next generation sequencing (NGS), 
massively parallel sequencing or deep sequencing are all related and describe 
technologies that revolutionized genomic research and allow researchers to 
obtain high-throughput genome sequencing inexpensively and in very short 
time (Goodwin et al., 2016). The first high-throughput sequencing platform 
became commercially available in 2004 (Ambardar et al., 2016) and ever since 
NGS technologies have advanced and improved significantly (Thermes, 2014; 



 

 

Kchouk et al., 2017). Although these technologies made high-throughput 
sequencing achievable and accessible, they are not free from limitations. In 
particular, short read lengths remain problematic and there is a higher error 
rate in contrast to traditional Sanger sequencing (Scholz et al., 2012).  

Second-generation sequencing (SGS) 
Short-read sequencing delivers, as its name suggests, short reads typically 
between 50 - 300 base pairs (bp), the case of Illumina, produced via sequencing 
by synthesis (SBS). The range of sequencing machines from Illumina has 
become the most extensively used and is therefore used here as a representative 
platform (Metzker, 2010). As a starting material DNA fragments are clonally 
amplified on a solid surface called a flow cell. In the very last Illumina version, 
the flow cell is divided into billions of nano wells arranged in a defined array. 
Such defined arrangement allows precise control of cluster size (a cluster 
represents a clonally amplified copy of a single DNA fragment), spacing and 
enables accurate resolution of high-density flow cells resulting in turn in a 
higher data output and increases data throughput (more reads, faster run time). 
For massive parallelization, millions of clusters are formed and deliver 
information that can be collected at the same time and that are sequenced in 
parallel. SBS technology uses DNA-polymerase-dependent reactions during the 
amplification step and fluorophores as a signal to identify incorporation of a 
nucleotide into an elongation strand (Goodwin et al., 2016; Alic et al., 2016).  

Third-generation sequencing (TGS) 
Although SGS technologies offered improvements over Sanger sequencing they 
are not free from limitations. In particular, their short read length is a problem 
when applying them to assemblies and determination of complex genomics 
regions or gene isoforms and methylation detection (Bleidorn, 2016). TGS 
technology overcomes this problem by delivering several kilobase long 
continuous DNA reads without DNA amplification, however the cost per base 
and computational processes are more expensive when compared to SGS. 
Nevertheless, a long-read sequence allows spanning sequencing over complex or 
repetitive regions or, importantly the entire length of a transcript, and thus 
increases clarity in the size or position of the sequenced region. The next 
generation technology focus on single molecule sequencing (SMS) in real-time 
(Heather & Chain, 2016). There currently exist two types of long-read TGS 
approaches: single-molecule real-time (SMRT) sequencing approach developed 
by Pacific BioSciences (PacBio) (Eid et al., 2009) and Oxford Nanopore 
Technologies (ONT) (Branton et al., 2008). Although these technologies are 
currently too expensive to be used for extensive gene expression studies, as 
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prices fall and method improve, they are likely to increasingly displace current 
SGS platforms. 

RNA-Sequencing (RNA-Seq)  
RNA-Seq is a specific application of NGS to assay RNA (i.e. transcript) 
expression and facilitating the ability to detect novel genes and transcripts (i.e. 
splice variants) (Wang et al., 2009). In addition, RNA-Seq describes the 
abundance and sequence of transcripts and can be used to quantify their relative 
expression level without prior knowledge about annotation of sequenced 
fragments in wide range of applications (Cokus et al., 2008).  

Generally, there are three main steps for RNA-Seq: first to prepare the 
sequencing library, second the sequencing process and third data analysis. To 
begin with step one, protocols to prepare sequencing libraries for NextSeq and 
HiSeq are similar to the DNA sequencing protocol with the only difference that 
instead of genomic DNA, cDNA is being used. The starting material for RNA-
Seq is isolated RNAs from tissues at a given time point. There are different types 
of RNA (mRNA, rRNA, sRNA etc.) in the cell and for sequencing mRNA a 
method of deplete rRNA is required. In brief, RNAs are reverse transcribed into 
their complementary DNA (cDNA), which represents the reverse strand of the 
DNA. Subsequently all cDNA copies are fragmented to produce fragments of a 
suitable length for the sequencing platform (typically ~500 bp). Each cDNA 
fragment is tagged with two adapters representing the sequencing primers. The 
collection of millions of tagged cDNA fragments represents the cDNA libraries 
for sequencing. Either only one end (single end reads) or both ends (paired end 
reads) of the cDNA fragment can be sequenced and additionally strand 
specificity information can be retained to determine which DNA strand the RNA 
molecule derived from (e.g. to detect anti-sense transcription). In the 
sequencing step, fragmented sequences are added to a flow cell. After 
sequencing of the cDNA population, reads that pass quality control can be 
mapped to genome or transcriptome (if available) and then expression level for 
each transcript can be estimated (Wang et al., 2009). 

Systems biology and systems genetics 
The generic term systems biology refers to a biology-based interdisciplinary 
field using a holistic perspective and combining tools from computational and 
mathematical fields to model the complexity of biological systems. The term 
biological system includes systems as small as a single cell to an entire 
multicellular organism. It spans scales from all levels of the central dogma 
(DNA, RNA, proteins and metabolites) including the biochemical interactions 
taking place within various signaling pathways regulated by numerous genetic, 



 

 

molecular and environmental factors. Systems biology focuses on networks of 
molecular and physical interaction and aims to model and discover properties of 
cells, tissues and organs to describe their functioning as an entire system and 
how phenotypes derive from these interactions (Ideker et al., 2001; Kitano, 
2002; Parikshak et al., 2015).  

Systems genetics aims to decipher the relationship between genotype and 
phenotype in a holistic perspective. Genetic information is integrated, 
coordinated, and ultimately transmitted through molecular, cellular, and 
physiological networks enabling the higher-order functions and emergent 
properties of biological systems (Nadeau & Dudley, 2011; Van Der Sijde et al., 
2014). To investigate the molecular mechanisms underlying complex traits, 
systems genetics integrates genotype and phenotype data that can be used to 
compose network models for reconstructing the molecular cascade between 
genotype and phenotype (Civelek & Lusis, 2014). The strategic method of 
systems genetics involves a framework composed of mixed analysis (Van Der 
Sijde et al., 2014). Those analyses include association studies (genetic 
association), genomics analysis and genetical genomics, each of which identifies 
only a portion of the entire system. For example, association studies help to 
identify genetic loci that underlie the phenotypic trait. With genomics analysis it 
is possible to profile a variety of -omics- data, which in turn help to identify 
intermediate relevant traits such as gene expression, protein synthesis, or 
metabolite level that are under genetic control. For example, the genetic 
variation in gene expression reflects variation in the transcripts and can provide 
functional information of that genetic variation. 

Association studies  
It is of fundamental biological interest to pinpoint the causal relationship 
between genetic polymorphism within a species and the phenotypic differences 
observed among individuals. In each population individuals differ in DNA 
sequence variants, with some of the sequence variants contributing to 
differences in phenotypic traits. The most common type of genetic variation is a 
single nucleotide polymorphism (SNP), representing a DNA base that is present 
as different nucleotides in different individuals. Association studies known as 
association mapping or linkage disequilibrium (LD) mapping associate genetic 
variants with a phenotype of interest (Civelek & Lusis, 2014). The phenotype 
can be an observable trait, for example the height of an organism, or molecular 
traits such as gene expression. In addition, the phenotypic trait can also vary in 
degree due to polygenic effects (when two or more genes contribute to the 
variation degree) and environmental cues.  
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There are two main categories for mapping: association mapping and linkage 
mapping. Linkage mapping is used for identifying genomic loci that co-
segregate with a given trait in a controlled cross/pedigree where the family 
genetic background is known. Therefore, a cross between two individuals and 
knowledge of known genetic markers is needed prior to linkage mapping to 
observe how genetic markers are associated with the trait of interest. In 
contrast, association mapping, also known as linkage disequilibrium mapping, 
uses natural populations representing a collection of naturally occurring 
individuals. Association mapping that performs genome-wide association 
mapping are referred to as Genome Wide Association Studies (GWAS). GWAS 
utilizes ancient recombination and natural populations using a large number of 
SNPs as genetic markers. Those SNP are then statistically tested to determine 
whether they are significantly associated with a variation in a phenotype. 

Genome Wide Association Study (GWAS) 
GWAS is a powerful mapping tool to investigate the entire genome and to 
identify associations between e.g. SNPs and differences in phenotypes of 
interest counted across large number of individuals. The biggest challenge 
currently is to find out how those genetic variants/SNPs work and affect 
function of targeted genes and phenotypes they are associated with. It is of a 
huge interest and importance for humans, agriculture and forestry to map 
genomic regions with unknown effects for targeted phenotypes within a 
population to advance our understanding of how those traits are determined 
and to identify new targets for breeding or genome engineering.  

When applied to humans, GWAS is often used to associate SNPs with a varying 
trait e.g. complex disease when comparing two existing groups: one group with 
individuals that have a condition/disease and the other one being the control 
group. In trees, GWAS is more typically used to determine which SNPs can 
explain phenotypic trait variation. Typically, the genomes of all individuals are 
assayed for genetic variants using SNP arrays or sequencing to identify marker 
variants for use in association mapping. If one marker variant is more frequent 
in the condition group, the variant is said to be associated with that trait. 
Associated marker variants (e.g. SNPs) can be used, for example, to predict the 
risk of disease in humans or a difference in phenotypic trait in trees. Predictions 
are calculated using relatively simple linear regression models with a response 
(dependent) variable and one explanatory (independent) variable. The response 
variable represents the quantitative phenotype and the explanatory variable the 
genetic variant. In such a scenario, the predicted trait value for a given genotype 
is obtained by fitting a straight line to the data.  Simple linear regression models 
assume additive and independent effects, which mean that contributing alleles 
add up to explain the phenotype. Genetic variants can have contribution effects 



 

 

of any size from very small to very large, however a large sample size is needed 
to detect associations with low effects to increase the statistical power. In other 
words, an allele frequency above a sensible minimum is needed to have enough 
individuals with each allele to detect the association and the effect size of the 
SNP is a measure of how much of the total genetic variation of the trait an 
individual SNP explains.  

Expression GWAS (eGWAS) 
In common to phenotype GWAS, expression GWAS (eGWAS, which is also 
commonly referred to as eQTL) is used to associate SNPs with variation in 
transcript levels among individuals. Gene expression is under genetic control 
and expression Quantitative Trait Loci (eQTL) represent sequence variants that 
can affect a given molecular trait of interest (e.g. transcript abundance). 
Defining the genetic variation in gene expression can provide crucial functional 
information on genetic variation and how this contributes to phenotype. 
Expression GWAS faces a major challenge compared to phenotype GWAS as 
number the number of traits is larger (as large as the number of expressed 
genes), which represents a multiple testing challenge (Albert & Kruglyak, 
2015).   

There are two ways to classify eQTLs: the first, based on their relative location 
to the gene or genes they affect and second based on the mechanisms through 
which they affect gene expression (Kendziorski & Wang, 2006). The first 
classifies eQTL as local or distant. A local eQTL is located near (in the physical 
sense) the gene it affects. In contrast, a distant eQTL is located far away, either 
on the same chromosome or on a different chromosome, than the associated 
gene. Based on the way eQTL influence the gene expression of the gene they are 
associated with, they are classified into cis-acting and trans-acting eQTL genes. 
A cis-eQTL will act directly on a gene they are associated with in an allele 
specific manner while trans-eQTL will act indirectly. As an example, a cis-eQTL 
would modify the promoter region of a transcription factor binding motif while 
trans-eQTL will affect the sequence of the transcription factor itself, therefor 
affecting all genes regulated by the transcription factor. Local eQTLs are more 
likely to act in cis than trans, while distant eQTLs are more likely to act in trans. 

Overview of gene co-expression networks 
Genes are expressed throughout the life of an organism and across several tissue 
types depending on developmental time points and therefore display diverse 
expression profiles (Costa-Silva et al., 2017). If at least two genes have similar 
expression patterns they are said to be co-expressed and likely they are also co-
regulated by similar regulator genes. In that sense gene co-expression network 
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analysis is a useful tool to study complex transcriptomes as it manifests the 
interactions and putative co-regulation among genes and offers a perspective to 
see what the molecular mechanisms are underlying diverse biological processes.  

Differential expression comparisons are traditionally applied to experiments 
investigating differences between control and treatment samples. Such point 
comparisons are often not sufficient when the experiment profiles expression 
dynamics, for example during development or in a time series. Gene co-
expression network (GCN) analysis can be applied to complex experiments 
(with several experimental conditions or samples) and analysis of the network 
topology can identify genes that play a central role in the network (Banf & Rhee, 
2016). A co-expression network treats all genes equally in that no prior 
knowledge of whether a gene is a functional gene or regulatory gene is 
considered. This is in contrast to a regulatory network, where knowledge of 
which genes are regulators (i.e. transcription factors) is used to direct the 
relationship between a.  regulator and genes that it is co-expressed with. 
Additionally, when available, these directed connections can be further 
restricted to only cases where empirical evidence, such as ChIP-Seq, has 
demonstrated binding of the regulator to the regulatory region of the target 
gene, for example. Co-expressed genes often are controlled by the same 
transcriptional regulatory pathways, are functionally related or are members of 
the same protein complex. A generated gene co-expression network is displayed 
as a graph with genes represented as nodes and co-expressed genes connected 
by edges. Each node represents one gene and while a node can be a hub (i.e. 
have very many connections to other nodes), the majority of nodes have few 
edges and are relatively disconnected. This is a characteristic of all biological 
networks and is considered to render networks robust to mutation as a random 
mutation is more likely to affect one of the many disconnected nodes than it is a 
hub node. Hubs with several connections to nodes surrounding it represent a 
community that can be separated from the entire network to be further analyzed 
separately. Such local communities (also referred to as modules) can be defined 
using tools such as the Infomap graph partitioning tool. There are ways to 
measure how central a node/hub is using centrality measures. For example, a 
commonly used centrality measure defines how many edges a node has, referred 
to as the degree of a node. A common assumption is that nodes with more 
connections within the network or a local community of nodes within the 
network are of greater biological importance and that mutations in those nodes 
would induce large impacts on phenotype.  

Spatial Transcriptomics (ST) 
Modern sequencing technology enables studying genomes, gene structure, and 
gene expression profiles individually and globally. However, it remains 



 

 

challenging to determine the specific function and gene expression patterns 
with corresponding visualization within specialized tissue domains. At any given 
time point in a growing organism, expressed genes are under tight genetic 
control and depend not only on the morphological and spatial location but also 
on the particular time point along the developmental timeline. The need to 
resolve spatial information while preserving a tissue context gave rise to the 
development of techniques in this field with some techniques established 
successfully in mammalian systems (Crosetto et al., 2015). For example, a 
specialized type of flow cytometry - fluorescence-activated cell sorting (FACS) is 
cell specific but requires the generation of transgenic lines (Yadav et al., 2014). 
Similarly, transgenic plants are also necessary for the technique Isolation of 
Nuclei Tagged in specific Cell Types (INTACT) (Deal & Henikoff, 2011). Laser 
capture microdissection (LCM) on the other hand provides only partial spatial 
resolution of gene expression for specific cell types (Fend et al., 1999). 

The Spatial Transcriptomics (ST) method enables investigations of 
transcriptome-wide expression while preserving morphological tissue context 
and has been successfully applied to mammalian systems such as mouse 
olfactory bulb (MOB) (Stahl et al., 2016). The ST method requires thin frozen 
cross sections applied to a barcoded array. The barcoded array is divided into 
framed matrices for orientation purposes and 1000 spots for capturing released 
transcripts. Subsequently, the cross section is fixed allowing fixed position on 
the array and morphology preservation, stained for visualization purposes and 
imaged allowing later comparison with the gene expression data to be 
generated. The spots on the array surface each contain around 200 million 
barcoded (each barcode is spot-specific) oligonucleotides that are used to bind 
polyadenylated mRNA released from the cross-section in. addition to primers 
for cDNA synthesis. Before the mRNA from the cross section can be released, 
the tissue is permeabilized to allow controlled vertical transfer of cell transcripts 
to the barcoded spots. The barcoded spots have typical 5’- 3’ oligonucleotide 
structure composed of unique positional barcode immobilized on the surface, a 
randomized unique molecular identifier (UMI) to identify unique transcripts 
per gene and a poly T-tail to capture mRNAs. Captured mRNAs are cDNA 
synthesized and after cDNA synthesis the tissue cross section can be degraded 
and removed. The cDNA synthesis products represent mRNA-CDNA hybrids 
that are released from the array and subsequently used to prepare a standard 
RNA-Seq library.  
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Results & Discussion  

The focus of this thesis was to understand describe leaf shape variation in P. 
tremula and to identify underlying genetic and molecular mechanisms 
controlling this variation. To understand the complexity of leaf shape and its 
polygenic nature it was essential to combine different approaches including 
morphological, functional genomics and system biology studies. In the following 
section I present results and discussion from PAPERS I-III, in addition to some 
unpublished data, and discuss the relative contributions that these approaches 
made towards increasing our understanding of the genetic basis of leaf shape 
variation and leaf development in P. tremula.  

We used natural heterophylly in aspen and sampled leaf developmental series of 
both leaf forms as a model system. In that model system we explored differences 
in the transcriptional developmental program of the two contrasting leaf types 
of Populus tremula in PAPER I. In addition, we explored the genetic 
architecture of leaf shape variation among genotypes from the SwAsp collection 
to understand how transcriptional variation among genotypes with varying leaf 
forms contributes to that phenotypic variation. We combined gene expression 
profiling of the leaf development transcriptional program together with GWAS 
and population-wide gene expression data within an integrated system biology 
and systems genetics study. Using this approach, we detected known orthologs 
of candidate genes with important roles during leaf development previously 
identified in Arabidopsis. In addition to these previously characterized 
regulators of leaf development, we also identified a number of novel candidate 
genes that represent interesting targets for future downstream studies. 
Furthermore, we performed a GWAS using population-wide gene expression 
data to investigate in detail the genetic basis of gene expression variation of pre-
formed leaves among genotypes in the SwAsp population (PAPER II).  

Pre-formed leaves of aspen are produced in protective buds and represent an 
excellent model system to study leaf development. The pre-formed leaf 
primordia start developing early in the growing season during bud formation 
and typically one leaf primordium develops per week (data not shown) until all 
pre-formed leaf primordia are formed, at which point the leaves are 
developmentally arrested over winter within the buds prior to dormancy break 
the following spring (Fig. 12). We assayed transcript expression within this 
model by adapting a method of spatially resolved transcriptome profiling that 
had previously primarily been used in mammals. The Spatial Transcriptomics 
(ST) method allows studying detailed transcriptome-wide expression profiles in 
situ within a tissue cross-section combined with morphological visualization 
(PAPER III). We used a broad range of model plant systems including 



 

 

Arabidopsis thaliana (Arabidopsis), P. tremula (aspen) and Picea abies 
(Norway spruce), representing both angiosperms and gymnosperm. In 
connection with this work we used microsections of P. tremula pre-formed leaf 
samples in developing and dormant, winter buds with the aim to study and to 
generate high resolution, spatially resolved functional gene expression profiles 
during leaf development.  

The developmental timeline of leaf development in aspen 
Our aim was to understand how leaf size and shape (physiognomy) of leaves are 
determined. Since the terminal and pre-formed leaves of aspen differ in their 
phenotypic characteristics, it was first important to a morphological, 
physiological and molecular understanding of the contrasting developmental 
characteristics of the two leaf forms. We first used the occurrence of 
heterophylly within P. tremula as a model system to study physiological 
parameters important for leaf function. There have been numerous studies 
conducted on leaf development using Arabidopsis as a model system (Dai et al., 
2007; Iwakawa et al., 2007; Iwasaki et al., 2013). These have been valuable in 
providing information on candidate genes identified primarily from mutant 
screens. However, the Arabidopsis system may be of limited value to perennial 
species such as aspen and to the wide range of phenotypic variation in leaf trait. 
To address this potential limitation, we therefore used aspen heterophylly. We 
performed morphological and gene expression analyses in developmental leaf 
series of both leaf forms. We determined the developmental age of the terminal 
leaves on the basis of Plastochron Index (Erickson & Michelini, 1957) to sample 
replicated leaves of the same developmental age. The pre-formed lead series was 
collected from replicated branches induced to bud flush.  

 
Figure 7. Developmental leaf series for terminal leaves (top image) and pre-formed 
leaves (bottom image). We collected series for morphological and for gene expression studies. 
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The series included apex with very early leaf primordia (first from left) up to the first fully 
unfurled leaf (7th leaf in the series from left). The morphological series included leaves starting 
with leaf number 6th (counting from left) till leaf number 10th. The pre-formed series continued 
leaves emerging from buds from stage 1 (first picture on the left) till stage 5 (last image). In the 
morphological series bud stage number 4, 5 and 6 (on this image) were used. 

Morphological, epidermal and cellular investigation. 
We first investigated morphological (leaf shape traits), physiological (here only 
chlorophyll content) and cellular parameters between the contrasting leaf types 
to provide a basic understanding of how the two leaf forms achieve leaf 
expansion. This also provided a resource to later identify connections between 
morphology based on cellular investigation and gene expression studies within 
and between the two contrasting leaf series. Our hypothesis was that as the two 
leaf forms are produced from the same tree (and therefore the same genome), 
differential regulation of transcripts would underlie to development of the two 
leaf forms. 

We observed striking morphological differentiation between terminal and pre-
formed leaves (Fig. 1, PAPER I), in agreement with previous observations 
(Curtis & Lersten, 1978). To test basic physiological activities, we measured 
chlorophyll content in developing terminal leaves along the shoot (Fig. 8). The 
measurements showed a clear, defined profile, with chlorophyll content 
increasing over time, which is typical of young, developing leaves (Suzuki et al., 
1987).  

 
Figure 8. Chlorophyll content measurements in the terminal leaf series. Non- destructive and 
relative chlorophyll content measured using CCI –chlorophyll content index over leaf age in 
terminal leaf series. Leaf age was labelled as -1 to 5. Leaf 0 represents the first fully unfurled leaf, 
with leaf -1 being younger than 0 and 1 to 5 older in morphological terms.  

Growth is defined as a process of increasing in size. Leaf area expands based on 
two cell processes: cell division and expansion (Milthrope & Newton, 1963). In 



 

 

this work we investigated what cellular processes are involved in leaf area 
expansion during leaf development in aspen by profiling cell size of the 
epidermis. The epidermis represents the first cell layer that has to divide and 
expand to allow other cell layers to expand (Sessions et al., 1999). As a 
consequence, we profiled the leaf epidermis by taking “epidermal imprints” 
from successive leaf developmental stages, which we used as a proxy for leaf 
development. We measured epidermal cell area and related this to leaf area to 
estimate the number of cells per epidermal surface. Subsequently, we used these 
estimates to extrapolate the number of cells produced between successive leaf 
developmental stages as a proxy for cell production. This approach is, however, 
rather crude and it should therefore only be seen as indicative. Nonetheless, the 
epidermal imprint method worked satisfactory for the abaxial side of the leaf 
and on fully unfurled leaves. It was rather challenging to apply this method for 
very early leaf primordia, in particular those that are still furled, as opening the 
leaf lamina damages the leaves, which are very delicate at early developmental 
stages. Detailed profiling of the expanding leaf area for the earliest terminal 
leaves immediately after emergence from the SAM will require alternative 
approaches. Data obtained from the epidermal imprints suggested that terminal 
leaves expand in the early stages primarily via cell division and only after a 
certain leaf age via cell expansion (Fig. 2A - C, PAPER I). For pre-formed 
leaves, our data suggested that both cell expansion and cell division contributed 
to leaf area expansion, with no apparent, clear separation between the two 
processes during the sampled stages (Fig. 2D - F, PAPER I). The reason for 
the lack of separation can be seen in rather low leaf age resolution as we took 
three different leaf stages after bud break (Fig. 9). Furthermore, once the pre-
formed leaves were induced to flush in the greenhouse, they never reached a 
final mature leaf size equivalent to those that flush under natural conditions. In 
addition, those leaves remained thinner and less intense in color compared to 
the thick, and dark green leaves grown on a tree in nature, which also develop a 
waxy cuticle. Lack of late developmental stage in our pre-formed leaf series is in 
agreement with lack of data in the gene expression study (Fig. 3, PAPER I). 
Lack of late developmental stages in our pre-formed leaf series is most likely the 
result of the low transpiration stream of removed branches, in contrast to leaves 
that flush on a tree. As a consequence, pre-formed leaves emerging due to 
induced bud flush represent currently only a brief snapshot of the expanding 
leaf area data (Fig. 2 D - F, PAPER I). At that point we used the winter buds 
under the following assumptions. First, the pre-formed leaves emerging from 
buds must undergo huge gene expression activity in respect to leaf development 
and leaf shape formation. Secondly, winter buds are relatively easy to induce 
synchronous bud flush unlike collecting buds at the right time point during bud 
set. Bud set is more challenging in terms of right timing as it is an adaptive trait 
and depends on longitudinal cues. This was a very important for the pre-formed 
leaves and bud harvesting in the SwAsp collection discussed below. 
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Figure 9. Pre-formed leaf series for morphological studies. Stages 1 to 3 from left. 

Gene expression studies during early leaf development 
To complement the morphological and cell study in the leaf developmental 
series we performed gene expression profiling in the leaf development series 
using RNA-Seq. We performed differential expression tests to identify genes 
with contrasting expression between leaf ages and explored the location of those 
differentially expressed genes (DEGs) within the network topology, as we were 
interested to detect the biggest transcriptional changes during early leaf 
development (PAPER I). As variation in leaf shape is polygenic, with each gene 
contributing a small effect on the phenotype (Wu, 1997; Rae et al., 2009), we 
generated a snapshot, single time point, measure of gene expression in flushing 
buds from the SwAsp collection (Fig. 10) to profile the genetic architecture of 
gene expression variation associated with this stage of leaf development. We 
assumed that gene expression variation would underlie variation in the leaf 
phenotype. Significant associations have been detected in the SwAsp population 
for traits with simpler genetic architecture and large effect size associations 
(Wang et al., 2015). We performed a co-expression network analysis to identify 
local communities of genes within the network and genes of high importance 
(PAPER II).  



 

 

 

Figure 10. Buds harvesting in the SwAsp collection. Branches from the SwAsp collection were 
separated from the trees and induced to flush. We collected the pre-formed leaves, once they 
started emerging - developmental stage 2 (Fig. 6).  

When comparing the terminal and pre-formed gene expression data sets, we 
detected good separation between both leaf series (Fig. 3A, PAPER I). Also, 
the terminal leaf data set displayed further separation in leaf developmental age, 
representing pseudo-time points spanning form very early (the apical region 
with early leaf primordia) to later, in contrast to the pre-formed leaf data set. 
The more limited separation between sampled pre-formed leaf stages and the 
fact that they did not span the same developmental age stages as the pre-formed 
dataset suggests absence of the earliest and later developmental stages 
(Fig. 3A. PAPER I). The current pre-formed data set contained five 
developmental stages and all of them were collected after bud flush, thus 
assaying earlier developmental stages can only be achieved by sampling 
developing buds before growth cessation and dormancy establishment. The 
differential expression comparisons revealed the biggest transcriptome changes 
during either very early leaf development for terminal series and the first two 
time points for pre-formed series or very late leaf developmental stages for 
terminal series (Fig. 3D, PAPER I).  

Differential gene expression in leaf developmental series  
The most extensive transcriptome changes in the terminal leaf series occurred 
in the early leaf developmental stages. The earliest sample point of terminal leaf 
series comprised the SAM, including early leaf primordia. To determine whether 
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our data represented previously described expression profiles for known leaf 
development regulators, we examined the profiles for orthologs of some well 
characterized Arabidopsis genes and of biological processes that change during 
leaf development (Fig. 4, PAPER I). Our differential expression analysis also 
identified a number of orthologs of well characterized transcriptional factor 
families, including members of YABBY, KNOX, and KANADI families, which are 
all known to be involved in early leaf development (Byrne et al., 2000; Byrne, 
2006; Kojima et al., 2011; Huang et al., 2014). We also investigated the known 
leaf shape candidate genes such as AN. In our terminal leaf series AN expression 
decreased clearly over the time (Fig. 11), which is in agreement with previous 
reports showing AN expression in the very early leaf primordia development. 
Mutants screens had previously identified AN as having a role in controlling 
polarity specific patterning (including the adaxial/abaxial) in early leaf 
development (Tsuge et al., 1996; Horiguchi et al., 2011).  

 
Figure 11. Potra001196g10347 gene expression profile in terminal and pre-formed leaf series. 
Potra001196g10347 is a homolog of AN. 

In addition, the extensive transcriptome changes detected in the earliest leaf 
development stages were reflected in the cellular data and in corresponding 
gene expression profiles (Fig. 2C, PAPER I). For example, gene expression 
profiles of representative genes for cell cycle and cell proliferation in developing 
leaves in both leaf series reflected and corresponded to the morphological 
changes from cell division to cell expansion (Fig. 2 & Fig. 4, PAPER I). 

As mentioned above, the comparison between the terminal leaf series and the 
pre-formed data series profiled only a small fraction of developmental program 
represented in the terminal leaf series (Fig. 3A, PAPER I). This can be 
explained in the way the samples were collected. The pre-formed leaf 
developmental series included five time points all collected after induced bud 
flush (Fig. 7, bottom). This small gene expression fraction in pre-formed data 
suggests absence of gene expression for genes contributing to very early leaf 
development, and to the very late - corresponding to the last leaf stages in the 
terminal series. The apical region in the terminal leaf series (Fig. 7, top) 
corresponds to the early leaf pre-formed leaves developing in forming buds 
before bud set (Fig.  12).  



 

 

 
Figure 12. Cross section of a forming bud with developing pre-formed leaf primordia. 
This bud was harvested from the Populus tree on the campus on 14.07. 2014. The section was 18 
µm thick (10x) in glycerol. The cross section contains five developing pre-formed leaves primordia. 
The leaf located (left bottom corner) most outside represents the oldest leaf inside the protective 
bud with several cell layers. In contrast, the youngest leaf is located in the most inner part of the 
bud.  

Leaf shape and gene expression variation in the SwAsp 
population  
Identification and biological interpretation of causal physical loci in the genome 
contributing to natural variation of complex traits remains challenging since 
(PAPER I) the biological function of many loci in coding or non-coding regions 
is unknown, (PAPER II) the detection of an association is often hindered by a 
large number of loci, each contributing only a little to the overall expression of 
the trait and (PAPER III) knowledge acquired may not be universally valid 
across species due to their unique evolutionary histories (Visscher et al., 2017). 
To address this challenge, the study presented here followed a systems genetics 
approach, which integrated system-wide information on leaf shape, such as 
phenotypic characteristics, functional genomics and transcriptomics from one 
individual during leaf development and from several genotypes in a given 
population, here the SwAsp collection, at a single time point (PAPER I). We 
performed RNA-Seq on the SwAsp collection using buds sampled at the point of 
emergence (Fig.13), which corresponded to the second sampling point in the 
pre-formed leaf series (Fig. 6). We assayed SNP associations with selected leaf 
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shape trait (circularity and intent depth) and leaf area (Fig. 8, PAPER I). We 
further performed an eQTL mapping to investigate the genetic basis of 
transcript expression variation in the SwAsp population (PAPER II).  

 
Figure 13. Reproduction of supplementary figure S22 from PAPER II. Representative photo of the 
sampled bud flush stage.  

Association studies for leaf shape and leaf size in the SwAsp collection revealed 
no significant SNP associations for the chosen phenotypic traits. This result 
indicates that the control of leaf shape is highly polygenic, with the population 
size being limiting to detect significance for the small effect size contributed by 
each SNP controlling shape variation. It is also possible that interaction among 
SNPs is of importance, which our current analyses does not consider (i.e. we do 
not perform analysis of epistasis). Furthermore, we did not detect any 
significant correlations between gene expression and leaf shape variation. As 
previously mentioned, the late sampling time point for the pre-formed leaves 
reflects absence of gene expression information during early leaf development, 
as was observed in terminal leaves (Fig. 3A, PAPER I). Despite this lack of 
significant correlations, we were able to detect differential expression of 
transcripts between genotypes with maximal phenotypic separation, and those 
DE transcripts did, indeed, have significantly higher correlation to phenotype 
than non-DE genes. This again indicates that the contribution of variation in 
transcript abundance to leaf shape for any single gene is small, negating 
statistical significance with the current population size. Comparable studies in 
humans of height variation have comprised thousands of individuals but have 
still only detected minimal associations with significance (Visscher, 2008).  

The SwAsp collection that we utilized comprises only around 120 individuals 
and therefore is limiting in size for any trait with even relatively complex genetic 



 

 

architecture. As we did not detect any significant SNP for leaf shape, we decided 
to use SNPs based on their rank of importance, as indicated by calculated p-
values. The highly ranked associations for leaf circularity and indent depth were 
largely located in the gene regulatory regions, in particular in the UTRs 
(Fig. 9, PAPER I) indicating a possible link to gene expression effects. To 
investigate general properties of genetic architecture of natural variation in gene 
expression in more detail we performed eQTL mapping in the natural 
population of SwASp. The results obtained from that eQTL mapping suggest 
indeed a stronger genetic signal for the control of transcript variation than there 
was for leaf area. Therefore, once we learned that gene expression within 
natural SwAsp collection has substantial heritability (Fig. 1B, PAPER II) and 
secondly that the polymorphisms associated with expression variance were 
located in the regulatory regions, this suggests that they act by inducing 
expression variance (Fig. 3E, PAPER II). The gene co-expression network 
contained a small number of highly connected genes in the network core, in 
contrast to the network periphery, which contained genes with low numbers of 
connections. Genes with mapped eGWAS were primarily located in the co-
expression network periphery and were found to experience weaker selective 
constrains. (Fig. 3, PAPER II).  

We were interested to known whether differentially expressed (DE) genes 
between genotypes with contrasting circularity and indent depth phenotype 
values within the SwAsp collection were enriched within the most highly ranked 
phenotypic SNP associations (Fig 10, PAPER I). This was the case for 
circularity and indent depth, which had high heritability, but was not significant 
for leaf area, which had substantially lower heritability. There were also a small 
number of genes that were commonly identified as DE, that contained SNP 
associations among the top 1000 genes containing significant phenotype-
associated SNP and that also had significant eGWAS. These genes are strong 
candidates for contributing to variation in leaf shape via genetically-controlled 
gene expression variation. Interestingly, although the majority of these genes 
have no known function, they do display developmentally regulated expression 
profiles within the terminal leaf series, which in turn suggest that they are 
strongly regulated during leaf development. 

It further remains unclear whether leaf shape variation within aspen is an 
adaptive trait and if it impacts physiological aspects of performance and fitness. 
Further studies will be needed to determine this, although the lack of strong 
associations and the fact that the majority of highly ranked SNP associations are 
enriched for signatures of reduced selective constraint suggests that the 
variation that exists within the population is most likely neutral. 
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Gene expression using the ST method 
The ST approach allows studying high-resolution gene expression profiles in 
correspondence to morphological visualization. We decided to take advantage of 
the ST feature to assay the different developmental leaf ages in developing buds 
(Fig. 12) to study transcriptome profiles between the immature leaf primordia 
inside the bud. Such summer buds represent a potentially useful model system 
to study pre-formed leaf development since each developing bud contains six 
immature pre-formed leaves, representing different developmental stages 
(Fig. 1A & 1B, PAPER III). The ST method was originally developed and 
successfully applied in mammalian tissues (Stahl et al., 2016). We decided to 
use this method and apply it to summer and winter aspen buds to study leaf 
development. Although we were successful with the leaf samples in terms of ST 
technical reproducibility, the sample size and the current ST resolution 
limitations hindered generation of sufficient gene expression data. We decided 
to use samples with higher biological and histological variability such as Norway 
spruce apical buds and female cones and Arabidopsis inflorescence meristems. 
In particular, Arabidopsis flowers represent good gold standard data available 
to validate the method. Using the ST method, we were able to identify highly 
expressed genes and differentially expressed genes between the two bud types 
and at the same time between the pre-formed and developmentally young leaf 
primordia inside the summer and winter buds. Similarly, technical 
reproducibility of the ST approach was demonstrated for female Norway spruce 
cones and Arabidopsis inflorescence meristems (Fig. 2B, PAPER III). 
Unfortunately, the current ST resolution remains limiting to obtain adequately 
high spatial resolution to assay the individual pre-formed leaves with sufficient 
coverage. Nevertheless, Arabidopsis inflorescence meristems represented 
suitable sample size and data set to validate the spatially resolved 
transcriptomics method in terms of not only technical reproducibility but also 
spatial gene expression between distinct tissue domains and floral organs 
(Fig. 3A, PAPER III). We used the AtGenExpress Development dataset 
(Schmid et al., 2005; Goda et al., 2008) to compare our data with this existing, 
gold-standard resource that contains information for most of the organs present 
in our Arabidopsis inflorescent sample. We considered tissue domains including 
stem, the meristematic region, and three distinct flower stages and generated 
precisely quantified gene expression pathways between these tissue domains 
(Fig. 3A, PAPER III). Hierarchical clustering allowed identification of genes 
corresponding to the different tissue types such as meristem or flower organs 
(Fig. 4B & 4C, PAPER III). In the three different flowering stages based on 
analyzed global gene expression patterns we captured, identified and visualized 
the spatial location for two key genes (APETALA1 and APETALA2), which are 
involved in the ABC model of floral organ identify and that are expressed in the 
early flowers (Litt & Kramer, 2010). Taken together, the ST method provides a 



 

 

valuable, effective and broadly-applicable resource for data exploration in 
tissues with sufficient cross section surface size, however the current ST 
resolution is too low to study spatially resolved transcriptomes for leaf 
primordia development. As the ST technology improves and higher ST 
resolution is achieved, our samples can be re-assayed to provide this valuable 
additional insight into transcript expression during leaf development. 

ST optimization 
The lengthy ST protocol contains multiple steps from sample collection, through 
cryo-sectioning, cell permeabilization, synthesis of cDNA to library preparation 
and sequencing. Compared to mammalian tissues, plant tissues and cells pose 
specific challenges, such as the presence of the plant cell wall and secondary 
metabolites (Bourgaud et al., 2001; Cosgrove, 2005). In order to apply the ST 
method to plants, we first had to optimize each protocol step, for example by 
making adjustments to incubations times and the enzymes used to achieve 
tissue permeabilization. The main limitation was to obtain intact sections cut at 
-20 °C with good morphology while maintaining high quality RNA. For 
example, while sectioning plant specimens, cracks of the tissue were 
unavoidable and rolling of the specimen under the cutting blade made obtaining 
intact specimens and, in particular, sequential sections problematic. The plant 
cell wall represents a rigid structure and the cellular components of the cell wall 
play essential roles in the organization of the wall. We could already observe 
differences in sectioning between aspen winter vs aspen forming (summer) 
buds. It was relatively easy to remove scales from the winter buds prior to 
sectioning, which simplified downstream protocol steps. In contrast, pre-
formed leaves in summer buds were surrounded by multiple layers of scales 
fused together (Fig. 1B - 1I, & Fig. 2B, PAPER III). We observed this 
difference together with differences in cell size, scale layer thickness and 
structure, and histo-chemical properties. Tissue specificity and complexity 
between those two bud cross sections types also influenced fixation times and 
the concentration required for fixing the specimen to the ST array. Although 
plant specimens demanded less fixative chemical and shorter fixation time 
compared to mammalian systems, they required longer incubation times and 
harsh treatments to be permeabilized and eventually to be removed afterwards. 
The tissue removal step required harsh experimental conditions and enzyme 
cocktails to degrade the cell wall. Despite the above-mentioned obstacles, the ST 
method was successfully used directly without generating formation of 
protoplast or transgenic lines, as is currently required for alternative methods 
such as FACS or INTACT (Deal & Henikoff, 2011; Yadav et al., 2014). 
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Conclusions & Future Perspectives 	

When this project started in 2012, there had been few studies focusing on leaf 
shape variation in aspen natural populations. Some of the first attempts to 
describe natural variation in morphological and phonological characteristics in 
Populus took place nearly half a century ago (Barnes, 1969). Extensive studies of 
the P. trichocarpa genome have been performed ever since the P. trichocarpa 
genome was sequenced (Tuskan & Torr, 2006) and subsequent studies 
established the extensive presence of genetic variability within species (Wang et 
al., 2015; Lin et al., 2018). While some studies had considered leaf shape or size 
variation, these were performed using interspecific hybrid populations (e.g. 
controlled backcrosses) to investigate the genetic architecture of phenotypic 
traits and of gene expression using QTL mapping (Bradshaw & Stettled; Rae et 
al., 2009; Pérez-Pérez et al., 2010; Drost et al., 2010). There have also been 
previous efforts to use systems biology analyses of gene expression networks to 
explore the regulatory network of Populus leaves to understand leaf stress-
responses and development (Street et al., 2011).  

On the basis of previous evidence that leaf shape has a polygenic nature and is 
high degree of heritability (Pérez-Pérez et al., 2002; Holtan & Hake, 2003; 
Frary et al., 2004) we designed a series of experiments combining systems 
biology, systems genetics and morphological analyses to gain further 
understanding of the genetic architecture and genes underlying natural 
variation in leaf shape in P. tremula. To provide biological context of gene 
identified by this systems genetics we integrated finding with a systems biology 
study of leaf developmental time series (PAPER I & PAPER II). Within the 
systems biology component of the study we focused on a single reference P. 
tremula genotype and exploited the occurrence of heteroblasty to establish a 
developmental timeline for morphological, cellular and gene expression of the 
two contrasting leaf forms (pre-formed and terminal). The terminal leaf 
developmental series, representing leaves growing along the young shoot, 
resulted in clear separation of sampling points, reflected in both cellular and 
gene expression results (Fig. 2 & Fig. 3, PAPER I). We concluded that for the 
terminal leaf form, leaf area expandsion is achieved primarily by cell division 
during early stages of leaf development with a subsequent shift to cell expansion 
during late leaf development (Fig. 2, PAPER I). These patterns of cellular 
development were reflected in the corresponding gene expression data 
(Fig. 3A, PAPER I). We validated our approach by demonstrating that our 
developmental gene expression series captured known biological processes 
under active regulation during leaf development (e.g. cell cycle; Fig. 4A, 
PAPER I) in addition to homologs of functionally characterized Arabidopsis 
genes such as KNOX, KNOTTED or YABBY family members (Fig. 4b, 



 

 

PAPER I). In addition to these known genes of high importance, we also 
identified many novel candidate genes, and these represent a resource to be 
exploited by future functional studies. Such future studies could utilise genome 
engineering techniques, such as CRISPT-Cas9, to produce homozygous 
knockout lines of these candidate genes, which will be important to confirm and 
functionally characterize their biological role (Shalem et al., 2015). This would 
also provide evidence that such a systems biology approach does indeed identify 
genes of importance to the target trait. It would also be highly desirable to 
generate additional data assaying additional components of the central dogma 
to better inform the network analyses and to enable further refinement of 
candidate gene selections. For example, there is currently a lack of transcription 
factor binding and epigenetic information for Populus. Use of methods such as 
ChIP-Seq or, perhaps more realistically, DAP-Seq could provide direct evidence 
of binding to promoter regions to establish causal regulatory links. These data 
could be supplemented with information of epigenetic marks and chromatin 
structure using approaches such as ChIP-Seq against histone marks and 
methods that assay chromatin accessibility, such as ATAC-Seq or DNase-Seq. It 
would also be desirable to integrate promoter binding motif analyses with such 
data. Other new techniques such as Hi-C profiling of long-range DNA 
interactions can also add informative insight by identify DNA elements such as 
distal enhancers. All of these additional layers of information can help to further 
refine network inference and improve the confidence in candidate gene 
selection. This is important as only few candidate genes can be targeted for 
genetic transformation or genome editing and it is therefore important to select 
the most relevant and high confidence target genes. 

Within the systems genetics approach we used the SwAsp natural population of 
P. tremula and integrated population-wide data on leaf shape, gene expression 
and genome variation to perform genome-wide association studies. We focused 
on leaf circularity and indent depth as the most heritable leaf shape traits in the 
SwAsp collection and contrasted these shape traits to leaf area, which exhibited 
far more extensive environmental variance and lower heritability. As we did not 
find significant effect loci contributing to variation in leaf shape but did show 
very high degrees of heritability, we concluded that leaf shape variation is highly 
polygenic in nature. The inability to detect statistically significant associations 
also highlights the limitation of the size of SwAsp population when considering 
such low effect size polymorphisms as are associated with highly polygenic 
traits. However, the most highly ranked loci associated with leaf shape were 
located in the regulatory regions of genes, suggesting that their mode of action 
acts via modulation of gene expression. We also showed that three is extensive 
heritability for variation in gene expression and identified loci controlling 
variation in gene expression. For this analysis we did find numerous statistically 
significant associations, and these were also located primarily in the regulatory 
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regions of genes. We also found that genes with significant associations 
influencing gene expression among the genotypes within the SwAsp collections 
were enriched in the periphery of the corresponding gene co-expression 
network and that these genes have experienced relaxed selective pressure 
compared to genes in the core of the network (i.e. the hubs). 

We further utilized this gene expression resource to identify sets of genes with 
significant differential expression between groups of genotypes with highly 
contrasting leaf shapes. We explored their positions in the co-expression 
network derived from the leaf development series, which revealed many genes 
with clearly regulated expression during leaf development. These differentially 
expressed genes were also significantly enriched among the highly ranked SNP 
associations identified from the leaf shape GWAS. Taken together, we therefore 
show that leaf shape variation is a highly complex, polygenic trait under the 
control of a very large number of small effect size loci. The genomic context of 
these associated loci together with our gene expression GWAS results provide 
compelling evidence that those loci act via modulations of gene expression and 
that these gene expression changes, in combination, lead to the observed 
phenotypic variation. These genes represent an additional set of candidates that 
can be explored using genome engineering approaches. This does require 
caution as the population results indicate that modulation of these genes 
contributes small influences on leaf shape, with each gene contributing an 
extremely small influence. As such, even knockout mutations may induce only 
small phenotypic effects when considered in isolation. One possible way to 
further exploit this problem is to consider these candidate genes in the context 
of the leaf developmental series co-expression network or the SwAsp co-
expression network. These candidates can be used as an entry point into those 
networks and edges used to find the closest connected hub gene. That hub gene 
would then be used as the target gene for genome engineering. This approach 
has appeal as it uses natural variation, where no prior expectation or bias is 
introduced, as an access point to the leaf developmental program and may, as 
such, identify novel target genes that would be missed by alternative 
approaches. 

One of the major challenges and limitations of our gene expression assays was 
the limited spatial resolution of our sampling approach. We sampled whole 
leaves, and this entails mixing together numerous cell types in various different 
developmental stages. Such approaches can, at worst, average out important 
and informative signal. To overcome this limitation we turned to the approach 
of Spatial Transcriptomics (ST; (Stahl et al., 2016), which generates in-situ, 
spatially resolved, transcriptome-wide profiles of transcript expression. ST was 
first developed for use in mammalian systems. In my PhD we determined 
several modifications and optimizations required to successfully apply ST to a 



 

 

broad range of plant species (Giacomello et al., 2017). Using ST, it is possible to 
study high resolution and high throughput global transcriptome expression 
while visualizing and quantifying gene expression in the corresponding tissue. 
Although the approach was successfully applied, the current resolution 
capabilities remain limiting for application to extremely small samples. For 
example, there were very few features located within the leaf primordia of the 
aspen summer and winter buds that we used and this negated use of the data to 
analyse expression in successive stages of leaf development. We were, however, 
able to obtain adequate data to compare summer buds as a whole to winter 
buds. In larger tissues, such as Arabidopsis floral organs, the approach yielded 
far more informative and novel insights, demonstrating clear potential. Given 
this current limitation of ST, other approaches would be needed to improve on 
the sampling resolution of developing leaves. One obvious approach would be 
microdissection of the apical region to assay much earlier stages of leaf 
development. These micro-dissected leaves could further be subjected to 
approaches that generate single cell or cell population data, for example using 
FACS to isolate single protoplasts. These approaches have not been applied to 
plant species to date, but various groups are currently testing and developing 
the protocols needed.  A common barrier to the application or analyses of data 
from such approaches is the need for cell-type markers, which are lacking in 
plants and that additionally need to be confirmed per species. Here, combining 
single cell data with ST has potential as ST may be adequate to identify cell type 
marker genes despite the lack of sufficient numbers of spots assaying each cell 
type. Other approaches such as LCM can also be applied. It would also be 
beneficial to develop protocols to isolate the epidermal cell layer to generate 
expression data from only that single cell type even if this lacked spatial 
resolution. 

Altogether, this work provides evidence that combining results from different 
approaches can provide novel and improved understanding of the genetic 
architecture and genomic mechanisms underlying highly complex traits such as 
leaf shape. The results presented here suggest that leaf shape variation is under 
the control of a large number of loci and that each of those loci contribute only a 
small effect. It is very likely that those loci act through modulation of gene 
expression and that they do not show signals of adaptive selection. Future work 
based on the evidence derived from this study will broaden our view of the 
regulation of this highly complex trait and of the extensive collection of loci 
contributing to variation in leaf shape. 
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