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Zusammenfassung

Zusammenfassung
Damit eine Symbiose zwischen Ektomykorrhizen und Pflanzen stattfinden kann, muss die
Struktur und Funktionalität von Feinwurzeln angepasst werden. Nur so kann der
Stoffaustausch von Zucker gegen Nährstoffe und weitere Metabolite stattfinden. Die
grundlegenden Prozesse dieser Anpassungen sind dabei in großen Teilen noch unerforscht.
Auf dieser Grundlage wurden in vorangegangenen Studien durch genomweite
Genexpressionsanalysen drei Pappel Gene identifiziert, deren Transkription in
Mykorrhizen 20 – 100 -fach niedriger war. Es handelte sich dabei um ein Kalzium
Bindeprotein (Potri.2G2183), einen Aminosäure Transporter (Potri.2G0797) und ein Enzym
aus dem Fettstoffwechsel (Potri.9G1040). Um die Proteine zu charakterisieren und den
Mechanismus der Regulierung herauszufinden, wurden die Promotoren in dieser Arbeit auf
mögliche cis - Elemente untersucht. Dafür wurden Promotor-Reporter Konstrukte mit
Fluoreszenzproteinen hergestellt und dann mittels Agrobakterien zur Behandlung von
Komposit Pappeln verwendet. Als Grundlage für diese Analyse konnte im Rahmen dieser
Arbeit durch einen Wechsel von pPLV zum pCXUN basierten Vektorrückrat die
Transformationseffizienz der Pappeln um 69.8 % erhöht werden. Weiterhin wurde
herausgefunden, dass weder die Orientierung der Fluoreszenz Kassetten auf der T – DNA,
noch deren Größe einen messbaren Einfluss auf die Pflanzentransformationseffizienz
haben. Dabei konnten Promoter Bereiche von Potri.2G2183 und Potri.2G0797 erfolgreich
mittels PCR amplifiziert und trunkiert werden. Zur weiteren Charakterisierung der
Promotoren, wurden diese und ihre Trunkierungen in eine eGFP-NLS Expressionskassette
kloniert. Um potenzielle cis – Elemente durch Auswertung visueller Daten zu finden, wurde
eine konstitutiv exprimierende tdTomato-NLS Expressionskassette in Tandem mit der
Promoter Kassette geschaltet (Grün: Rot Verhältnis). Diese Verhältnisse können
gegebenenfalls

Aufschluss

über Änderungen

in

der Genexpression durch die

Mykorrhizierungen geben. Als Alternative zu diesen so genannten Doppelmarker
Konstrukten aus eGFP und tdTomato wurde das Timer Protein DsRED-E5 etabliert. Weil
das grüne Signal im Verhältnis zum roten Signal im Falle des Timer Proteins sehr schwach
war, wurde die Bildaufnahme durch Variierung des der Kameraeinstellungen optimiert. In
anschließenden Studien muss diese Methode nun auf Anwendbarkeit in Mykorrhizen
getestet werden. Insgesamt muss die visuelle Quantifizierung noch weiter optimiert
werden. Auch subzälluläre Lokalisierung der Gene basierend auf transienter Expression in
Tabakblättern wurde durchgeführt. Da hier keine eindeutigen Signale detektiert werden
konnten, muss das System weiter angepasst und optimiert werden.
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Summary

Summary
Plant fine roots undergo several developmental and functional adaptations to allow for the
association with ECM fungi and to enable bidirectional nutrient and metabolite exchange.
To investigate the molecular basis of these processes, a set of 3 poplar genes that have been
characterized as mycorrhiza repressed in previous studies (Nehls, unpublished), were used.
These genes are supposed to code for (1) a calcium binding protein (Potri.2G2183), (2) an
amino acid transporter (Potri.2G0797) and (3) a protein involved in lipid metabolism
(Potri.9G1040). To be able to perform promoter analyses in composite poplar roots, the root
transformation process was optimized. By switching from a pPLV to pCXUN vector
backbones for Agrobacterium mediated T – DNA transfer, the transformation efficiency was
substantially increased. Additionally, it could be shown, that neither the T – DNA size of
single or double fluorescence protein cassettes, nor the orientation of the expression
cassettes on the T – DNA impacted this overall transformation efficiency. To characterize
their gene expression, promoter regions of all three genes were visually screened in planta
for regulatory elements or possible transcription factor binding sites using promoterreporter gene constructs. Thereby, a second constitutively expressed fluorescence cassette
was introduced as a possible verification and reference method for visual evaluation of gene
expression based on green: red ratios. Promoter regions of Potri.2G0797 and Potri.2G2183
were successfully amplified from genomic poplar DNA and a series of truncations was
generated to identify possible cis - elements. It was possible to detect changes in expression
patterns. However, the identified regions need further analysis to determine if they might
control fine root dependent gene expression and gene suppression upon ectomycorrhizal
symbiosis. As an alternative to double protein cassettes, a timer protein was successfully
established as an additional tool for promoter analysis. Because the green signals were very
weak compared to red, the image taking process was optimized by adapting the camera
settings. Further studies need to verify the applicability of such ratio-based expression
intensity measurements in mycorrhiza regulated gene expression. Furthermore, the whole
system needs to be further optimized to obtain reliable and comparable results. The
subcellular localization of the deduced proteins of these genes was tested in planta but was
unsuccessful and thus needs further optimization processes.
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Introduction

1 Introduction
1.1 General introduction
It is important to investigate forest systems for reasons that are economic in terms of wood
production as well as ecologic with regard to large scale carbon sequestration (Nehls et al.
2010). Since most of current European forests consist of plants living in symbiosis with an
ectomycorrhizal fungal partner, it is of great relevance to better understand the impacts of
mycorrhiza on tree growth and health (Yang et al., 2015). This is particularly true for
ecosystem management, restoration, forestry and agriculture (Tsai et al., 1994; Martin et
al., 2007). Model organisms like Populus spec. on the plant site and Pisolithus microcarpus at
the fungal site are useful to investigate the principals of mycorrhizal symbiosis.

1.2 Ectomycorrhiza
1.2.1

Ectomycorrhiza overview

Mycorrhizal interactions can be divided into seven groups, which mainly differ in their
infection and growth pattern as well as plant and fungal partners (Massicotte et al., 1987;
Sally and Smith, 2008). The focus of this study is on Ectomycorrhiza, which are most
common in woody perennials of boreal and many temperate forest ecosystems (Martin and
Nehls, 2009; Vayssières et al., 2015; Balestrini and Kottke, 2016). All in all, about 2 - 3 % of
all land plants, mainly forest trees, are able to undergo such a symbiosis with ECM
(ectomycorrhizal) soil fungi (Martin and Nehls, 2009; Nehls et al., 2010; Tedersoo et al.,
2010). Thereby, ectomycorrhiza mycelia make up to 80% of the fungal body and 30% of the
microbial biomass in forest soils (Allen, 1991; Fitter and Moyersoen, 1996; Wang and Qiu,
2006). Its formation mostly takes place in the upper soil layers at the interface of organic
matter and mineral soil, where the mineralization processes are most active (Dahlberg,
2001). ECM might have helped land colonization because of their relatively high
mineralization capacities (Allen, 1991; Fitter and Moyersoen, 1996; Wang and Qiu, 2006).
They were found to have evolved repeatedly with different origins over the last 80 -180
million years (Martin, 2001; Bruns and Shefferson, 2004; Hibbett and Brandon Matheny,
2009). This broad time range cannot be further narrowed because nearly no fossilization of
the soft fungal tissue can be recorded (Lepage et al., 1997). Thus, the complete recognitionand first colonization process is still poorly understood.

1
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Ectomycorrhiza structure

Ectomycorrhiza fungi form large colonies that are interconnected with soil exploring
hyphae. Generally, the colony of such a mycobiont is divided into three different functional
networks and consists of (1) extra-radical hyphae, (2) a fungal sheath forming a mantle
around plant fine roots and (3) intercellular hyphae forming the Hartig net (Martin and
Nehls, 2009; Tedersoo et al., 2010). A visualization of these structures is given in Figure 1.

Figure 1. Overview of where the symbiosis of trees and ectomycorrhiza takes place. Atrebe10: “Basic morphology
of a common ectomycorrhizal association”, (https://commons.wikimedia.org/wiki/File:Ectomycorrhiza
_illustration.jpg). Published at Wikimedia commons, 19.07.2021, Licensed under Attribution Share Alike 3.0
Unported license (https://creativecommons.org/licenses/by-sa/3.0/deed.en). SEM = Scanning Electron Microscope.

A plant fine root is colonized as soon as a mantle and Hartig net are formed. Thereby, almost
every fine root of an ectomycorrhizal plant is colonized (Dahlberg, 2001; Majdi et al., 2001;
Martin, 2001). In detail, the colonization process starts with spatially separated
ectomycorrhizal hyphae and plant fine roots (Schaechter, 2009). After first contact, the
hyphae wrap around the roots, aggregate, and form a fungal sheath. This mantle – like
structure can get up to 40 µm thick in diameter and leads to a closed environment at the
root surface. Because it can greatly resemble parenchymal tissue, it is referred to as pseudoparenchyma in such cases (Schaechter, 2009). Originating from this mantle, a so called
Hartig net is frequently formed where ingrowing hyphae (Intraradical hyphae) establish an
intercellular network between the root- and fungal colony. When forming the Hartig net,
the hyphae penetrate next to the root cap and grow in transverse direction to the root axis
and into the space of the middle lamella (Blasius et al., 1986). Thereby, they grow with the
apoplast of epidermal – and cortex cells (Massicotte et al., 1987; Sally and Smith, 2008). The
penetration depth is plant species dependent, which is also true for strategies to increase
the interaction surface, for example the elongation of epidermal cells (Blasius et al. 1986;
Smith and Read 2010). It was shown that the fungal hyphae of the Hartig net have a transfercell like structure (coenocytic) without cell septation, resulting in a multinucleate status of
2
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the hyphae, which is thought to facilitate nutrient transport. Cells of the extraradical hyphae
of ectomycorrhizal fungi form septa (Kottke and Oberwinkler, 1987). Outward extending
hyphae also originate from the mantle and surround the roots in single, hydrophilic
branches or collective, hydrophobic structures called rhizomorphs (Agerer 2001; Smith and
Read 2010). The complexity of such a rhizomorph organization depends on different fungal
exploration strategies, and organization types and can be directly correlated to long
distance nutrient transport rates (Kammerbauer et al., 1989; Agerer, 2001; Smith and Read,
2010). Depending of the branching order of roots, death rate of fine roots and nutrient
availability, ECM structures last for approximately one annual season (Dahlberg, 2001;
Majdi et al., 2001; Martin, 2001). This is also correlated to the fact, that plant fine roots are
short – lived and defined to be second or third order and not more than 2 mm in diameter
(Helmisaari et al., 2000; Pregitzer et al., 2007; Zhu et al., 2018). However, fine – root life
span was reported to be increased upon mycorrhization (Guo et al., 2008).
1.2.3

Ectomycorrhiza ecology

During ectomycorrhizal symbiosis, fungus derived minerals and nutrients that were
mobilized from organic layers of the soil are exchanged with plant-derived carbohydrates
gained from photosynthesis (Martin and Nehls, 2009; Nehls et al., 2010; Tedersoo et al.,
2010). Because plants are naturally limited by nitrate and phosphate, the availability of
nutrients through the fungal partner improves the plants ability to compete for habitats
(Nehls et al., 2010). Overall, fungi can provide up to 68% of the host plants nitrogen need
(Peay et al., 2007). Thereby, the fungus may be able to change the plants uptake capacity
depending on the amount of available N (Corrêa et al., 2008). Additionally, the phosphate
exchange to the plant directly correlates with the plant’s growth (Jones et al., 1998). Thus,
ECM plants were shown to grow much larger in the same amount of time compared to nonmycorrhized plants (Jones et al., 1998; Corrêa et al., 2008). The fungus on the other hand
gains an advantage from the easily available carbohydrates of the plant. That is, because its
own capacities to take up other sources than dead organisms or plant exudates are
restricted, resulting in an inability to utilize complex carbohydrates (Nehls et al. 2010).
Combined with the direct access of fungi to plant exudates at colonized roots, both
symbionts can often occur at environments where both could not survive without the other
(Nehls et al., 2010). Therefore, ECM are highly competitive in soil exploration, but each
symbiont also has intra species competition.
On the fungal site, the timing of the colonization determines the dominant fungus in the
species composition (priority effect), relating to the amount of root tips colonized per plant
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(Kennedy et al., 2009; Kennedy, 2010). This process is fungal species dependent and can be
influenced by many abiotic and biotic factors, such as soil moisture and pH value, or the
number of competitors, host specificity and selective grazing by collembola (Mamoun and
Olivier, 1993; Kennedy, 2010; Kanters et al., 2015). Thus, one tree can be mycorrhized by
many fungi and one fungus can colonize many trees, forming a link between different plants
and plant species. Such a network can expand over several square kilometres and may have
major consequences on plant competitive interactions and performance (Dahlberg, 2001).
It is assumed, that linkages of single trees through one fungus reduce plant competition and
even promote forest recovery because of source-sink relationships. This underground
“tree-talk” might be a foundational process in the complex adaptive nature of forest
ecosystems (Stricker et al., 2015). However, this possibility and its extent highly depend on
the compatibility of the given plant- and fungal community and environmental factors and
is not fully understood and investigated yet (Arnebrant et al., 1993; Amaranthus and Perry,
1994; Simard et al., 1997; He et al., 2006; Deckmyn et al., 2014). Additionally, fungal species
respond differently to certain stress conditions. These impacts on host tree sustainability
and forest ecosystems also needs further evaluation (Khullar and Sudhakara Reddy, 2019).
ECM association can often buffer or overcome environmental problems for the plant either
passively because of a closed environment evoked by the fungal mantle, or possibly also in
an active way by for example transporting water to the roots with specialized fungal hyphae
(Duddridge et al., 1980; Brownlee et al., 1983). Moreover, the fungal sheath forms a physical
protection towards plant pathogens or heavy metals, mainly because one mantle can
envelop many root tips at a time, but also because secondary metabolites of the fungus are
assumed to act as a biochemical defence mechanism (Schaechter 2009; Colpaert et al.
2011). Even though ECM formation gains many advantages, it also leads to resource
consuming adaptions in the plant. When comparing trees with and without ECM formation,
the overall photosynthetic activity is enhanced by the symbiosis as the carbohydrate
demand is higher compared to a tree that only produces carbohydrate (C) for itself. This
relationship was discovered when Laccaria bicolor fruiting bodies of a fungal symbiont
were removed, resulting in a decreased photosynthetic activity. In total, the plant loses up
to 50 % of its photosynthetic carbohydrates to the fungus (Nehls et al. 2010). Therefore, it
makes sense that plant and fungal partners both have influence on the exchange processes
during symbiosis. Plants normally can prevent parasitism in controlling and restricting the
carbohydrate fluxes, for example when the plant is more independent on the fungus
because of high nitrogen (N) availability in the soil (Review: Nehls et al. 2010). On the other
hand, most ECM fungi have the capability to switch between their C sources in dependence
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of seasonal impacts in terms of C-starvation, which is directly coupled to the photosynthetic
activity of the symbiosis partner. Once photosynthetic rates are low, the fungus likely
switches to a facultative transitory saprotrophic lifestyle to ensure a constant sugar supply
(Nehls et al. 2010). Additionally, the fungal mantle can be utilized as an intermediate storage
compartment around the roots (Massicotte et al., 1987). These dynamics help to be able to
adapt to different environmental conditions (Massicotte et al., 1987).
Besides exploring the soil vegetative with their hyphae, ectomycorrhiza reproduce sexually
via macroscopic sporocarps to complete their lifecycle (Johnson 1996). The building of
fungal fruiting bodies is dependent on the allocation of carbohydrates, which is in return
depending on the nutrient availability in the soil. The more nutrients are available up to
eutrophication, the less allocation occurs, a process, which can lead to strong shifts in
fungus compositions and belowground diversity (Högberg et al., 2010; Lilleskov et al., 2011;
Wallander et al., 2011). In the end, both fungal morphological hyphae features, such as
colour, extent of branching or the degree of complexity, and observing fruiting bodies in
combination with molecular tools serve as a classification tool for ECM (Schaechter, 2009).
1.2.4

Ectomycorrhiza function

The extended nutrient and metabolite exchange within the fungal colony and between
plants happens via outward extending hyphae (Nehls et al. 2010). Nutrient and
carbohydrate transports are moved via a gradient, which is mainly evoked through
glycolysis and intermediate carbohydrate storage pools at the plant-fungus interface (Nehls
et al. 2010). All in all, the nutrient transport in ECM symbiosis takes place at the three
different interfaces (1) soil - fungus, (2) fungus -apoplast and (3) apoplast – root-cell
(Chalot and Brun 1998).
At (1), one of the first factors that influence ECM formation are secondary metabolites that
are excreted by plant roots. Fungal hyphae can sense these root exudates in the presymbiosis stages, which help to guide them to the tree fine roots (Martin et al., 2001).
Another factor are mycorrhiza helper-bacteria (MHBs) around roots, whose presence
elevates ergosterol levels in the soil, a metabolite promoting fungal growth (Bowen and
Theodorou 1979; Garbaye 1994) Even though the fungus is invasive towards the plant and
must degrade some of the plants cell walls for the symbiosis to work at (2), plants are not
harmed. Harmful genes for either partner likely went lost during the evolution of the
symbiosis and the fungus cannot degrade plant cell walls as a carbon source (Martin et al.,
2008; Martin and Nehls, 2009). Possibly, the plant can somehow suppress the gene
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expression of the plants pathogen defence mechanisms, bypassing plant defence
mechanisms against herbivores that are otherwise provoked by low cellulose levels source
(Martin et al., 2008; Martin and Nehls, 2009). The apoplast-root-cell interface in (3) is so
densely packed that both become nearly indistinguishable, facilitating nutrient exchange in
this area (Smith et al. 1994). This apoplast pathway was shown to be flexible, fast and
demand orientated (Nehls et al. 2010).
It is assumed, that many pre-symbiosis steps and the differential expression of proteins that
are involved in fungal attachment, plant defence and symbiosis related metabolism are
influenced and coordinated by impacts of signalling pathways on regulatory elements
(Martin, 2001; Frettinger et al., 2007; Martin et al., 2007). As an example, some plant genes
likely code for cell wall degrading enzymes which allow the fungus to penetrate the
rhizodermis tissue after first contact (Martin et al. 2008; Sally and Smith 2008; Smith and
Read 2010). Further genetic modifications can influence a plants morphology in terms of
increased mitotic division, the stimulation of lateral cell growth, reduction of root spreading
as well as the induction of cell shape changes (Vayssières et al., 2015). This is likely
accompanied by cytokinin induced morphological modulation to increase root branching
and to enhance colonization rates to increase the interaction surface (Felten et al., 2009;
Giron et al., 2013; Vayssières et al., 2015). Fungi are also thought to produce
phytohormones to enhance plant fine root formation and suppress root hair formation to
facilitate the colonization. Root hairs are then replaced with fungal hyphae to accumulate
nutrients (Agerer, 2001; Schaechter, 2009; Smith and Read, 2010). In total, no
ectomycorrhiza specific genes could be detected until now. All changes are made based on
changes in transcription patterns of existing genes (Duplessis et al., 2005; Martin et al.,
2007).

1.3 The woody plant model organism Populus spec.
Poplar belongs to the family of Salicaceae and is a great model organism for studies of the
interactions between woody plants living in symbiosis with mycorrhiza because of its
worldwide distribution and genotypic diversity (Martin and Nehls 2009; “Classification |
USDA PLANTS” n.d.). Populus tremuloides and P. tremula for example are known to occur on
several continents (Bradshaw et al., 2000). Worldwide, there are 40 different known poplar
species, with all of them harbouring 19 chromosomes (2n = 38) that consist of about 500
million base pairs encoding for approximately 45.000 genes (Tuskan et al., 2006). Because
poplar is paleopolyploid and consists of relatively large gene families, it is assumed, that its
genome was duplicated several times during evolution (Brunner et al., 2004). Besides
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sexual reproduction, poplar is also able to reproduce asexually (Bradshaw et al., 2000).
Poplar species can be hybridized, resulting in fertile diploids (Bradshaw et al., 2000). The
traits of many hybrids are already compiled in large databases (Bradshaw et al., 2000).
Compared to their parental types, hybrid morphology and phenology was shown to differ
in Populus trichocarpa × P. deltoides hybrids, which were shown to grow faster and have
larger leave sizes (Ridge et al., 1986). When comparing hybrids with each other it could be
shown, that different hybrids respond differently to heavy metal stress, indicating various
responses to environmental conditions (Chandra and Kang, 2016). Furthermore, a study
revealed significant hybrid effects on growth traits (Pliura et al., 2014). However, a major
disadvantages of hybrids could be, that they were shown to be able to disperse in a study
based on molecular markers (Ziegenhagen et al., 2008). Furthermore, there might be a risk
of introgressive gene flow, which might lead to a loss of species integrity (Ziegenhagen et
al., 2008).
Overall, poplar hybrids are frequently used as model organisms for forest systems because
(1) they are fast growing and easy to cultivate under sterile conditions, (2) their ability to
regenerate in vitro from transformed cells (Tsai et al., 1994) and (3) their genome is
sequenced in high quality, which can help to evaluate gene function (Brunner et al., 2004;
Nanjo et al., 2004; Yang et al., 2015). Point (3) is so important in plant genomics research,
because reverse genetic approaches are essential in relation to time when compared to the
long reproduction cycles of trees. To be able to isolate full – length cDNA from the poplar
genome, a well sequenced and correct gDNA template is needed (Nanjo et al. 2004).
Additionally, poplar can be transformed with Agrobacterium to assess gene alteration,
further showing its great importance as a model organism (Tsai et al., 1994; Hwang et al.,
2015; Yang et al., 2015).

1.4 The ectomycorrhiza model organism Pisolithus microcarpus
Pisolithus microcarpus belongs to the division of Basidiomycota and family of
Sclerodermataceae (Peter et al., 2003). The hyphae of Basidiomycota are vegetative
growing, tubular cell structures surrounded by a cell wall. The symplast of the hyphae is
continuous and is segmented by perforated septa (Bresinsky et al., 2013). Generally, the
genus Pisolithus forms ECM with a broad woody plant host range (Martin et al., 2002). Some
of its lineages are restricted to the geographical origin of the host plant, whereas others are
distributed worldwide, such as P. microcarpus. Thereby, this fungus was associated to have
dispersed with Australasian trees, such as eucalyptus (Martin et al., 2002) and
basidiospores (Hitchcock et al., 2011). Studies analysing the genetic population in forests of
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south eastern Australia revealed little genetic diversity, indicating a high rate of gene flow
(Hitchcock et al., 2011). What could be shown is a differential gene expression of several
genes when comparing free mycelium and symbiotic tissues of P. microcarpus (Peter et al.,
2003). Thereby, most transcripts in the mycelium coded for structural proteins or stress
response, whereas symbiotic tissues had transcripts of cell wall proteins (Peter et al., 2003).
It was however noted that transcript databases need more information and many points
and questions remined unanswered yet.
As a model organism for studies in the laboratory, P. microcarpus was shown to form
mycorrhiza under artificial conditions (Duplessis et al., 2005; Costa et al., 2010). It can be
cultivated under sterile conditions and was shown to form mycorrhiza in a closed system
with composite poplar (Nehls et al., unpublished).

1.5 Plant transformation methods
1.5.1

Comparing stable to transient plant transformation

Plant transformation methods are a key tool for gene analyses (Birch 1997). Agrobacterium
mediated plant transformation is a common for both transient and stable manipulations
(Tsai et al., 1994; Kapila et al., 1997; Citovsky et al., 2007; Jian et al., 2009; Hwang et al.,
2015; Gelvin, 2017).
Transient transformation of plants with agrobacteria defines for a process, where the gene
of interest is only temporarily but strongly expressed in a target organism for gene
identification and analysis (Kapila et al., 1997). This is often combined with heterologous
gene expression, where a gene is expressed in an organisms where it would not naturally
occur (Gross and Hauser, 1995). Here, effects are time limited (a few days), which is why
transient transformations are often conducted prior to a stable plant transformation
(Fischer et al. 1999; Manavella and Chan 2009). As an example, Agrobacterium mediated
transient expression of respective constructs in tobacco leaves can be used for subcellular
protein localization (Citovsky et al. 2006). Generally, transient expression is not as reliable
as stable plant transformations when evaluating root specific promoter regions. This is,
because extrachromosomal transient expression in leaves of a different genus does not fully
reflect all needed promoter elements, as the gene regulation is not chromatin based and
some factors might not exist in a heterologous system (Hernandez-Garcia and Finer 2014).
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Stable transformation means the stable integration of genes and reporter constructs into
the plant genome (Birch 1997; Gelvin 2010, 2017). For this, the regeneration of organs
(hybrid plants) or entire plants for single transgenics are requested. Such strategies are
often based on a dominant selection marker (Valvekens et al., 1988). Because the overall
process of generating and preparation of stable transformation takes month, another
approach was developed particular for analyses of transgenic roots. Thereby,
non – transgenic shoots are brought to form transgenic roots via Agrobacterium mediated
plant transformation which can be evaluated within weeks. Each resulting root is a single
transformation event and such plants are called “Composites” (Hansen et al., 1989; Collier
et al., 2005; Neb, 2017; Neb et al., 2017; Das, 2018). Even though obtained information about
gene expression are relatively robust (Hernandez-Garcia and Finer, 2014), stable
transformations also have their weaknesses. It was shown that the random locus of T - DNA
integration likely affects the transgene expression (position effect). T - DNA expression is
also influenced by the T - DNA conformation, which can be integrated in different units, such
as tandem repeats at junction sites (filler DNA) (Gelvin 2017). Additionally, the transferred
amount of copy numbers may differ (Hernandez-Garcia and Finer 2014).
1.5.2

Overview of Agrobacterium mediated plant transformation

Agrobacteria are plant pathogenic, gram-negative soil bacteria belonging to the order of
Rhizobiales and family of Rhizobiaceae (Moore and Chilton, 1997; Young et al., 2001; Platt
et al., 2014). Some Agrobacterium species can sense and move to wounded plant regions,
cross the destroyed plant barrier, and integrate a part of their plasmid DNA (T - DNA) into
the plant’s genome, causing stable transformations. Thereby, plants get diseases depending
on the Agrobacterium strain. A. rhizogenes harbours a so called Ri-plasmid (Ri = root
inducing) which contains rol – genes (root loci genes) and causes a “hairy root disease”
phenotype, whereas A. tumefaciens transfers parts of its Ti-plasmid (Ti = Tumour inducing)
and induces “crown gall disease” (Moore and Chilton 1997; Platt et al. 2014). Because they
turn the bacterium into a pathogen, Ti- and Ri-plasmids belong to the group of virulence
plasmids (Suzuki et al., 2009). Usually, protective gene expression is upregulated in a host
once a pathogen is detected, but the agrobacteria manage to inhibit plant defence signalling
(Gelvin, 2003; Anand et al., 2007; Lee and Gelvin, 2007; Hwang et al., 2015). The T - DNA
regions of the plasmids consists of genes that are coding for phytohormones and opine
synthesizing enzymes (McCullen and Binns 2006). While the plant is regulated by
morphological changes and tumour formation, the Agrobacterium nourishes from the
produced opines, a derivate of amino acids and sugar (Chandra 2012). Both Ti- and
Ri- plasmids are classified based on the opines that the host is forced to produce (Chandra
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2012; Platt et al. 2014). To be able to transfer their T - DNA, agrobacteria hijack
fundamental processes of cells shared by most eukaryotic organisms, and furthermore
interfere with host defence mechanisms (Tzfira and Citovsky, 2006; Anand et al., 2007). The
complete process can be differentiated into seven steps: (1) Agrobacteria chemically
recognize a wounded plant and move there chemo - tactically (Tzfira et al., 2004; Anand
et al., 2007; Ma et al., 2014; Subramoni et al., 2014; Hwang et al., 2015; Gelvin, 2017) based
on the excretion of the phenylpropanoid derivates, as well as by high amounts of sugars and
a relatively low pH-value at the wounded plant site (Stachel et al., 1985; Joubert et al., 2002).
Acetosyringone activates chromosomal Agrobacterium receptor genes called virA and virG,
which are part of a two-component receptor and located on the Ti/Ri-plasmids. They
activate the expression of many other vir-genes that are coding for virulence effector
proteins (Joubert et al., 2002; Ma et al., 2014; Platt et al., 2014; Subramoni et al., 2014), (2)
Agrobacteria initiates a physical contact to the plant (Heindl et al., 2014; Matthysse,
2014; Carlson et al., 2015), (3) Activation of the T - DNA transfer machinery. During this
step, virD1 and virD2 recognize the 25 bp long left- and right border sequences that are
flanking the T - DNA. virD1 acts as a helicase, whereas virD2 has a nuclease activity causing
nicks in the double stranded Ti- and Ri plasmids at the left- and right border sequences.
Thus, single stranded breaks at the border sequences are caused, cutting out the single
stranded T - DNA region (ssT – DNA). The vir-gene virD2 stays attached to the right border
at the single T - DNA strand for protection against exonucleases (covalent at the 5´ end) and
as a strong nucleus targeting sequence (NLS) (Tzfira et al., 2004; Gelvin, 2017), (4) T - DNA
and protein transfer into the plant cell. The T - DNA-virD2 complex is transferred into
the plant cell through an infection pilus (Chandra 2012). Many involved host and bacterial
proteins still need to be identified and characterized (Tzfira and Citovsky, 2006; Chandra,
2012; Gelvin, 2017), (5) T - DNA transfer into the nucleus. Once inside the plant cell, a
“mature T - DNA complex” is formed together with plant proteins, such as importin (Tzfira
and Citovsky 2006; Chandra 2012), (6) Integration of the T - DNA into the plants
genome, a process that is still poorly understood. Newest research results support a
hypothesis, in which the ssT - DNA gets copied and transformed to double stranded T - DNA
(dsT - DNA) by host polymerases prior to the random occurring integration into the host
DNA (Tzfira and Citovsky, 2006; Gelvin, 2017) and (7) Gene expression of the T - DNA.
1.5.3

Binary vector systems as a tool for Agrobacterium mediated plant transformation

Central for genetic plant engineering is that, besides its flanking regions, the T - DNA itself
does not code for any genes requested for bacterial infection or DNA transfer, wherefore it
can be exchanged with any gene sequence of interest (Tzfira et al. 2004; Tzfira and Citovsky
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2006). Thus, the three major elements required for Agrobacterium mediated plant
transformation T - DNA transfer are (1) the target construct that is supposed to be
transformed into the plants (2) 25 bp long right and left border sequences that are flanking
the T - DNA and define the regions that are later on transferred to the plants nucleus and
(3) a marker for selection of transformants (Komori et al. 2007; Pitzschke and Hirt 2010).
Because both Ti- and Ri- plasmids are quiet large (approximately 200 kbp), present in
agrobacteria only in low copy and cannot be replicated in E. coli, so called binary vector
systems were developed (Lee and Gelvin 2007; Suzuki et al. 2009). Because binary vectors
are propagated in E. coli, transferred in agrobacteria for plant infection and T – DNA
transfer into host plants, they do harbour different elements that are necessary for each
purpose (Hellens et al. 2000; Komori et al. 2007; Lee and Gelvin 2007; Suzuki et al. 2009;
De Rybel et al. 2011). Thereby, the T – DNA including the border sequences is transferred
on a smaller shuttle vector. The rest of the necessary machinery for a successful T – DNA
transfer is located on a “helper plasmid”, such as the vir-genes, rol - genes or parts of the
ORI that are necessary for the replication of the T – DNA shuttle vector (Alpizar et al., 2006;
Komori et al., 2007; Pitzschke and Hirt, 2010). Both the shuttle vector and the helper
plasmid need to be present in the same Agrobacterium, giving name to the binary vector
system (Komori et al. 2007; Pitzschke and Hirt 2010). Thereby, the T - DNA region on the
small and autonomous shuttle vector functions in trans to the vir-region on the “helper
plasmid” (Tzfira and Citovsky, 2006; Signor and Nuzhdin, 2018).
1.5.4

The plant transformation vectors pGREEN and pCXUN

pGREEN is a pBluescript derived plant transformation vector that can be used for
Agrobacterium mediated transformations. Based on pGREEN, pPLV was developed (Hellens
et al., 2000; De Rybel et al., 2011). In a modified version of pPLV, the T - DNA contains a
plant selection marker cassette as well as an expression cassette for fluorescence proteins
(Figure 2) (Neb, 2017; Schnakenberg, 2020). The backbone of the binary vector contains
only a part of the psa-ORI and a kanamycin resistance. To be able to replicate, the
incomplete pSA ORI needs to be complemented with the “helper plasmid” pSOUP, which
needs to be present in the same Agrobacterium cell for a successful replication (Hellens et
al., 2000).
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Figure 2. Vector description of a modified pGREEN based pPLV binary vector. The T - DNA was completely exchanged
via BglII (Neb, 2017). It contains an expression cassette for fluorescence proteins and a plant selection marker
cassette. The backbone of the binary vector contains a part of the psa-ORI and a kanamycin resistance. To be able to
replicate, the incomplete pSA ORI needs to be complemented with the “helper plasmid” pSOUP. For promoter and
terminator descriptions see chapter 2.5.1. Figure was in silico cloned and displayed using Geneious.

Another plant transformation vector is the pPZP derived pCAMBIA vector named pCXUN
(Hajdukiewicz et al., 1994). Its backbone contains a pBR ORI for replication in E. coli, a pVS1
ORI for replication in agrobacteria as well as a kanamycin resistance cassette (aadA CDS)as
well as a bacterial selection marker (aadA CDS) (Vector Detail Arabidopsis Stock centre
pCXUN-FLAG; Hajdukiewicz et al., 1994). In a modified version, the T – DNA is composed of
a plant selection marker as well as a green- and red fluorescence protein expression
cassettes (Figure 3).

Figure 3. Visual description of a pCAMBIA derived and modified pCXUN vector. The T - DNA was composed of a
variable double marker cassette (Green and Red expression cassette) and a plant selection cassette. The backbone
outside of the T – DNA consisted of a pBR-ORI and a pVS1 REP ORI for plasmid stability in Agrobacteria as well as a
kanamycin resistance cassette (aadA CDS). The Figure was in silico cloned and displayed using Geneious (further
details given in M&M).
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Creating plant transformation vectors using Ligase independent cloning (LIC)

Compared to cloning with restriction enzymes and DNA T4-ligase, another technique
named Ligase Independent Cloning (LIC) evolved over the last years (Aslanidis and de Jong,
1990). LIC allows for a directed integration of genes into the T - DNA region of binary vector
systems without restriction digestion of the target DNA. This method is especially time
saving and advantageous for cloning many PCR products at a time or when no suitable
restriction sites for conventional cloning strategies are available (Aslanidis and de Jong,
1990). In principle, LIC is based on the enzymatic activities of DNA polymerase 5´3´polymerase- and 3´-5´exonuclease activity at designed “LIC adapters”. These adapters are
generated complementary at both the desired insert and the linearized vector backbone in
using complementary dNTPs for both attempts (De Rybel et al., 2011). When linearized,
double strand DNA is incubated with DNA-Polymerase and only one out of the four
deoxynucleotide triphosphates (dNTP) requested for DNA synthesis. The DNA then gets
degraded until the first nucleotide that corresponds to the dNTP that was added to the
mixture is reached (De Rybel et al., 2011). This procedure takes place at both DNA strands,
allowing for the generation of incompatible 5´overhangs to avoid re-ligation (De Rybel et
al., 2011) (Figure 4). A possible insert is then amplified with primers that generate 5´ends
compatible to the backbone DNA (De Rybel et al., 2011). In a last step, the insert and vector
with the overhangs are hybridized, meaning that insert and vector LIC overhangs form
phosphodiester bonds and emerge to a circular vector, which can then be used for bacteria
transformation. Cell internal repair mechanisms complete the vector after the
transformation (De Rybel et al., 2011).

A

B

5´ G A A T T C T A G T T G G A A T G G G T T C G A A 3´
3´ C T T A A G A T C A A C C T T A C C C A A G C T T 5´

5´ T T C G A A C C C A A C T C C A T A A G G A T C C 3´
3´ A A G C T T G G G T T G A G G T A G G C C T A G G 5´

Figure 4. Visualization of LIC overhangs and adapters for a LIC cloning strategy (Ligase Independent Cloning). A: LIC
site in the T – DNA of binary vectors for Agrobacterium mediated plant transformation. The vector can be linearized
with HpaI, the sequences. Left and right of this cutting site are so called LIC adapters. Using complementary adapters
for the potential inserts in combination with respective T4-polymerase treatments allows for LIC. The image was
made with Geneious. B: LIC overhangs in detail. In blue is the dCTP and T4-DNA Polymerase treated vector, in orange
is the dGTP and T4-DNA Polymerase treated PCR insert, which was amplified with LIC-overhangs prior to this step. In
this way the T4-DNA Polymerase treatment generates compatible overhangs that can then be annealed without a
ligase.
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1.6 Gene regulation in Eukaryotes: Promoter analyses
1.6.1

Overview of gene regulation in eukaryotes

Protein function, transport and localization are the result of DNA transcription, RNA
splicing, translation and post-translational modifications of proteins and protein activity
(Fütterer and Hohn 1996). Timing, localization and number of genes together with their
expression strength help organisms to adapt to adapt to environmental changes (Sachs and
Tuan-Hua, 1986; Riethoven, 2010; Hernandez-Garcia and Finer, 2014).
1.6.2

Eukaryotic promoter structure

Eukaryotic promoter regions can be divided into core- (~ 80 bp around the transcription
start site (TSS)), distal-, and proximal promoter (~ – 200 to 300 bp in relation to the TSS),
followed by an untranslated region (5´ UTR), the coding region consisting of introns and
exons, a 3´ UTR and finally a terminator (Riethoven, 2010; Barrett et al., 2012; Porto et al.,
2014; Biłas et al., 2016). A schematic overview is given in Figure 5. The core promoter
additionally contains the TSS, which defines the transcription and accuracy of gene
expression and the transcription is initiated by RNA polymerase II (Riethoven, 2010;
Barrett et al., 2012; Porto et al., 2014; Biłas et al., 2016). Because of the high variability in
promoter elements, eukaryotic promoters vary greatly in size (Hernandez-Garcia and Finer
2014).
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A

B

Figure 5. A: Potential promoter structure of a eukaryotic gene. The transcription- and translation start are indicated.
B: Schematic display of potential locations of cis – elements in eucaryotic promoters. cis – elements of the promoter
can be bound by transcription factors, that in return can be bound by transcription factor binding proteins (TBPs) to
recruit RNA polymerase II. In case of the TATA box, these are called TATA binding proteins that help position the
polymerase over the transcription start (TSS). Cis – elements can be brought closer to the Transcription start (TSS) by
looping factors that help mediate the promoter structure.

1.6.3

cis – element-based regulation of eukaryotic gene transcription

All parts of a eucaryotic promoter can contain so called cis – elements, which are specific
DNA binding sites for transcription factors (TFs), to help regulate gene expression rates on
a transcriptional level (Riethoven, 2010; Barrett et al., 2012; Porto et al., 2014; Biłas et al.,
2016). Thereby, the amount of produced pre-mRNA is dependent on the amount of TFs
present, which are a product of non-coding DNA translation and influence the binding
capacities of RNA-polymerase II binding sites (Smale and Kadonaga, 2003; Riethoven, 2010;
Zuo and Li, 2011). cis-elements mostly have sizes about 20 bp that can be activated
independently of the distance and orientation towards the transcription start (TSS) in
eukaryotes (Shahmuradov et al., 2005; Riethoven, 2010; Biłas et al., 2016). Because
cis - elements are relatively small and likely repetitive, they are assumed to need the
involvement of other bases nearby to work properly (Vollenweider et al., 1979; Kanhere
and Bansal, 2005). TFs that reduce the gene expression are referred to as silencers, while
TFs enhancing the probability of gene expression are called enhancer (Smale and Kadonaga,
2003; Riethoven, 2010; Zuo and Li, 2011). In eukaryotes, some enhancers were found to
bind up to 1 Mbp (Mega base pair) up- or downstream from the TSS, while silencers were
found to even bind within intron and exon regions of the coding sequence or target helicase
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sites (Porto et al., 2014; Srivastava et al., 2018). The 3´ UTR, which is not translated to
protein, also stabilizes the mRNA and can contain both gene enhancers and silencers
(Usadel et al., 2009; Vandepoele et al., 2009; Barrett et al., 2012; Biłas et al., 2016).
As an example for a TF binding site in the core promoter, the TATA – box can be found
5 – 30 bp upstream of the TSS in 30 – 50 % of all known promoter regions (Juven-Gershon
and Kadonaga 2010; Zuo and Li 2011). Without outside influences, the TATA – box has a
basal activity that can be enhanced or silenced when bound to a pre-initiation complex
(PIC), which is formed of TFs, RNA polymerase II and up to 14 other polypeptides called
TATA - binding proteins (TBP) – associated factors. Thereby, TBPs are highly conserved
and help position RNA polymerase II over the TSS (Graw, 1962; Maniatis et al., 1987; Levine
and Tjian, 2003; Juven-Gershon and Kadonaga, 2010; Akhtar and Veenstra, 2011; Zuo and
Li, 2011; Biłas et al., 2016). Some plant promoters were found to be lacking a TATA-box.
Instead, they often contained alternatives such as AGGA – or GC-boxes to help increase
RNA - polymerase II binding, or upstream activation sites between -80 and -1800 bp of the
initiation (Graw, 1962; Maniatis et al., 1987; Levine and Tjian, 2003; Porto et al., 2014; Biłas
et al., 2016). Further TF binding sites are for example initiator elements (INR) close by or
covering up the TSS that can influence the TATA – box, or several other TF binding sites
located in upstream – and downstream promoter regions (UPE and DPE) (Barrett et al.,
2012). Importantly, TATA – boxes or alternative boxes can act in both ways and mutate
easily, which in return heavily effects transcription effectiveness (Biłas et al. 2016). Some
genes were found to be co – expressed, likely because they share similar functions (Usadel
et al., 2009; Vandepoele et al., 2009).
1.6.4

Eucaryotic promoter stability

To influence gene expression, the DNA needs to be folded and curved in a certain shape,
either because of the intrinsic properties or because of external influences, such as protein
binding. Therefore, many genes have sequence dependent curved DNA upstream of the TSS
(Iyer and Struhl, 1995; Nagaich et al., 1997; Gabrielian et al., 1999; Kanhere and Bansal,
2005). Intrinsic properties mean, that all described elements can influence secondary loop
structures for regulation and regulate each other. Based on their nucleotide composition,
eukaryotic promoter regions were found to be less stable and less bendable with an
enhanced curvature profile compared to non-promoter regions (downstream coding
regions) (Kanhere and Bansal, 2005). Some of the mentioned features are even conserved
and heavily influence the availability of cis – elements (Vollenweider et al., 1979; Kanhere
and Bansal, 2005). The destabilized upstream region of the TSS likely leads to facilitated
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opening of base pairs during torsional stresses caused by RNA - polymerase movement.
Additionally, nucleosome formation is destabilized in less flexible DNA regions, which is
easing access to transcription factors (Vollenweider et al., 1979; Kanhere and Bansal, 2005).
Chromatin based gene regulation is also influenced by some TFs, which can cause
coactivator protein mediated post – translational acetylation of histones. As a result,
cis – elements in the previously packed DNA become available (Rombauts et al., 2003;
Hernandez-Garcia and Finer, 2014).
External influences on promoter stability has the so called Mediator. The earlier described
PIC is mainly important for the start site selection but does not seem to respond to
transcriptional activators, which is where Mediator comes into play (Karijolich and
Hampsey, 2012). Mediator is a large protein complex composed of variable subunits
(between 25 and 30 in plants), which acts as a binding bridge between DNA, TFs,
RNA - polymerase II and the PIC. DNA is bound by transcription factors, which in turn have
a binding motif for Mediator. Based on its present conformation and composition, Mediator
provides a platform for co – factors as it can bind to several TFs at a time and is able to
recruit RNA - polymerase II (Allen and Taatjes, 2015; Samanta and Thakur, 2015). It seems
to be required for all genes as it is responsible for basal and enhanced expression but also
acts as a co – repressor for down regulation of genes on RNA level. Its variable subunits
allow for conformational flexibility as a reaction to different pathways (Mathur et al., 2011;
Karijolich and Hampsey, 2012; Yin and Wang, 2014; Allen and Taatjes, 2015; Samanta and
Thakur, 2015). Thereby it was found responsible for transcription control, chromatin
architecture in terms of organising topological domains and stabilizing of loops (looping
factor), RNA - polymerase II initiation as well as translation pausing (to help maintain
nucleosome free regions to promote transcription activation) and elongation (in concert
with PIC) (Allen and Taatjes, 2015). Possibly, Mediator adapts based on abiotic and biotic
stimuli in a temporal – spatial manner (Samanta and Thakur, 2015). Thereby, Mediator
secondary structures are similar between species even though their primary structures
differ, which might suggest a conserved organization (Mathur et al., 2011).
1.6.5

Functional promoter analyses in Eukaryotes

One tool to align conserved regions of two or more unaligned sequences to detect
probabilistic motifs based on a weight matrix is Consensus (Rombauts et al., 2003).
However, eucaryotic promoters are usually hard to characterize in silico because regulatory
sites can be present hundreds of base pairs upstream of the TSS (Iyer and Struhl, 1995;
Nagaich et al., 1997; Gabrielian et al., 1999; Kanhere and Bansal, 2005). Here, in vivo
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analyses of well-established model systems might provide quantitative and qualitative data
to investigate promoters (Geertz and Maerkl 2010; Hernandez-Garcia and Finer 2014).
In vivo promoter analyses give a more biologically related context and allow for the testing
of sequence specificity (Geertz and Maerkl 2010; Hernandez-Garcia and Finer 2014). The
localization of potential cis – elements can be investigated by the generation of a series of
5´- end truncations, even though some regulatory elements might get lost because of the
promoter complexity (Rombauts et al., 2003; Porto et al., 2014; Zhu et al., 2014; Sharma et
al., 2017; Zhang et al., 2017). Such truncated promoter fragments drive fluorescence protein
expression to reflect on the expression rate in planta and to get information about promoter
activity (Curtis and Grossniklaus, 2003).

1.7 Fluorescence protein reporter systems
1.7.1

Fluorescence proteins

The first FP was described in 1974 and isolated from the jellyfish Aequorea victoria in the
1960s (Shimomura et al., 1962; Morise et al., 1974). Because it was emitting green light, the
shortcut GFP for Green Fluorescence Protein was introduced (Shimomura et al., 1962). To
increase the spectral properties of FPs and to help better stabilize protein structures, GFP
was mutated (mostly the chromophore forming residues or at the fluorophore itself),
resulting in less photo bleaching or other emission light wavelength (blue, cyan or yellow)
(Kremers et al., 2006). Generally, GFP and its mutations have a unique β-sheet barrel like
structure. The β-sheet forms the wall of the barrel with a diagonal α-helix running through
it. A chromophore is located inside of the barrel, linked by an α-helical stretch as a tripeptide
motif (Ser65-Tyr66-Gly67). It is formed in an autocatalytic cyclization of a tripeptide
sequence, for which oxygen is needed. When the chromophore is formed, fluorescence
occurs independently of the surrounding conditions such as other proteins, substrates or
co-factors (Zimmer 2009, 2002; Odom 2011) and labels are created within the cell
(Chudakov et al., 2005; Sahoo et al., 2009). Thus, this approach is independent of
temperature and chemicals as a substrate. Furthermore, no drying or fixation steps are
necessary. (Sahoo et al., 2009)
To expand the colour palette into orange, red and far-red, mRFP1 was obtained and mutated
from Discosoma spec (Shaner et al., 2004). Since it was often found to be disruptive or even
toxic to the target organisms because of its tetrameric structure, it was further modified to
(1) improve its maturation time, (2) improve its tolerance to N-terminal fusions, (3)
enhance its photostability and (4) create different colours. The first true monomer was
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mRFP1, which was further optimized to DsRED, finally leading to the two final products
tdTomato and mCherry (Shaner et al., 2004). Both are bright and versatile in in vivo imaging
and are engineered for brightness, stability, as well as low aggregation and can easily be
fused to the N- or C-terminus of proteins (Shaner et al., 2004). tdTomato is a tandem dimer
(intra-molecular) with an excitation optimum of 554 nm and an emission optimum of
581 nm. Its maturation half-life is 1 h at 37°C and shows 283 % brightness compared to GFP
(Shaner et al., 2004). In comparison, mCherry has an excitation optimum of 587 nm and an
emission optimum of 610 nm. Even though it has only 47% of the brightness of GFP, its
maturation half time is only 15 min (Shaner et al., 2004). The autocatalytic mechanisms of
chromophore formation for RFPs is more complex compared to GFP (Subach and
Verkhusha, 2012). Red chromophores were shown to have a common blue intermediate or
a GFP – like intermediate in the process of its maturation (Subach and Verkhusha, 2012).
Further mutations of DsRED-E5 caused this GFP-like intermediate to be detectable
(Terskikh et al., 2000; Mirabella et al., 2004).
1.7.2

Use for subcellular protein localization studies and promoter analysis

Because FPs can be attached to many proteins and still form the necessary chromophore,
they can be used as reporters for different purposes, such as protein localization. Most
proteins are not disrupted in their folding, function and localization too much when an
fluorescence protein (FP) is fused to it (Shaner et al., 2004; Sahoo et al., 2009; Grefen et al.,
2010). Thus, the labelling of target proteins “in planta” with FP´s is a common method when
working with reporter gene essays in plant transformations (Nowak et al., 2004; Chudakov
et al., 2005; Sahoo et al., 2009). In combination with such fusion constructs, some promoters
can be used to constitutively express proteins in plants. An example is the Arabidopsis
Ubiquitin10 promoter (PUBQ), which is expressed in almost all organ tissues throughout the
complete lifecycle of a plant (Hernandez-Garcia and Finer 2014). Other possible promoters
are the Nopaline Synthase Promoter (PNOS), or the Cauliflower Mosaic virus promoter (P35S)
(Odell et al., 1985; Ebert et al., 1987). The PNOS is characterized by a CCAAT region
63 – 97 bp, as well as another important region 101 – 119 bp upstream of the TSS (Ebert et
al., 1987). PNOS it not only constitutively expressed, but plant wound and auxin inducible
(An et al., 1990). For P35S, an enhancer was found to be located 434 – 46 bp upstream of the
transcription start (TSS) (Odell et al., 1985). To increase the DNA transcription activity of
the original promoter, the 250 bp upstream region was cloned in tandem. This obtained
double P35S was shown to be useful to obtain high expression levels of foreign genes in
transgenic plants (Kay et al., 1987; Fang et al., 1989). Further studies showed that single
subdomains can confer tissue specific gene expression via synergistic interactions among
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the cis - elements. However, such a combinatorial code was interpreted differently among
species (Benfey and Chua, 1990). FPs can also be used as a reporter protein for promoter
analysis with an unknown promoter (Shaner et al., 2004; Sahoo et al., 2009; Grefen et al.,
2010).
The success of both stable and transient plant transformations with FPs can be detected
with a laser-scanning microscope (Okumoto et al., 2004; Chudakov et al., 2005). Thereby it
is possible to distinguish a combination of several FPs in the same compartment because of
their different excitation and emission wavelength based on their chromophore properties
(Table 1). Depending on the microscope and its filter settings for different fluorescence
channels, it is for example possible to distinguish tdTomato from sYFP (Shaner et al., 2004).
Table 1. Fluorescence proteins with their respective size, excitation, and emission wavelength as well as their
description.

Fluorescence
protein

Size
[kDa]
26.2

Emission
wavelength
in nm
610

Excitation
wavelength
in nm
587

mCherry
tdTomato

54

581

554

eGFP

54.6

509

489

sYFP

25.9

527

515

DsRED-E5

26.5

510 for GFP
and 583 for
RFP

488 for GFP,
558 for RFP

1.7.3

Description

References

Derived from
mRFP1,
monomeric
Tandem dimer
derived from
mRFP1
Genetic fusion of
two eGFP copies

Shaner et al. 2004

optimized from
GFP, has an
increased
intrinsic
brightness
Mutant of
DsRED, has
detectable GFP
emission during
maturation

Shaner et al. 2004
Reichel et al.
1996; Takada and
Jürgens 2007;
Patterson et al.
1997; Heim,
Cubitt, and Tsien
1995
Kremers et al.
2006;
Day and
Davidson 2009
Mirabella et al.
2004; Terskikh et
al. 2000

Distinguishing autofluorescence from fluorescence protein signals

Autofluorescence defines for the natural emission of light by phenolic compounds in
different plant tissues (Bright et al., 1989; Roshchina, 2012). In plants, chlorophyll, lignin,
flavin, terpenes, alkaloids, flavonoids, anthocyanins, azulenes or NADPH can be the reason
for autofluorescence (Bright et al., 1989; Roshchina, 2012; Donaldson, 2020). Several of
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these components may be located in the same area (cell wall, vacuoles, nuclei), which is why
autofluorescence emission has a large range between 385 nm and 730 nm depending on the
excitation wavelength (Hutzler et al., 1998; Donaldson and Radotic, 2013; Donaldson,
2020). This is relevant for fluorescence microscopy, because the excitation wavelength of a
FP may lead to autofluorescence of some of the above-mentioned compounds. Lignin for
example can be excited at 355 or 488 nm, which overlaps with GFP (Hutzler et al., 1998;
Billinton and Knight, 2001; Donaldson, 2020). A clear differentiation of FP expression from
autofluorescence is only possible when the desired FP is densely located or highly
expressed. Therefore it is important to cross check every obtained result with positive and
negative controls (Billinton and Knight, 2001; Donaldson, 2020).

1.8 Study background
This work is based on previous studies that were revealing a mycorrhiza dependent
decrease in gene expression for the three poplar genes Potri.9G1040, Potri.2G0797 and
Potri.2G2183. The data showed an at least 50-fold difference in gene expression when
comparing the expression data of mycorrhized and non-mycorrhized poplar fine roots
(Nehls et al., unpublished).
1.8.1

The poplar gene Potri.2G0797

Homology analyses suggested, that Potri.2G0797 encodes for a transmembrane transporter
for basic amino acids. It is located on chromosome 2 in the poplar genome and is predicted
to have one transcript five exons and four introns Populus trichocarpa gDNA (PhytoMine:
Gene Potri.002G079700 P. trichocarpa; Phytozome v12.1: Gene Potri.002G079700 P.
trichocarpa; Goodstein et al., 2012, Nehls et al., unpublished). The best homolog was found
to be the Amino acid Permease 3/AAP3 in Arabidopsis thaliana (Wu et al. 2015; Nehls et al.,
unpublished). AAP3 belongs to the super family of Amino acid – Polyamine Choline (APC)
transporter and, after further classification, to the Amino Acid/Auxin Permease (AAAP)
family, which consists of secondary carrier proteins (Jack et al., 2000; Ortiz-Lopez et al.,
2000; Okumoto et al., 2004; Su et al., 2004; Baluska et al., 2006; Wu et al., 2015). Within the
AAAP family, AAP3 belongs to the sub family of Amino Acid Permeases (AAPs) (Baluska et
al., 2006; Wu et al., 2015). Important features of the AAP sub family are the proton
symporter activity and the unspecific symport of preferably basic or weakly charged amino
acids (Baluska et al., 2006).
In Arabidopsis, AtAAP3 showed a broad specificity for Gamma-Aminobutyric acid (GABA),
tryptophan and basic amino acids such as arginine or lysine (Fischer et al., 1995; Baluska et
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al., 2006). In plants, GABA likely takes place in the stress response, development and cell
signalling (Bouché and Fromm, 2004; Roberts, 2007; Ramesh et al., 2017). Thereby, GABA
production is stimulated by elevated H+ and Ca2+ levels in different plant tissues, which is in
return regulating cytosolic pH-values. Furthermore, GABA and the other amino acids were
also shown to serve as a nitrogen source for plants for long distance nitrogen transport
(Breitkreuz et al., 1999; Shelp et al., 1999). In another study, most AAP3 genes were found
to be almost exclusively located in plasma- and nuclear membranes of root phloem
(Okumoto et al., 2004). This study also found small amounts of the protein in intracellular
compartments, leading them to the assumption of protein trafficking or cycling (Okumoto
et al., 2004). In terms of functionality, the location at the phloem would allow for long
distance amino acid transportation and enhances the specific role required by AAP3. A
localization in endodermal cells of root tips might suggest further physiological functions
based on osmotic gradients (Okumoto et al., 2004). Thus, predicted functions could be (1)
the retrieving of amino acids that leaked from the phloem, (2) specialized root synthesized
amino acid uptake into the phloem or (3) moving of amino acids from the phloem through
the symplast into the surrounding parenchyma, from where it can be distributed to the
xylem and root tips via different strategies (Okumoto et al., 2004).
A study with rice discovered that overexpression of AAP3 leads to an increase in Lys, Arg,
His, Asp, Ala, Gln, Gly, Thr and Tyr concentrations (ninhydrin and High-Performance Liquid
Chromatography methods), as well as reduced bud outgrowth and rice tillering. In contrast
to that, OsAAP3 silencing lead to significantly lower Arg, Lys, Asp and Th levels as well as
more tillering and significantly higher grain yield. Additionally, the nitrogen use efficiency
was enhanced in such plants (Lu et al., 2018). Furthermore, it is known, that without the
symbiosis, an absence of AAP3 in plants has a negative impact on the animal community
around the roots in the soil, such as root knot nematode parasitism (Marella et al., 2013).
1.8.2

The poplar gene Potri.2G2183

The poplar gene Potri.2G2183 is predicted to be located on chromosome 2 (PhytoMine: Gene
Potri.002G218300 P. trichocarpa; Phytozome v12.1: Gene Potri.002G218300 P. trichocarpa;
Goodstein et al., 2012). It is predicted to have one transcript in P. trichocarpa gDNA
(PhytoMine: Gene Potri.002G218300 P. trichocarpa). It was previously proposed to belong
to the group of EF-hand proteins that are able to bind Ca2+ with a helix-loop-helix structural
domain motif (Nehls et.al., unpublished). Based on the highly conserved EF-hand motifs,
Calcium binding proteins can be divided into two groups: (1) the Calmodulin like (CML)
proteins and (2) the Calmodulin (CAM) proteins (Mohanta et al., 2017; Zeng et al., 2017).
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The majority of the CMLs have no introns (71.72 %), whereas CAMs are relatively intron
rich (5.16 % have no introns). In average, plants encode more CMLs compared to CAMs.
Since Potri.2G2183 has no introns, it can be assumed to belong to the CML family. RT-qPCR
analyses of poplar confirmed that it’s specifically expressed in roots in this plant species
(Nehls et.al., unpublished).
Calcium binding proteins act as sensors for intracellular Ca2+ levels (Kamano et al., 2015;
Wagner et al., 2015; Verma et al., 2016). Calcium can act as a second messenger and trigger
specific signal cascades, involving it in a variety of intracellular signalling pathways.
Intracellular Ca2+ levels can be increased when the plant is exposed to adverse
environmental conditions in changing the Ca2+ influx and efflux dynamics between cytosol,
plastid stroma, the mitochondrial matrix, the endoplasmatic reticulum and the apoplast.
This might be triggered mechanoreceptive by phytohormones or extracellular ATP levels,
and can be mediated by Calcium-binding proteins (Kamano et al., 2015; Wagner et al., 2015;
Verma et al., 2016). Once activated, the calcium-binding proteins can either bind to ciselements of major stress responsive genes to influence gene expression and transcription
factors, or they interact with DNA binding proteins controlling stress response genes (Miller
et al., 2013; Wagner et al., 2015; Zeng et al., 2017). Also, Ca2+-sensors function in concert
with other second messengers and activate or suppress certain stress responses in plants
or even moderate symbiotic responses with fungi (Zielinski, 1998; Miller et al., 2013;
Wagner et al., 2015; Verma et al., 2016). At that, Calcium-binding proteins play a major role
in the hormonal stress response of pants towards abiotic and biotic stress such as drought,
heat, pathogens, bacteria, viruses, insects or nematodes (Verma et al., 2016). A number of
other EF-hand proteins have already been identified, but mostly their physiological role still
remains unknown (Zielinski 1998).
1.8.3

The poplar gene Potri.9G1040

According to the annotation found in the Phytozome database (PhytoMine: Gene
Potri.009G104000 P. trichocarpa; Phytozome v12.1: Gene Potri.009G104000; Goodstein et
al., 2012), Potri.9G1040 likely codes for a carboxyl esterase located on chromosome 9 in
poplar. Previous investigations predicted the protein to be soluble and lacking a membrane
domain (Nehls, unpublished). Based on the deduced protein sequence, this enzyme was
grouped to the B-type esterase class 1 α-β hydrolase superfamily, which consists of many
hydrolytic enzymes sharing the same enzyme core (α-β -sheet, containing 8 strands
connected by helices), generally converting carboxylic ester and water to alcohol and
carboxylic acids (Gershater et al., 2007). The selective hydrolysation of mostly side chain
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ester linkages via carboxylesterases can modify chemical and physiological properties of
metabolites, going so far as to block or activate specific pathways in altering molecule
stability, localization or solubility (Gershater and Edwards, 2007; Gershater et al., 2007;
Schilmiller et al., 2016). Examples for ester modifications that massively influence a plant
are changes of jasmonic acid, salicylic acid or auxin, altering plant development and growth
(Stuhlfelder et al., 2004; Forouhar et al., 2005; Yang et al., 2008). Members of the class I
superfamily of α-β hydrolase folds are typically inhibited by organophosphates (pesticides,
herbicides) (Marshall et al. 2003; Gershater and Edwards 2007). Consequently, the gene
expression of CXE12 proteins is up-regulated in response to pathogenic attacks to prevent
plant diseases in Arabidopsis thaliana (Gershater et al., 2007).
Experiments in Arabidopsis showed, that AtCXE12 was present as a serine hydrolysing
carboxyl esterase that uniquely hydrolysed methyl-2,4-dichlorphenoxy acetate (2,4-methyl)
to the phytotoxic synthetic auxin 2,4-dichlorphenoxyacetic acid (2,4-D). As an active
metabolite of 2,4-dichlorophenoxbutyric acid (2,4-DB), the degraded/beta-oxidised 2,4-D
inhibits growth at the tips of stems and roots (Greene and Pohanish, 2005). Thereby, this
enzyme directly takes part in bio-herbicide activation, which was predicted to take place in
the intracellular space of the cytoplasm (Sánchez-Brunete et al., 1994; Gershater and
Edwards, 2007; Gershater et al., 2007; Nickel et al., 2012). Furthermore, AtCXE12 was
predicted to function in lipid metabolism and degradation, thus serving as a lipolytic
enzyme with hydrolase activity (Marshall et al., 2003).
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1.9 Thesis aims and objectives
Main motivation to better understand ECM symbiosis is its proposed crucial role in nutrient
cycling of sustainable forest ecosystems (Martin and Nehls, 2009). Many symbioses related
proteins still have an unknown function. Recent research hinted, that ECM formation in
beech forests can be threatened by an increased nitrogen deposition in soils, which might
result from atmospheric pollution (de Witte et al., 2017). Additionally, the decomposition
of ECM was shown to impact overall plant nutrition and soil carbon sequestration
(Baskaran et al., 2017). Thus, ECM studies should be included when investigating their
ecological effects on sustainable forest development (Zak et al., 2019).
Overall aim of this thesis was to improve and establish methods to further analyse the
mycorrhiza down-regulated genes Potri.2G0797, Potri.2G2183 and Potri.9G1040 concerning
their protein function, localization in plant tissues and respective promoter regions.
Because the overall root transformation efficiency in composite poplar plants was below
50 %, first steps will include the optimization of the transformation system. Therefore, the
plant transformation vectors pPLV and pCXUN will be compared. This includes the
evaluation of transgenic root systems under the epifluorescence microscope.
Based on previous studies, parts of the promoter regions of the three mentioned genes will
be PCR amplified and investigated in fluorescence marker cassettes in composite poplar
plants. Aim is to investigate promoter regions concerning cis – elements related to
ectomycorrhiza formation by determining fluorescence intensities at the epifluorescence
microscope. For this purpose, a double marker system consisting of a GFP and tdTomato
expression cassette was already established. Thereby, the green expression cassette will be
driven by the promoters of interest and their obtained 5´truncations, and the red expression
cassette is constitutively expressed as a reference cassette. It will be tested, if the GFP
signals can be calibrated against the RFP signals of double marker constructs to calculate
GFP: RFP ratios for comparison of different promoters of interest. Furthermore,
fluorescence expression patterns will be compared between first and second order roots. It
will also be tested, where the respective promoters are active and if GFP expression is
impacted when the template gDNA is from a different poplar hybrid than used for the
generation of composite plants. Also, the timer protein DsRED-E5 will be implemented and
tested concerning its behaviour in poplar roots. This also includes the optimization of the
camera settings and image processing. Subcellular localization of the three genes will be
made with sYFP fusion constructs in transiently transformed tobacco leaves.
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2 Material and Methods
2.1 Technical Equipment
2.1.1

Statistics

Statistics were conducted in R version 3.2.1 (R Core Team (2017), R Foundation for
Statistical Computing, Vienna, Austria).
Statistical graphics were displayed with the ggplot2 and ggsignif package. Thereby, ggsignif
was used to add significances to the graphs based on the “identity” method. Based on the
data distribution the statistical calculation was either set to Wilcoxon rank test or t-test.
Effect sizes (d) were calculated in G*Power as described in (Faul, F., Erdfelder, E., Buchner,
A., & Lang, A.-G. (2009) and describe the difference between means. Benchmarks for a small
d = 0.2, a medium d = 0.5 and a large d = 0.8 (Cohen, 1988).
Statistical power analyses using G*Power 3.1: Tests for correlation and regression analyses.
Behavior Research Methods, 41, 1149-1160.), version 3.1.9.7. The α – error was set to 0.5.
2.1.2

Microscopy

Plant samples were analysed with a binocular (MZ10F, Leica Microsystems, Wetzlar,
Germany). Sample illumination was carried out using a xenon light source (Lej LQ-HXP 120,
Leistungselektronik JENA GmbH, Jena, Germany) with filter sets for sYFP (500 – 520 nm
excitation and 540 – 580 nm emission window filter), GFP (450 – 490 nm excitation and
500 – 550 nm emission window filter) and dsRED (510 – 560 nm excitation and
590 – 650 nm emission window filter). Pictures were made using a Leica DFC425C camera
and a Leica Application Suite software version 3.5.0 (Leica Microsystems, CH-9453,
Heerbrugg). The default gamma value was set to 0.99 and the gain was set to 5.
Furthermore, fluorescence proteins in poplar roots were evaluated with a Zeiss Axioskop
Microscope (Carl Zeiss, Göttingen, Germany. Serial No. 451485) in combination with an
Imagingsource camera (Imagingsource DFK23UX174, 28217 Bremen, Germany with a Sony
IMX174 chip with 5.64 x 5.64 µm) and an IC Capture software (IC Capture 2.5, 28217
Bremen, Germany). Sample illumination was carried out using a xenon light source (Lej LQ26
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HXP 120, Leistungselektronik JENA GmbH, Jena, Germany) with filter sets for GFP
(450 – 490 nm excitation and 510 – 560 nm emission window filter with a 510 nm beam
splitter) and dsRED (510 – 560 nm excitation and 590 nm long pass emission filter window
filter with a 580 nm beam splitter). The filter settings led to a slight underrepresentation of
the RFP signals (quantum yield below 1). Because high light intensities lead to bleaching of
FPs and induce flare light, the illumination times and light intensities were kept as low as
possible. Default gain was set to 4.80 dB and default light intensity was 25 %. Adapted was
the illumination time to accommodate visuality and ability to use the pixel information for
statistics.
2.1.3

Image processing

For comparison of fluorescence intensities between root nuclei, GFP:RFP ratios were
calculated with the open - source software ImageJ (version 2.1.0/1.53c). Thereby,
unprocessed 8 - bit pictures were split in the three channels (RGB not weighted) and
thereby converted to shades of grey. Only the green part of GFP pictures and red part of RFP
pictures were used for further analyses. Areas of interests of the GFP and RFP channels were
aligned and stacked before a binary mask was applied to the whole nucleus. For double
marker constructs or comparisons, the mask was designed on the picture with the weaker
fluorescence. As matching method, the “normalized correlation coefficient was selected in
combination with a bilinear subpixel translation and Otsu (Otsu, 1979), a variant of (Zack
et al., 1977) called Triangle, Intermodes (Prewitt and Mendelsohn, 1966) or Yen (Yen et al.,
1995) threshold settings. Calculated was then the intensity per selected area, subtracted by
the mean background fluorescence. To avoid distorted background values in cortex pictures
because of their high autofluorescence levels, a mean of three cortex background areas was
calculated and subtracted from the nuclei intensity values. Only nuclei within a saturation
threshold of 25 to 230 (as shown in ImageJ histograms) were used for such analysis to avoid
edge effects and thus distorted ratios. For the same reasons, only pictures with a
background level below 50 % of the region of interest were used. These limits were based
on pre – experiments (unpublished, not shown) as well as observations discussed by
(Waters, 2009).
In this manner, ratios of the same areas were calculated for different roots. Because of
biological variation, many nuclei were analysed for each compartment, resulting in a mean
ratio per root. Thereby, each root accounted for one replicate.
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Some fluorescence images were subsequently amplified with Fotos (Apple, Version 4.0) or
ImageJ (version 2.1.0/1.53c) for better visualization. Each edited picture is labelled as such.
To not distort ratios, corresponding pictures were edited in a montage, in which all
respective pictures were treated as one. The autofluorescence background was subtracted
in ImageJ with the rolling ball radius setting set to 50. Thereby, the background for each
pixel is subtracted (https://imagej.net/Rolling_Ball_Background_Subtraction, accessed at
12.05.2021). The Contrast was enhanced by saturating a defined percentage of pixels. An
example with the impact of changes on the histogram is given in Figure 6.
Histogram
unprocessed

Processed

Histogram
processed

RFP

GFP

Unprocessed

Figure 6. Visualization of impacts of picture processing on the picture and its histogram. Shown is an Agrobacterium
transformed poplar root with GFP and RFP fluorescence proteins targeted into the nucleus. Given are the
unprocessed GFP and RFP pictures with the corresponding histograms of the channels. To the processed pictures a
background subtraction (rolling ball radius set to 50) was applied and the contrast was enhanced by 0.01 % in ImageJ
version 2.1.0/1.53c.

Overlays were made with GIMP version 2.10.20 (GNU Image Manipulation Program) or
ImageJ (version 2.1.0/1.53c).
2.1.4

Agarose gel electrophoresis

Agarose gels were observed using a DocPrint II Hood with added camera (VilberLourmat
DocPrint II Hood, VilberLourmat, Eberhardzell, Germany). The exposure time was set to
22 – 60 msec.
NEB 6 x Purple Loading dye was used for gel loading with DNA fragments (New England
Biolabs Inc., Frankfurt am Main, Germany).
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Sterile working benches

Listed below are the sterile working benches that were used during this thesis:
1. Scanlaf Clean Bench Fortuna 1500 (Labogene APS, Lynge, Dänemark)
2. Clean Air CA/Rev4 (Clean Air Supplies, Voeren, Germany)
2.1.6

Centrifuges

Following centrifuges were used during this thesis:
1. Eppendorf Zentrifuge 5804R with rotors: A-2-DWP und F-34-6- 38 (Eppendorf AG,
Hamburg, Germany)
2. Eppendorf Zentrifuge 5415R with rotor: F 45-24-11 (Eppendorf AG, Hamburg,
Germany)
2.1.7

Thermoshaker

An Eppendorf Thermomixer 5436 (Eppendorf AG, Hamburg, Germany) was used for
incubation of samples in 1.5- or 2.2-ml Reaction tubes
2.1.8

OD600 measurements

Optical densities (OD600) were measured with a WPA biowave CO8000 cell density meter
(Biochrom Ltd., Camebridge, United Kingdom)
2.1.9

Polymerase Chain Reaction (PCR) Thermocycler

Different incubation steps in small Reaction Tubes were conducted in a Peqlab primus 25
advanced machine (PEQLAB Biotechnologie GmbH, Erlangen, Germany) or a Crocodile III
Thermocycler (Appligene, Illkirch, France).
Gradient PCRs were performed using a Biometra T - gradient Thermoblock (Analytic Jena
GmbH, Jena, Germany).
2.1.10 Incubator
A combination of a Certomat®H, type 886342/3 incubator (B. Braun Biotech International
GmbH, Mesungen, Germany) with a Infors cell shaker (Infors HT, Basel, Switzerland) was
used to cultivate E. coli liquid cultures.
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A Certomat®HK incubater in combination with a Certomat®HK 886302/4 shaker was used
for different incubation steps of liquid Agrobacteria solutions at their given temperature
optimum.
2.1.11 Sterilefiltration and autoclaving
Heat sensitive components were sterile filtrated using Merck Millipore filters with a pore
size of 0.22 µm (Merck, KgaA, Darmstadt, Germany). Alternatively, a cellulose acetate
membrane with a pore size of 0.2 µm was used for smaller amounts (Sartorius, Göttingen,
Germany). Sterile filtrated components were stored in sterile bottles or reaction tubes and
added to the respective autoclaved solutions under sterile conditions.
Autoclave conditions were 21 min at 121°C and 2 bars.

2.2 Chemicals and Enzymes
All the enzymes, antibiotics and chemicals used in the context of this dissertation are listed
below in (Table 2, Table 3 and Table 4).
Enzymes for restriction digestion were all obtained from New England Biolabs (NEB Inc,
Frankfurt am Main, Germany).

Table 2. Enzymes that were used for the dissertation with their given function and the producer.

Enzyme
DNA T4 ligase
DNA T4 polymerase

Function
Ligation of binary vector
constructs
synthesis of DNA in the 5´→ 3´
direction

Q5® High-Fidelity DNA
Polymerase

Amplification of nucleic acids
via PCR

RNase A

Degradation of RNA

Shrimp Alkaline
Phosphatase

Dephosphorylation

Producer
New England BioLabs Inc.,
Frankfurt am Main, Germany
New England BioLabs Inc.,
Frankfurt am Main, Germany
New England BioLabs Inc.,
Frankfurt am Main, Germany.
0.02 U / µl for up to 1000 ng
template DNA
CARL, ROTH GmbH & Co. KG,
Karlsruhe, Germany
New England BioLabs Inc.,
Frankfurt am Main, Germany.
1 U / µl
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Table 3. Used Chemicals and their respective producers.

Chemical
2-propanol (Isopropanol)
2-(N-morpholino) ethane sulfonic acid
(MES)
3-(N-Morpholino) propansulfonsäure
(MOPS)
Acetosyringone

Producer
Sigma-Aldrich Corporation, St. Louis, USA
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
Sigma-Aldrich Corporation, St. Louis, USA

Agar for bacterial agarose plates Kobe I)

Cetyltrimethylammonium bromide (CTAB)

CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
Biozym Scientific GmbH, Hessisch Oldendorf,
Germany
DUCHEFA Biochemie B.V., Haarlem,
Netherlands
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
DUCHEFA Biochemie B.V., Haarlem,
Netherlands
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
Sigma-Aldrich Corporation, St. Louis, USA

Chloroform

Sigma-Aldrich Corporation, St. Louis, USA

Copper (II) sulphate (CuSO4 x 5 H2O)

Merck KgaA, Darmstadt, Germany

Diammonium hydrogen Phosphate
((NH4)2HPO4)
Diethyl pyrocarbonat (DEPC)

CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
Sigma-Aldrich Corporation, St. Louis, USA

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich Corporation, St. Louis, USA

dNTP

Thermo Fisher Scientific, Waltham, MA, USA

Dithiothreitol (C4H10O2S2)

Ethylenediaminetetraacetic acid (EDTA)

CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
Merck KgaA, Darmstadt, Germany

Glacial acetic acid

Merck KgaA, Darmstadt, Germany

Glucose

DUCHEFA Biochemie B.V., Haarlem,
Netherlands
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
Altmann Analytik GmbH & Co. KG, München,
Germany
Sigma-Aldrich Corporation, St. Louis, USA

Agar for gel electrophoresis
Agar for plant medium
Ammonium acetate (CH3COONH4)
Ammonium molybdate
((NH4)6Mo7O24 x 4 H2O)
Boric acid (H3BO)
Bovine Serum Albumin (BSA)
Calcium chloride (CaCl2 x 2 H2O)

Ethanol (C2H6O)
Ethidium bromide

Glycerol (C3H8O3)
Iron (III) chloride (FeCl3 x 6 H2O)
Isoamyl alcohol
Liciumchloride (LiCl)
Magnesium sulphate (MgSO4 x 7 H2O)

Sigma-Aldrich Corporation, St. Louis, USA

CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
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Table 3. continued: Used Chemicals and their respective producers.

Chemical

Producer

Magnesium chloride (MgCl2 x 6H2O)

Honeywell Specialty Chemicals Seelze GmbH,
New Jersey, USA
Merck KgaA, Darmstadt, Germany

Magnesiumsulfate heptahydrate (MgSO4 x 7
H2O)
Manganese chloride (MnCl2)
Manganese III sulfate (MnSO4 x H2O)
Monopotassium phosphate (KH2PO4)
MS salts
Myo-inositol (1,2,3,4,5,6 Hexahydroxy
cyclohexane)
Nicotinic acid (C6H5NO2)
Peptone
Potassium acetate (KCH3COO)
Potassium chloride (KCL)
Potassium hydroxide (KOH)
Potassium phosphate dibasic trihydrate
(K2HPO4 x 3 H2O)
Pyridoxine hydrochloride (vitamin B6)
Rubidium chloride (RbCl)
Sodium chloride (NaCl)
Sodium dodecyl sulphate (CH3(CH2)11SO4Na)
Sodium hydroxide (NaOH)
Sucrose
Thiamine hydrochloride (vitamin B1)
Tris-aminomethane (TRIS base)
Tris(hydroxymethyl)aminomethane
hydrochloride (Tris/HCL)
Yeast extract
Zinc sulphate (ZnSO4 x 7 H2O)
β-mercaptoethanol

Honeywell Specialty Chemicals Seelze GmbH,
New Jersey, USA
Altmann Analytik GmbH & Co. KG, München,
Germany
Honeywell Specialty Chemicals Seelze GmbH,
New Jersey, USA
DUCHEFA Biochemie B.V., Haarlem,
Netherlands
Sigma-Aldrich Corporation, St. Louis, USA
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
DUCHEFA Biochemie B.V., Haarlem,
Netherlands
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
DUCHEFA Biochemie B.V., Haarlem,
Netherlands
Honeywell Specialty Chemicals Seelze GmbH,
New Jersey, USA
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
DUCHEFA Biochemie B.V., Haarlem,
Netherlands
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
Sigma-Aldrich Corporation, St. Louis, USA
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
Merck KgaA, Darmstadt, Germany
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
Merck KgaA, Darmstadt, Germany
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
Sigma-Aldrich Corporation, St. Louis, USA
DUCHEFA Biochemie B.V., Haarlem,
Netherlands
Altmann Analytik GmbH & Co. KG, München,
Germany
CARL ROTH GmbH & Co. KG, Karlsruhe,
Germany
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Table 4. Antibiotics that were used for selection of binary vectors with their given concentrations in liquid or solid
growth medium. Antibiotics were always added freshly and the agar plates containing antibiotics were prepared a
maximum of 1 – 7 days before they were used. Media containing rifampicin and tetracycline were stored in the dark
because of its light sensitivity.

Antibiotics
Ampicillin

Carbenicillin
Cefotaxime
Kanamycin

Tetracycline

Producer
Sigma-Aldrich Corporation,
St. Louis, USA; CARL ROTH
GmbH & Co. KG, Karlsruhe,
Germany
DUCHEFA Biochemie B.V.,
Haarlem, Netherlands
DUCHEFA Biochemie B.V.,
Haarlem, Netherlands
DUCHEFA Biochemie B.V.,
Haarlem, Netherlands

DUCHEFA Biochemie B.V.,
Haarlem, Netherlands

Used for Organism
Escherichia coli

Final concentration
100 mg/L

Agrobacterium
rhizogenes
Agrobacterium
rhizogenes
Escherichia coli,
Agrobacterium
tumefaciens,
Agrobacterium
rhizogenes
Agrobacterium
rhizogenes

500 mg/L
252 mg/L
50 mg/L

5 mg/L

2.3 Kits
The elution of nucleic acids that were separated via gel – electrophoresis was conducted
with a NucleoSpin® Gel and PCR Clean-up kit (MACHEREY-NAGEL GmbH & Co. KG, Düren,
Germany).
PCR fragments were blunt end cloned in pJET1.2 with the CloneJETTM PCR Cloning Kit
(Thermo Fisher Scientific, Waltham, MA, USA).
Backbone plasmid DNA for the cloning of high copy binary vector systems was obtained
with a NucleoSpin® Plasmid isolation kit (Macherey & Nagel, Dueren, Germany) to ensure
better cloning results. Alternatively, the Monarch Plasmid Miniprep Kit was used (T1010,
New England BioLabs Inc., Frankfurt am Main, Germany).
Backbone plasmid DNA for the cloning of high copy binary vector systems was obtained
with a NucleoBond Xtra Midi Kit (Macherey & Nagel, Dueren, Germany). Aliquots of the
obtained vector were quantified and frozen at -80°C.

2.4 Organisms
Escherichia coli cells of the TOP10 F´ strain were used for gene design and plasmid-DNA
amplification (Invitrogen, Groningen, Netherlands). Cells were grown in liquid LB medium
(under sterile conditions, aerobe) or LB-agarose plates containing the respective selective
antibiotics.
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or
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Agrobacterium rhizogenes strain K599 (Daimon et al., 1990) were used for the transient
transformation of epidermal tobacco leave cells (established in the lab by Neb, 2017).
Tobacco leave infiltration was performed on Nicothiana benthamiana leaves (Seeds
originally from Prof. Dr. Hänsch, TU Braunschweig, Germany). Germination was enhanced
by covering the seeds with a tall glass slide to enhance humidity. This glass was removed
after germination. Seedlings were isolated in single pots after 2 weeks and used for
transformation after 3 – 4 weeks. The plants were grown at 25°C with 16 h of light per day
(75 µmol photons m-2s-1) and 70% humidity.
Composite

plants

were

prepared

from

the

plant

hybrid

species

Populus tremula x tremuloides (T89) and Populus tremula x alba (No. 7171-B4, Institut
de la Recherche Agronomique, INRA). The plants were grown in sterile preserving jars
containing MS6 – medium. Each 4 – 8 weeks shoot cuttings were either used to preserve the
plants, or to generate Composite plants. Plants were grown at 18°C with 16 h light per day
and a light intensity of 80 µmol photons m-2s-1.
Mycorrhization was conducted with the fungal organisms Pisolithus microcarpus, which
was obtained from a cooperation partner (Uwe Nehls, personal communication).

2.5 Cloning strategies
2.5.1

Intermediate cloning vector pJET1.2

As intermediate vector for PCR products and the preparation of other cloning strategies,
such as fusion constructs, the Escherichia coli high copy cloning vector pJet1.2/blunt
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) was used. A vector description is
given in Figure 7.
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Figure 7. Visualization of the pJET1.2 vector. The backbone consists of (1) a “bla” CDS that catalyses the opening and
hydrolysis of the beta-lactam ring of beta-lactam antibiotics, (2) a pMB1 rep origin and (3) eco47I/T7 CDS. The mutant
Eco47I has 15 additional amino acid residues encoded by the inserted T7 promoter compared to the wild type. The
Eco471/T7 CDS includes a multiple cloning site (MS-site), ensuring that only plasmids with integrated DNA fragments
in the MS-site to grow. Otherwise, no protective methylation leads the enzyme to recognise and cleave doublestranded DNA targets, which is ultimately leading to cell death. Annotated are Ligase independent cloning (LIC) sites.
LIC is described in the introduction and the primers are further characterized in the Material and Methods of this
thesis. Figure was in silico cloned and displayed using Geneious Prime® 2021.1.1.

2.5.2

Binary vectors pPLV and pCXUN

Intermediate LIC Binary vectors for Agrobacterium mediated transformation for some
cloning strategies were based on pPLV11 (a derivate of the pGREEN-II vector). This vector
was obtained from the Arabidopsis Stock centre (http://arabidopsis.info/, 10.07.2021) and
then modified to serve the needed characteristics (Hellens et al., 2000; De Rybel et al., 2011;
Neb, 2017; Schnakenberg, 2020), furthermore referred to as modified pPLV. In this
modified version, the T - DNA contains a kanamycin resistance (NPTII CDS) between a P35S
and a T35S (Plant selection marker cassette) as well as an expression cassette for
fluorescence proteins (Figure 2) (Neb, 2017; Schnakenberg, 2020). A vector description for
one construct as an example is given in Figure 8. The needed helper plasmid pSOUP to
complement the psa-ORI was also obtained from the Arabidopsis stock centre
(http://arabidopsis.info/, 10.07.2021).
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Figure 8. Vector description of a modified pPLV binary vector. The T - DNA was completely exchanged via BglII,
integrating a LIC site and a multiple cloning site (Neb, 2017). The expression cassette consists of a P35S and TOCS with
a Multiple cloning site (MSC) and a LIC site in between (Expression cassette fluorescence protein) (Schnakenberg,
2020). Additionally, the T - DNA contains a kanamycin resistance (NPTII CDS) between a P35S and a T35S (Plant selection
marker cassette). The backbone of the binary vector contains a part of the psa-ORI (origin of replication) and a
kanamycin resistance (KanR CDS). To be able to replicate, the incomplete pSA ORI needs to be complemented with
the “helper plasmid” pSOUP. For promoter and terminator descriptions see chapter 2.5.1. Figure was in silico cloned
and displayed using Geneious.

pCXUN was used as Agrobacterium entry vector for all plant transformation events. As a
binary vector for all strategies and cloning steps, pCXUN – FLAG was obtained from the
Arabidopsis stock centre (Vector Detail Arabidopsis Stock centre pCXUN-FLAG) (based on
a pCAMBIA-1300 backbone).
2.5.3

Promoters and terminators

In dependence of the construct, a Cauliflower Mosaic Virus promoter (CaMV, P35S), Nopaline
Synthase Gene promoter (PNOS) Arabidopsis Ubiquitin 10 promoter (PUBQ) or an
investigative promoter were combined with either a Nopaline Synthase terminator (TNOS)
or an Octopine Synthase terminator (TOCS). All these promoters are constitutively expressed
(Ebert et al., 1987; Holtorf et al., 1995) and obtained from PCR amplification of different
vectors.
2.5.4

Fluorescence proteins

For subcellular localization, a yellow fluorescent sYFP2 (super yellow fluorescent protein)
was fused in frame to the CDS of the three genes. sYFP was PCR amplified from pPLV11 and
modified as needed (Neb, 2017).
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Promoter activity assessments were conducted using an eGFP (enhanced Green Fluorescent
Protein) in a genetic fusion of two copies and tagged with an SV40 NLS (Nehls et al.,
unpublished). The protein was PCR amplified and modified as needed by Jana Müller.
tdTomato-NLS was used as secondary location marker driven by a constitutive promoter to
allow for the screening of positive transformants. The protein was PCR amplified and
modified for the needs from pPLV06 by Jana Schnakenberg (Schnakenberg, 2020).
Furthermore, DsRED-E5 was used to detect mycorrhiza regulatory elements upon
mycorrhization based on changes in the promoter activity. The protein was synthesized
with restriction enzyme overhangs and an SV40 NLS by Eurofins Genomics (Eurofins
Genomics GmbH, 85560 Ebersberg, Germany).
2.5.5

Used primers

All primers used in this study were obtained from Eurofins genomics (Ebersberg, Germany).
Primers were designed to amplify the coding sequence (CDS) of all three genes from cDNA
of non – mycorrhized Populus tremula x tremuloides fine roots to generate gene fragments
without introns (Table 5). Additionally, the CDS of Potri.2G0797 was amplified from
genomic DNA of Populus tremula x tremuloides to investigate whether the splicing of introns
does affect gene expression. All forward primers included a Shine Dalgarno Sequence (SD)
of a minimum of 10 bp upstream of the starting codon to enable the successful binding of
ribosomes.
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Table 5. Primers that were used to amplify the CDS with and without introns or restriction enzyme overhangs of
the three genes Potri.9G1040, Potri.2G2183 and Potri.2G0797 from either gDNA or cDNA of Populus tremula x
tremuloides. The primer sequences as well as their names and the amplified fragment length are given. Restriction
site overhangs are highlighted in red.

Gene ID

Target
sequence
CDS without
introns

Name
Forward
Primer
Potri,2G0797_
for2

Sequence
Forward
primer
ATGAACACGA
CGAGCCTAAG

Name
Reverse
Primer
Potri,2G0797_
rev2

Potri.2G0797

Potri.2G0797

CDS with
introns

Pt-2G0797CDS-SD-f1

Potri,2G0797_
rev2

Potri.2G0797

CDS with
introns with
BamHI
overhangs
CDS without
introns

Pt24SLBamH1.
For

GCTATATCAG
AAATATGAAC
ACGACG
CGGGATCCCT
ACCTCTCTGCT
ATATCAG

Potri2G21830
0SLF

AATTGCGAGA
GACCAAAAAT

Potri2G21830
0SLR

CDS without
introns with
EcoRI
overhangs
CDS without
introns

P2G2183CDSE
coR1-f1

GCGAATTCAT
GAGTGTGGAG
ATTTTGGA

P2G2183CDSE
coR1-r1

Potri9G10400
0SLR

Potri9G10400
0SLF

CDS without
introns with
EcoRI
overhangs

P9G1040CDSE
coR1-f1

GGGAAGAGA
AAAGAAAAGC
CACC
GCGAATTCAT
GTTTTCATTCA
ATATGGA

Potri.2G2183

Potri.2G2183

Potri.9G1040

Potri.9G1040

Pt24SLBamH1.
Rev

P9G1040CDSE
coR1-r1

Sequence
Reverse
Primer
TTAGTAACTG
GTCTGGAAGG
GT
TTAGTAACTG
GTCTGGAAGG
GT
CGGGATCCTT
AGTAACTGGT
CTGG
AGGGTAATGG
ATGTGGAATT
AT
GCGAATTCGG
CAACCAGTTT
AGCAGATTC
AGAAAACAAG
AGAACAGACA
AGCA
GCGAATTCAG
TAATGGCCAT
GTATGAAA

Primers for the amplification of promoter regions from genomic DNA were designed in silico
in a consensus area of Populus trichocarpa and P. tremuloides (Table 6). Designed
primers were then used on genomic DNA of the hybrid species P. tremula x tremuloides
(T89) or P. trichocarpa. Promoter analyses were performed in T89 or P. tremula x alba
plants.
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Table 6. Primers that were used for the amplification of promoter regions from genomic DNA of
Populus tremula x tremuloides (T89) or P. trichocarpa from the three genes Potri.9G1040, Potri.2G0797
Potri.2G2183. The table contains information about the gene name, the amplified promoter length, and the names
of the used primers. Forward direction is meant as from 5´to 3´and vice versa. Labelled in red are LIC overhangs for
the truncation of long promoter fragments as well as restriction enzyme recognition sites.

Gene ID

Template

Potri.9G1040

T89

Potri.2G2183

Potri.2G2183

P. trichocarpa
includes ATG
of CDS
From pJET1.2
with 5´KpnI
and 3´HpaI
overhangs. No
ATG of CDS
From pCXUN
with 5´KpnI
and 3´HpaI
overhangs.
From pCXUN
with 5´KpnI
and 3´HpaI
overhangs.
From pCXUN
with 5´KpnI
and 3´HpaI
overhangs.
T89

Potri.2G0797

T89

Potri.2G0797

From pJET1.2
with 5´KpnI
and 3´SmaI
overhangs
From pCXUN
with 2.892 kb
promoter

Potri.2G2183

Potri.2G2183

Potri.2G2183

Potri.2G2183

Potri.2G0797

Name
Forward
Primer
Ptt-9G1040prf2

Sequence
Forward
primer
TCAAGCAAGT
CAACTTTCCTA
C
GTGAGTCCAT
AATCTCGTTCT

Name
Reverse
Primer
Ptt-9G1040prr3

ID5_KpnI_for

GCGGTACCGT
GAGTCCATAA
TCTCG

ID5_HpaI_rev

GCGTTAACTTT
TGGTCTCTCTT
AATTTAC

ID5-2502bpKpnI

GGGGTACCCC
GACAAACCAT
ACAC

ID5_HpaI_rev

GCGTTAACTTT
TGGTCTCTCTT
AATTTAC

ID5-1289bpKpnI

GGGGTACCCC
ACAGTAGAGT
ACAC

ID5_HpaI_rev

GCGTTAACTTT
TGGTCTCTCTT
AATTTAC

ID5-516bpKpnI

GGGGTACCCC
CTTCGAGAAA
GTCA

ID5_HpaI_rev

GCGTTAACTTT
TGGTCTCTCTT
AATTTAC

Potri02G2183
ProF2
Potri2G0797Pr
oF3
ID8_KpnI_for

CTACAACCAC
CATAATATA
TATACAGCTA
ATTAGTCCA
GCGGTACCTA
TACAGCTAATT
AGTCCA

Ptt-2G2183prr3
Potri2G0797Pr
oR4
ID8_SmaI_rev

TGGTATCTCG
CAATTCACTC
CAGAAGATTA
GAAATGAGT
GCCCCGGGCA
GAAGATTAGA
AATGAG

ID8_KpnI_50b
p

GCGGTACCAA
GTTGAGAGTA
CTGTCCTTG

Nosp_rev_zuG
FP

TTAATTCTCCG
CTCATGATC

Potri2G2183Pr
oFor5

Potri2G21830
0PRr

Sequence
Reverse
Primer
TGTATGAAAA
CATGGTGGCT
T
AAGTTGACAA
TGGTGGCACC
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Table 6. continued

Gene ID

Template

Potri.2G0797

From pCXUN
with 2.892 kb
promoter
From pCXUN
with 2.892 kb
promoter
From pCXUN
with 2.892 kb
promoter
From pCXUN
with 2.892 kb
promoter
with LIC
overhangs
from pJET1.2

Potri.2G0797

Potri.2G0797

Potri.2G0797

Potri.2G0797

Potri.2G0797

Name
Forward
Primer
ID8_KpnI_113
bp
ID8_KpnI_150
bp
ID8-226bpKpnI
ID8-276bpKpnI
pjetUnivLIC1r
_F1

From pCXUN
with 2.892 kb
promoter
From pCXUN
with 2.892 kb
promoter

ID8-391bpKpnI

Potri.2G0797

with LIC
overhangs
from pJET1.2

pjetUnivLIC1r
_F1

Potri.2G0797

From pCXUN
with 2.892 kb
promoter
Template

ID8-750bpKpnI

Potri.2G0797

Gene ID

ID8-457bpKpnI

Name
Forward
Primer
pjetUnivLIC1r
_F1

Sequence
Forward
primer
GCGGTACCAC
CCAACCTCATC
TTGCATTC
GCGGTACCAC
CTACTGCCCCT
CCCA
GGGGTACCCC
AAATATTATTT
TAATATATTTT
GGGGTACCCC
TAATTTTTATG
TTCATATATTA
TTATGGAGTT
GGGTTTGGCT
CGAGTTTTTCA
GCA
GGGGTACCCC
GTATTGTGGG
ATCCTCAG
GGGGTACCCC
CCAGTTTTTAT
TTTAGAAAAA
G
TTATGGAGTT
GGGTTTGGCT
CGAGTTTTTCA
GCA
GGGGTACCCC
CCTCACACATC
AATACATATTT
Sequence
Forward
primer
TTATGGAGTT
GGGTTTGGCT
CGAGTTTTTCA
GCA

Name
Reverse
Primer
Nosp_rev_zuG
FP

Sequence
Reverse
Primer
TTAATTCTCCG
CTCATGATC

Nosp_rev_zuG
FP

TTAATTCTCCG
CTCATGATC

ID8_SmaI_rev

GCCCCGGGCA
GAAGATTAGA
AATGAG
GCCCCGGGCA
GAAGATTAGA
AATGAG
TAGTTGGAAT
GGGTTAAGCT
TAGGATTGTA
CGAGTTTGA
GCCCCGGGCA
GAAGATTAGA
AATGAG
GCCCCGGGCA
GAAGATTAGA
AATGAG

ID8_SmaI_rev

ID8LIC200bp

ID8_SmaI_rev

ID8_SmaI_rev

ID8LIC500bp

ID8_SmaI_rev

Name Reverse
Primer

Potri.2G0797

with LIC
overhangs
from pJET1.2

Potri.2G0797

with LIC
overhangs
from pJET1.2

pjetUnivLIC1r
_F1

TTATGGAGTT
GGGTTTGGCT
CGAGTTTTTCA
GCA

ID8LIC1500bp

Potri.2G0797

From pCXUN
with 2.892 kb
promoter
with LIC
overhangs
from pJET1.2

ID8-1.75kbKpnI

GGGGTACCCC
ACAAGCACTG
ATGCCATCTA
TTATGGAGTT
GGGTTTGGCT
CGAGTTTTTCA
GCA

ID8_SmaI_rev

Potri.2G0797

pjetUnivLIC1r
_F1

ID8LIC1000bp

ID8LIC2000bp

TAGTTGGAAT
GGGTTTGATA
GGCAAGTGGT
CGTGAGAGA
GCCCCGGGCA
GAAGATTAGA
AATGAG
Sequence
Reverse
Primer
TAGTTGGAAT
GGGTTCTCGA
ACCTAAGACT
ATAAGATAAG
CC
TAGTTGGAAT
GGGTTGCTAG
CGTGTGTTTG
ATATTATGAT
GG
GCCCCGGGCA
GAAGATTAGA
AATGAG
TAGTTGGAAT
GGGTTCCATC
CTGCGTCTATA
TATAACCTT
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Used primers to amplify or construct fusion constructs are given in Table 7.

Table 7. Primers that were used to clone fusion constructs of Potri.2G0797. Furthermore, primers to amplify an
existing fusion construct of Potri.2G2183 and Potri.2G0797 without introns are given. The table contains
information about the gene name, direction of the primers, the amplified sizes as well as the names of the used
primers. Forward direction is meant as from 5´to 3´and vice versa. Labelled in red are restriction enzyme recognition
sites.

Gene ID

Target
sequence

Potri.2G0797

C-terminal
fusion
construct
from pCXUN
with BamHI
overhangs, no
introns
CDS with
introns and 3´
BamHI – site,
no
STOP - codon
ATG – less
sYFP, not
targeted, with
BamHI
overhangs
C-terminal
fusion
construct
from pCXUN
with EcoRI
overhangs

Potri.2G0797

sYFP

Potri.2G2183

2.5.6

Name
Forward
Primer
24SLBamHIfo
rFus

Sequence
Forward
primer
CGGGATCCGG
ATCCATGAAC
ACGACGA

Name
Reverse
Primer
24SLBamHIre
vFus

Sequence
Reverse
Primer
CGGGATCCTT
ACTTGTACAG
CTCGTC

Pt-2G0797CDS-SD-f1

GCTATATCAG
AAATATGAA
CACGACG

Pt24SLBamH
1.Rev1

CGGGATCCGT
AACTGGTCTG
G

YFPforBamHI
fusion

CGGGATCCAC
TAGTAAGGG
CGAGGAG

sYFP-BamHIrev1

CGGGATCCTT
ACTTGTACAG
CTCGTCCAT

P2G2183CDS
EcoR1-f1

GCGAATTCAT
GAGTGTGGA
GATTTTGGA

159SLfusRevEc
oRI

GCGAATTCTT
ACTTGTACAG
CTCGTC

Conventional cloning: Dephosphorylating and Ligation steps

The steps of conventional cloning were divided in (1) restriction digestion to obtain the
desired fragments, (2) gel electrophoresis clean-up of the fragments, (3) optional:
dephosphorylating of the vector backbone when only one restriction site is used to prevent
self-ligation, (4) ligation of insert and vector and finally (5) the transformation of the newly
designed construct in chemically competent E. coli TOP10 cells.
For the dephosphorylating step 500 ng of the linearized vector backbone were mixed on ice
with 1 x Cutsmart buffer from NEB, 1 U of Shrimp Alkaline Phosphatase (rSAP) and 0.2 µM
Magnesium chloride, all added up to a volume of 20 µl with ddH2O in small PCR reaction
tubes. The samples were thoroughly mixed and incubated at 37°C for 30 minutes, after
which the enzyme was heat inactivated at 65°C for 5 min. The samples were shock frozen
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in liquid nitrogen and stored at -80°C for later usage due to the fast degradation of linearized
DNA fragments.
For the ligation step, the linearized and dephosphorylated vector backbone was mixed with
the phosphorylated insert in a molecular ratio of 1: 3 (50 ng vector and 150 ng insert)
together with 0.5 mM rATP, 1 U DNA T4 - ligase and ddH2O in a total volume of 20 µl. The
ligation mixtures were incubated at 18°C over night prior to the transformation in
competent E. coli TOP10 cells.
The molecular ratios were estimated via the NEBio calculator v1.9.0 (New England Biolabs,
Inc).
The linearized backbone was tested for contamination with undigested plasmid DNA in
transforming competent E. coli TOP10 cells with linearized backbone only. The more
colonies occurred, the higher the contamination rate was and the less likely was a successful
ligation process.
2.5.7

Ligase Independent Cloning (LIC) of promoter fragments

In this study, LIC was used to integrate the respective promoter fragments in the
Agrobacterium rhizogenes entry vector pCXUN via a singular HpaI restriction site (Figure
14, page 63). In a first step the respective promoter fragments were PCR amplified from
pJET1.2 with pJET-universal LIC primers (Table 8). The obtained promoter fragments were
then cloned in the HpaI-opened pCXUN vector using LIC (Figure 4). Secondly, both insert
and vector were treated with T4-DNA polymerase prior to an annealing step. To generate
the mentioned compatible sticky overhangs, the “HpaI linearized vector backbone” mix was
treated with dCTP, whereas the “insert mix” was treated with dGTP (Table 9). Incubation
time was 2 h at 22°C, after which the T4-Polymerase was heat inactivated at 75°C for
20 min. After the T4-Polymerase treatment, vector and insert fragments were mixed for
annealing in a ratio of 5:1, corresponding to 2.5 µg vector DNA and 0.5 µg insert DNA.
Therefore, the samples were incubated at RT for 2 h and chilled on ice for 20 min prior to
the transformation into chemically competent Top10 E. coli cells.
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Table 8. Primers used to universally amplify fragments from the pJET1.2 vector with LIC overhangs. Primers were
obtained from Sigma-Aldrich Corporation, St. Louis, USA. The LIC adapters in the primer sequence are highlighted in
bold.

Primer name

LIC primer sequence

Tm (°C)

pJetUnivLIC_rR1

TTATGGAGTTGGGTT-CGAACTGAGAATATTGTAGGAGATCTTCTA
GA
TAGTTGGAATGGGTT-CGAATGGCTCGAGTTTTTCAGC
TAGTTGGAATGGGTT-CGAATGAGAATATTGTAGGAGATCTTCTAG
A
TTATGGAGTTGGGTT-CGAACTGGCTCGAGTTTTTCAGCA

71.2

Used for template
orientation in pJET1.2
5´- 3´

70.6

5´- 3´

70.3

3´- 5´

71.6

3´- 5´

pJetUnivLic_F1
pJetUnivLIC_R1

pJetUnivLic_rF1

Table 9. LIC T4-DNA Polymerase treatment mixtures for the vector and insert. Given are the ingredients and their
concentration in both the vector- and insert mixture.

Vector - Polymerase treatment
mixture
2.5 µg
2 µl
0.5 µl dCTP
1 µl
0.2 µl
15 U

Ingredient
DNA
NEB buffer 2
100 mM
100mM DTT
100x BSA
T4-DNA-Polymerase
H2Odd up to a total of
20 µl

Fragment/Insert - Polymerase
treatment mixture
500 ng
2 µl
0.5 µl dGTP
1 µl
0.2 µl
3U

2.6 Lab protocols
2.6.1

Extraction of genomic DNA from Populus tremula x tremuloides

Fresh poplar leaves were harvested, wrapped in aluminium foil, and directly frozen in liquid
nitrogen at -80°C. To purify the gDNA from the plant tissue, 2.5 ml 2 x CTAB isolation buffer
(Table 10) were preheated to 60°C. Meanwhile, 0.5 g of the frozen leave tissue were
grinded under liquid nitrogen using mortar and pestle to mechanically break up the cell
walls. The frozen leave powder was then transferred to a new mortar, to which the
preheated CTAB isolation buffer was added stepwise under stirring. The obtained solution
was equally distributed in three 2.2 ml reaction tubes using a wide - bore pipette tip. To
extract the gDNA, the cups containing the grinded leave powder and CTAB - buffer mix were
incubated at 60°C for 30 minutes and gently swirled every 10 minutes during this
incubation time. To extract nucleic acids, 0.6 ml of a mix containing chloroform and isoamyl
alcohol in a ratio of 24:1 was added directly after the incubation and the samples were
mixed for 5 seconds. The DNA was now located in the aqueous phase and could be separated
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from the rest by centrifuging the samples at 13000 rpm for 10 minutes at room temperature
(RT). The aqueous phase was then slowly transferred in a new 1.5 ml Reaction tube and
gently mixed with two thirds 4°C cold isopropanol to precipitate nucleic acids. After 10
minutes of incubation time on ice, the samples were centrifuged at 13000 rpm for 10
minutes at RT to pellet the precipitated DNA. The supernatant was therefore discarded
carefully. The pellets were then washed with 0.6 ml wash-buffer. Therefore, the cups
containing the DNA pellet and the wash-buffer were gently swirled for 20 minutes, followed
by a centrifugation step at 13000 rpm for 5 minutes. After discarding the supernatant
completely with a pipette, the pellets were air dried for approximately 3 minutes and then
resolved in 150 µl TE-buffer (pH of 7.5), containing RNase with a concentration of 10 µg per
ml. To completely solve the pellet, the samples were incubated 5 min at RT, 5 min at 50°C
and again 5 min at RT, during which the cups were gently flicked in every few minutes. Next,
the samples were incubated at 37°C for 30 minutes.
To further concentrate and de-salt the nucleic acids in this aqueous solution, a Lithium
chloride precipitation (LiCl) was performed. The volume of the samples was mixed with
1/10 4 M LiCl and 2 volumes of 100 % Ethanol. The liquids were mixed by flicking the cups
carefully and then incubated at RT for 1 hour. During this process, the salt in the samples
was bound to the negatively charged DNA phosphate backbone of the DNA, causing the DNA
to precipitate. The samples were then centrifuged for 10 minutes at 13000 rpm and RT and
the supernatant was discarded. To remove any residual salts the pellet was washed with
500 µl 70% Ethanol, which was added to the samples. Centrifuging at 13000 rpm for 10 min,
removing the supernatant and air-drying the pellets removed the Ethanol before resolving
the DNA pellet in TE - buffer as described above. The samples were stored in the fridge at
4°C and backup samples were shock frozen in liquid nitrogen and stored at -80°C. The used
buffers and solutions for this method are listed in Table 10.
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Table 10. Buffers and solutions used for the extraction of genomic DNA from Populus tremula x tremuloides and P.
trichocarpa leaves.

Solution

Ingredient

CTAB
isolation
buffer

Cetyltrimethylammonium
bromide (CTAB)

TE - buffer

Wash buffer

2.6.2

Sodium chloride (NaCl),
autoclaved
0.5 M
Ethylenediaminetetraacetic
acid (EDTA) solution
1 M Tris(hydroxymethyl)
aminomethane hydrochloride
(Tris-HCl)
β-mercaptoethanol
(HOCH2CH2SH)
Tris(hydroxymethyl)
aminomethane hydrochloride,
2-Amino-2-(hydroxymethyl)-1,
3-propanediol
solution (Tris-HCl)
EDTA
Bidestilled water (ddH2O)
Ethanol (C2H6O)
Ammonium acetate
(CH3COONH4)

Final
concentration
2%

1.4 M
100 mM

Autoclaved and adjusted to pH
8.0 with NaOH.

100 mM

Acts as a buffer to stabilize the
pH, autoclaved. Adjusted to
pH 8 with HCL.

0.2 %
10 mM

Acts as a buffer to stabilize the
pH-value. Adjusted pH-value to
7.5 with HCL and autoclaved.

1 mM

Autoclaved and adjusted to pH
7.5 with NaOH.
Filled up to final volume

76 %
10 mM

Polymerase chain reaction (PCR)

The PCR was used to amplify promoter fragments and CDS from gDNA of the respective
genes from the poplar hybrids Populus tremula x tremuloides and P. trichocarpa.
Furthermore, the CDS of the three genes was PCR amplified from RNA obtained cDNA of
non – mycorrhized fine roots. PCR was also used to amplify certain fragments with
restriction site overhangs from pJET1.2 to allow sticky end cloning of the desired constructs.
PCR - primers were designed in silico using the Geneious version 7.1.19 software.
Oligonucleotide primers generally had a length of 20 – 40 nucleotides and a G-C content of
40 – 60%. Fitting annealing temperatures were calculated online with the NEB Tm
calculator v1.9.12 (New England Biolabs Inc). To ascertain the annealing temperature
where the polymerase worked best, temperature gradients were performed for each of the
approaches.
The PCRs was executed with Biometra TGradient Thermoblock (Biometra GmbH, Göttingen,
Germany) using the Q5 Polymerase (Table 11).
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Each experimental approach was performed in a total volume 25 µl, containing 10 ng of
gDNA, 1 x concentrated Q5 buffer solution, 200 µM of each dNTP, 0.5 µm of each Primer and
0.6 U Q5 DNA Polymerase, filled up to the final volume with ddH 2O. The ingredients were
mixed on ice in small PCR - reaction tubes. The PCR machine was preheated before usage to
increase the efficiency of the polymerase with a “hot-start”. For each approach, a negative
control containing no template was made. The obtained PCR products were blunt ended
and dephosphorylated. Based on their purity they could either be cleaned up directly with
a column or had to be gel-purified beforehand.
Table 11. Steps of a Polymerase Chain Reaction (PCR). Steps 2 to 4 were repeated for 35 times in each case.

Step

Temperature (°C)

1
2
3
4
5
6

Initialization
Denaturation
Annealing
Extension/elongation
Final elongation
Final hold

98
98
Sample dependent
72
72
4

7

Storage

-20

Time
(seconds)
30
10
30
90
600
Indefinite
time
Indefinite
time

Table 12. Ingredients of a PCR reaction sample with the given final concentrations.

Ingredient
Nuclease free water
Q5 buffer
dNTP Mix
Forward Primer
Reverse Primer
Template DNA
DMSO (optional)
Q5 DNA Polymerase

Concentration in final volume
Added up to a final volume of 25 µl
1x
200 µM of each dNTP
0.5 µM
0.5 µM
50 – 250 ng genomic DNA or 1 pg – 10 ng plasmid
DNA
3%
0.6 U
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Agarose gel electrophoresis (Sambrook et al., 1989)

Analytical agarose electrophoresis gels were prepared with a 1 % agarose gel in 0.5 x TAE
buffer (Table 13). The agar was completely solved in a microwave at maximum power for
approximately 2 minutes. When cooled down at RT to about 75°C, 30 – 60 ml of the liquid
agar were poured into a gel chamber and a comb was added.
After loading, the gel was run at 80 V for approximately 40 min. Preparative gels were run
at 60 V to avoid the degradation of sticky ends for further cloning steps.
DNA bands were visualized by incubating the gels for 20 minutes in a 4.23 µM Ethidiumbromide (EtBr) bath, a fluorescent protein that intercalates into double stranded DNA and
shows an orange colour when exposed to UV light. The more DNA is present in a band, the
higher is the given intensity of the fluorescence, allowing a densitometric quantification of
DNA amounts in comparison to the intensity of the loaded marker (marker description in
chapter 2.6.4).
Pictures of the stained gels were made on a documentation desk with a camera system and
a UV light source and optimized in adjusting the zoom and UV light exposure time (UV desk
312 nm, Pharmacia LKB Biotechnology AB, Uppsala, Sweden combined with a Doc Print II
PEQLAB Biotechnologie GmbH, Erlangen, Germany).
DNA bands for clean – up and further cloning were cut out mechanically with a scalpel
under a weak UV lamp (312 nm; HL-6-KM; H. Saur, 72770 Reutlingen, Germany). The
obtained agarose gel slices containing the correct fragments were transferred to 2.2 ml
Reaction tubes and re-extracted using a gel clean-up kit (kit description see page 33).
Obtained DNA fragments were stored at -80°C until further usage.

Table 13. Receipt for a 50x TAE stock solution, which is diluted 0.5 x prior to agarose gel electrophoresis and used
as liquid conductor in the gel chambers.

Ingredient
Tris-aminomethane (TRIS
base)
Glacial acetic acid
Ethylenediaminetetraacetic
acid (EDTA)

Final
Concentration
2M
1M
0.1 M

Properties

pH was adjusted to 8 with 10 M NaOH, autoclaved.
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DNA quantification methods

The amount of DNA in each sample was either estimated (1) photometrically (Nano
DropTM DN1000, PEQLAB Biotechnologie GmbH, Erlangen, Germany)

or (2)

densitometrically with ImageJ 1.50i and per eye, using different dilution series of both the
sample and the corresponding marker bands in a gel electrophoresis.
To densitometrically estimate the amount of DNA in the loaded samples, 0.5, 1 and 1.5 µl of
each plasmid sample or PCR product were loaded on the gel in a total volume of 6 µl with
loading dye and ddH2O. Additionally, three different concentrations (1.5, 3 and 6 µl) of
marker DNA. Based on their characteristics three different markers were used: Phage
Lambda DNA/Eco130I (StyI) DNA ladder (421- 19329 bp, Bioron, Ludwigshafen am Rhein,
Germany), a Gene Ruler 100 bp plus DNA ladder (Thermo Fisher Scientific, Waltham, MA,
USA) or the Quick – Load 1 kb plus DNA ladder (New England BioLabs Inc., Frankfurt am
Main, Germany) were loaded next to the DNA samples. DNA amounts were estimated in
comparing band fluorescence intensities from the defined marker and the unknown DNA
sample.
2.6.5

Cloning of PCR fragments in the pJET 1.2 vector

PCR products were either directly cloned in pJet1.2 or cleaned up prior to the cloning step
with a kit based on the PCR quality and purity.
Since the generated PCR fragments had dephosphorylated blunt ends, the pJET1.2 cloning
kit could be used for easy integration in the pJET1.2 vector. The vector of this kit selected
for successful transformation events via a lethal gene fragment that is only active in empty
vectors. Furthermore, inserts could easily be verified using two multiple cloning sites to the
right and the left of an integrated insert. The different ligation and transformation steps in
chemically competent Escherichia coli Top10 cells were executed according to the recipe in
the cloning kit.
2.6.6

Chemical competent Escherichia coli cells

Chemically competent E. coli TOP10 cells were obtained with an adjusted version of the
Rubidium chloride (RbCl2) method (Hanahan, 1983).
In a first step, 3 ml of liquid LB medium (Table 16) were inoculated with E. coli TOP10 cells
overnight under agitation at 37°C (160 rpm). 500 µl of this pre-culture were used to
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inoculate 50 ml of fresh LB medium in a 100 ml flask to synchronize the growth rate of
individual cells. This culture was incubated at 37°C under agitation until an optical density
(OD600) of 0.4 was reached, corresponding to an optimal growth phase of the cells. At this
point the cells were put on ice for 15 min before spinning them down at 2000 xg and 4°C for
15 min. The obtained bacterial pellet was re-suspended in 18 ml of cold RF1 (Table 14) and
incubated on ice for 30 minutes before again spinning down the cells as before. The
supernatant was discarded and the chemically treated bacterial pellet resolved in 4 ml of
RF2 (Table 15). In a final step, 100 µl aliquots of the new competent cells were prepared,
shock frozen in liquid nitrogen and stored at -80°C for later usage. The cells were stored for
a maximum time of 3 month before replacement due to loss of transformation efficiency.
Table 14. Ingredients of RF1 for plasmid isolation of Escherichia coli using the Rubidium chloride method following
Hanahan, 1938. After mixing the ingredients the pH-value was adjusted to 5.8 with glacial acetic acid and the solution
was autoclaved and stored at 4°C.

Ingredient
Potassium acetate
(KCH3COO)
Rubidium chloride (RbCl2)
Calcium chloride (CaCl2)
Manganese chloride
(MnCl2)
Glycerol (C3H8O3)

Concentration
0.03 M
0.01 M
0.01 M
0.05 M
15 %

Table 15. Ingredients of RF2 for plasmid isolation of Escherichia coli using the Rubidium chloride method following
(Hanahan, 1983). The pH of RF2 was adjusted to 6.5 with KOH after mixing the ingredients. The final solution was
autoclaved and stored at 4°C.

Ingredient
3-(N-morpholino) propane
sulfonic acid (MOPS)
Rubidium chloride (RbCl2)
Calcium chloride (CaCl2)
Glycerol (C3H8O3)

Concentration
0.01 M
0.01 M
0.075 M
15 %

Table 16. Ingredients and their final concentrations in LB-Medium (Luria – Bertani; Sambrook, Fritsch, and Maniatis
1989). After mixing the ingredients the Medium was autoclaved. For agar plates 1.8 % agarose were added prior to
autoclaving. Media were made selective in adding 100 µg/L Ampicillin or 50 µg/L Kanamycin (final concentrations).
Medium purity was equal “pro analysi”.

Ingredient
Sodium chloride (NaCl)
Peptone
Yeast extract

Final concentration
5 g/L
15 g/L
5 g/L
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Transformation of chemically competent E. coli

For the transformation of chemically competent E. coli TOP10 cells, 100 µl of the competent
cells were defrosted on ice and mixed with a pre-mixture composed of 1 x KCM (Table 17)
and the desired plasmid or ligation mixture (1 - 20 µl), filled up to a volume of 100 µl with
ddH2O. After adding together, this sample was well mixed and incubated on ice for 20
minutes, followed by a heat shock at 42°C for 2 minutes. Immediately afterwards, 700 µl of
non-selective LB medium were added, followed by an incubation step at 37°C for 60 minutes
under agitation. The cells were then carefully spun down (2 minutes at 5000 x g). 600 µl of
the supernatant were removed and the bacterial pellet resolved in the remaining 100 µl for
plating on selective agar plates, allowing only transformed cells to grow. The plates were
then incubated over night at 37°C and stored in the fridge at 4°C when colonies were
formed.
The competence of the obtained cells varied between 2 x 107 and 1 x 108 CFU/µg.
Table 17. Ingredients and their concentrations used for a 5 - fold concentrated KCM solution.

Ingredient
Potassium chloride (KCL)
Calcium chloride (CaCl2)
Magnesium chloride (MgCl2)

2.6.8

Final concentration
500 mM
150 mM
250 mM

Plasmid isolation from E. coli using the Alkaline Lysis Method

Plasmids were isolated from saturated 3 ml selective LB-medium overnight cultures (18 h
at 37°C, agitation at 140 rpm, single colony per culture). The following steps describe the
treatment of one individual sample. The cells of the overnight culture were harvested in
transferring 1.8 ml to a 2.2 ml Reaction tube and spinning the cells down with a centrifuge
for 5 minutes at 8000 xg and RT. The bacterial pellet was then resolved in adding 300 µl
Solution 1 and mixing the sample thoroughly for 20 seconds (Table 18). This step helped
destabilizing the cell wall, prevented DNases from damaging the cell wall, degraded cellular
RNA and maintained the osmotic pressure for the cells not to burst yet. In a next step, 300 µl
of Solution 2 (Table 19) were added and the sample was inverted for 8 times. Solution 2 is
a lysis buffer that solubized and broke down the cell wall and disrupted hydrogen bonding
between the DNA bases and many proteins to denaturize in the cell and converted all
double-stranded DNA to single-stranded DNA. After an incubation time of 5 min at RT,
200 µl of ice-cold Solution 3 (Table 20) were added and the sample was again inverted for
5 - 6 times, followed by a 30 min incubation time on ice. During the incubation, the alkalinity
of the mixture decreased, and the plasmid DNA could form double bands again, whereas
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genomic DNA, SDS and denaturised cellular proteins stacked together in large particles
because of hydrophobic interactions.
The plasmid DNA could therefore be separated from the rest with a centrifugation step at
16000 xg for 20 min and 4°C, allowing to transfer the supernatant containing the desired
plasmid DNA to a new 1.5 ml Reaction tube. The plasmid DNA was precipitated in adding
500 µl of 100 % isopropanol, mixing thoroughly and incubating on ice or 10 minutes.
Centrifuging the sample 30 min at 16000 x g and RT pelleted the precipitated DNA, which
was then washed in adding 500 µl of 70 % EtOH, inverting 5-6 times and again centrifuging
at 16000 xg for 10 min at RT. The supernatant was completely removed with a pipette and
the pellet air dried to remove the remaining alcohol. Alternatively, the pellet was dried for
5 min in a heating block of 50°C with an open lid. In a last step, the pellet was resolved in
20 µl of 5 mM Tris-HCL, which was adjusted to a pH-value of 8. The resolving steps included
a 5 min incubation time at RT with mixing, 15 minutes of incubation at 50°C and a short spin
down step with a centrifuge for 30 sec. The obtained plasmid DNA was long-term stored at
-20°C.
In most cases a LiCl precipitation was performed to further concentrate and de-salt the
nucleic acids in the aqueous solution. Therefore, the volume of the samples was mixed with
1/10 volume LiCl. Immediately 2 volumes of 100 % Ethanol were added, and the sample
again was mixed by flicking the cup and incubated at RT for 1 hour. During this process, the
DNA precipitated because the salt bound to the negatively charged DNA phosphate
backbone. The samples were then centrifuged for 10 min at 13000 rpm and RT and the
supernatant was discarded. To remove any residual salts the pellet was washed with 500 µl
70 % Ethanol. After the 70 % Ethanol was added, the samples were again centrifuged at
13000 rpm for 5 min. In a last step, the supernatant was completely removed, air-dried, and
again resolved in 20 µl 5 mM Tris-HCL with a pH of 8 as described before. The samples were
long-time stored at -20°C.
Table 18. Ingredients and their final concentrations of Solution 1 for plasmid isolation from bacterial E. coli cells via
alkaline lysis. The solution was stored at 4°C.

Ingredient
Tris-aminomethane hydrochloride (Tris-HCL),
adjusted to pH 7.5, autoclaved
Ethylenediaminetetraacetic acid (EDTA), adjusted
to pH 8 with NaOH and autoclaved
RNase A
ddH2O

Final concentration
0.1 M
0.05 M
100 mg/L
Filled up to final volume
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Table 19. Ingredients and their final concentrations of Solution 2 for plasmid isolation from E. coli cells via alkaline
lysis.

Ingredient
Sodium hydroxide (NaOH)
Sodium dodecyl sulphate (SDS)
ddH2O

Concentration in total volume
0.2 M
1%
Fill up to final volume

Table 20. Ingredients and their final concentrations of Solution 3 for plasmid isolation from E. coli cells via alkaline
lysis. The pH was adjusted to 4.8 using acetic acid. The solution was stored at 4°C. Final concentration = 375 mM)

Ingredient
Potassium acetate
ddH2O

Concentration in total volume
1.5 M
Filled up to final volume

1.1.12 Restriction digestion
Restriction digestion was used to verify cloned plasmids. The recipe for the individual
restriction digestions varied regarding different enzyme and DNA concentrations of the
respective samples. Generally, 1 µg plasmid DNA, 1 x enzyme dependent buffer, 10 U
endonuclease enzyme and ddH2O were mixed in a total volume of 20 µl and incubated for
3 h at the enzyme dependent temperature. If possible, the enzymes were heat inactivated
in a heating block prior to further steps. Mostly the digestions were followed by an
analytical gel electrophoresis or a preparative gel electrophoresis, followed by a
densitometrical quantification of DNA amounts.
2.6.9

Sanger Sequencing

500 ng of plasmid DNA, 50 pm primer and ddH2O in a total volume of 10 µl were sent to the
sequencing company Macrogen Europe (Meibergdreef 31, 1105 AZ Amsterdam-Zuidoost,
Niederlande) for Sanger Sequencing. Used primers for sequencing are listed in Table 21.
In dependence of the direction of sequencing, the sequencing results get worse towards the
end because of the distance to the start.

Table 21. Description of primers that were used for Sanger sequencing. Given are the primer name, Primer
sequence, Orientation of sequencing and the vector backbone it could be used for.

Primer name

Primer sequence

M13 rev
M13 seq
sYFP seq
pJET1.2 for
pJET1.2 rev

GGAAACAGCTATGACCATG
GTAAAACGACGGCCAGTG
GGTGCAGATCAGCTTCAGG
GCCTGAACACCATATCCATCC
GCAGCTGAGAATATTGTAGGAGATC

Sequencing
orientation
3´ to 5´
5´ to 3´
3´ to 5´
5´ to 3´
3´ to 5´

Used for vector
pPLV and pCXUN
pPLV and pCXUN
pPLV and pCXUN
pJET1.2
pJET1.2

52

PhD thesis

Anneke Immoor

Material and Methods

2.6.10 Glycerol stocks
Glycerol stocks were prepared in mixing 600 µl of a saturated bacterial overnight culture
containing the desired construct with the appropriate selective antibiotics and 600 µl of
100 % glycerol in small plastic tubes under sterile conditions. The cups were well mixed,
shock frozen in liquid nitrogen and long-term stored at -80°C.
2.6.11 In silico cloning
In silico cloning was performed prior to actual cloning steps. All the constructs were created,
verified, and proofed with Geneious 7.1.19, a tool to edit and wok with gene fragments and
nucleic acids. For further visualizations, Geneious Prime® 2021.1.1. was used.
2.6.12 Transformation of Agrobacterium rhizogenes modified from (Holsters et al., 1978)
Finished binary vectors were transformed into chemically competent Agrobacterium cells
for in planta analyses.
Competent cells were stored at -80°C and defrosted on ice prior to the transformation. Then
about 1 µg of plasmid DNA was added, and the mixture was incubated on ice for 20 minutes.
This step was followed by a 5 - minute incubation in liquid nitrogen and a 5-minute
incubation at 37°C to make the cell wall permeable. Immediately after the heat shock, 800 µl
of CPY medium (Table 22) were added for cell regeneration. The samples were incubated
at 28°C under agitation for 4 h to allow for phenotypic expression before harvesting the
cells with a centrifuge (4 min at 3000 xg). In a final step, 700 µl of the supernatant were
discarded and the pellet was resolved in the remaining 100 µl. The cells were then plated
on plasmid selective CPY agar plates and stored at 28°C for 2 - 4 days. One of the
transformed colonies was further used for the plant transformation steps.

Table 22. Ingredients and their final concentrations of CPY medium used for Agrobacteria cultivation. Cells
containing the desired plasmids were selected in adding 0.1 mM kanamycin and in some cases tetracycline after
autoclaving the ingredients. For CPY plates 1.5 % agar was added prior to autoclaving. Rifampicin was added
additionally to kanamycin to minimize contamination with other bacteria when cells were reactivated from glycerol
stocks. The purity of the components was equal “pro analysi”.

Ingredient
Peptone
Saccharose
Yeast extract
Magnesium sulphate heptahydrate
(MgSO4 x 7H2O)

Final concentration
0.5 % (w/v)
14.6 mM
0.1 % (w/v)
2.03 mM
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2.6.13 Chemical competent Agrobacteria
Agrobacterium cells were made chemically competent in pelleting a 10 ml saturated
overnight culture (in selective medium at 140 rpm and 28°C under aerobe conditions) of
the empty strain in CPY medium for 5 minutes at 4000 rpm (Table 22). This pre-culture
contained tetracycline in the presence of the pSOUP plasmid and was used to inoculate
500 ml of fresh CPY medium up to a starting OD600 of 0.1. The obtained cell suspension was
incubated at 28°C and 140 rpm until an OD600 of 0.8 was reached. Cells were then harvested
in spinning them down at 5000 rpm (3210 xg) and 4°C for 5 min. The supernatant was
discarded, and the bacterial pellet resolved in 10 ml 0.15 M NaCl, followed by another
centrifugation step at 5000 rpm for 5 min at 4°C. Afterwards, the supernatant was again
discarded, and the bacterial pellet resolved in 1 ml of 20 mM CaCl2 and aliquoted in 100 µl
volumes. The tubes containing the cells were always kept on ice In between the
centrifugation steps. In a last step the cells were shock-frozen in liquid nitrogen and kept at
-80°C for up to six months for storage.
2.6.14 Subcellular localization of proteins in Nicotiana benthamiana leaves
Subcellular localization was performed via tobacco leave infiltration with A. tumefaciens
strain C58. Therefore, one overnight culture of each to be tested construct as well as a
plasma membrane marker (PM) were prepared in 10 ml kanamycin selective CPY medium
(24 h, 28°C 140 rpm, aerobe conditions). Strains containing the helper plasmid pSOUP were
additionally treated with tetracycline. All cultures were prepared from fresh glycerol stocks
to avoid recombination of the cells on the plates. After 24 h the cells were spun down at
4.000 rpm for 20 min at RT. The supernatant was discarded whereas cell pellet was resuspended in 2 ml of activation medium (Table 23) The OD600 of the re-suspended cells was
measured and it was calculated, how much of the construct had to be added to a final volume
of 9 ml activation medium to be present in an OD600 of 0.3, 0,03 or 0,003.
After an activation of the bacteria for 2 h at 28°C under agitation (140 rpm), the cell
suspension was transferred into a syringe to pressure infiltrate the complete bottom side
of N. benthamiana leaves through the stomata. Furthermore, each leave contained a control
spot, where an empty construct was infiltrated as a reference for the transformation
efficiency.
After three days of incubation time (22°C and 12 h light per day) the infiltrated leaves were
reviewed with a stereomicroscope to identify tissue regions showing DsRED and/or sYFP
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signals. Such identified leave sections were cut out with a scalpel and viewed under a
confocal laser-scanning microscope.
Table 23. Ingredients and their final concentration of Activation medium for tobacco leave infiltration with
Agrobacterium tumefaciens.

Ingredient
2-(N-morpholino) ethane sulfonic acid (MES),
adjusted to a pH of 6 with KOH, sterile filtrated
and stored in the dark.
Magnesium chloride, autoclaved
Acetosyringone, sterile filtrated
ddH2O, autoclaved

Final concentration
10 mM

10 mM
150 µM
Added up to total volume

2.6.15 Transformation of Populus alba and P. tremula x tremuloides: Composite plants
Poplar shoots of Populus tremula x alba or Populus tremula x tremuloides were transformed
via infection with a transgenic Agrobacterium rhizogenes strain K599.
Therefore, shoots containing two or three leaves were removed from a sterile culture plant
under sterile conditions with a heat-sterilized scalpel. The size of the shoot tips had to be
relatively small to avoid high transpiration rates and lignification of the shoot-stems. The
cutting site of the shoot tips was then “dipped” in the previously transformed A. rhizogenes
culture. Bacterial Agrobacterium cultures were grown on a selective CPY plate (Table 22).
Furthermore, the empty Agrobacterium strain was used as a negative control concerning
autofluorescence.
The infected shoots were then cultivated in petri dishes containing MS6 medium (Table 24)
and incubated for 3 days at 22°C and a day and night rhythm of 16 h (48 µmol photons
m2s.1) in an upright position. To be able to place the shoots in the petri dishes, the MS6 agar
plates were cut in half beforehand and half of the agar was removed. The shoots were placed
in the medium in such a manner, that the stem was in the agar and the leaves were in the
space where half of the agar was removed.
After three days the poplar shoots were transferred to another set of petri dished containing
MS6 medium with a mixture of Cefotaxime (0.52 mM) and Carbenicillin (1.18 mM) to kill
any remaining living agrobacteria. The shoots were grown under these conditions until the
first fine roots became visible for observation under the epifluorescence microscope.
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Plants that were selected for the preparation of root sections (see chapter below) were later
placed on medium plates with a thin foil between the agarose and the formed roots to
facilitate the process of separating the roots.
Table 24. Ingredients and their final concentrations of MS6 medium (Murashige and Skoog, 1962) . The purity of
the components was equal “pro analysi”. The pH – value was adjusted to 5.6 with KOH prior to autoclaving.

Ingredient
MS salts including vitamins
Sucrose
Agar

Final concentration
0.22 % (w/v)
29.2 mM
8 % (w/v)

2.6.16 Mycorrhization of transformed poplar fine roots
The mycorrhization process combines (1) pre – grown three-week-old composite plants
with (2) pre – grown fungal tissue.
In step (1) the composite plants are prepared as described in chapter 2.6.15, except that
only 6.7 % of agarose concentration in the growth medium.
(2) Fungal stocks were grown on modified Melin Norkrans Medium (MMN) plates
containing 50 mM glucose. Fungal tissue for mycorrhization was prepared in square petri
dishes containing MMN medium with 10 mM glucose. The medium was then covered with
a thin layer of foil, which was washed in a solution containing 2 % NaHCO3 and 1mM EDTA
prior to autoclaving. Small square parts of the fungal mycelium were harvested from a stock
plate and spotted on the foil. Thus prepared, the fungal parts were pre – grown on the foil
for two to three weeks.
For mycorrhization, square MMN plates containing 10 mM glucose and 1/5 N were
prepared (Table 25). Half of the plate was removed under sterile conditions. The remaining
agar was completely covered with a foil spotted with pre – grown fungal tissue. In a next
step, three to four plants were added in such a way, that the root system was placed on the
agarose with the foil and the shoot had space to grow in the empty half of the plate. The
agarose – foil – fungus – root part was then covered with a mixture of sterile, pre – soaked
(with liquid MMN medium) vermiculite, clay, and coconut fibre as an artificial substrate.
Excess water was prevented by adding sterile cotton rolls before closing the system with
adhesive tape. The mycorrhization event was observed after approximately three months
(22°C, 16 h of light a day with 48 µmol photons m- 2 s-1). Mycorrhiza were then harvested by
Uwe Nehls under a binocular using forceps. The material was then directly cut and prepared
for the cLSM as described above.
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Table 25. Ingredients of MMN medium (Kottke and Oberwinkler, 1987). Given are the ingredients and final
concentration of 10 mM/50 mM glucose MMN medium as used for the pre – culturing of fungi for mycorrhization as
well as the MMN 1/5 N for the mycorrhization plates. The purity of the components was equal “pro analysi”.

Ingredient
Potassium chloride (KCI)
Boric acid (H3BO3)
Manganese(II) sulfate
(MnSO4 x H2O)
Zinc sufate (ZnSO4 x 7 H2O)
Copper (II) sulphate (CuSO4 x 5 H2O)
Ammonium molybdate
((NH4)6Mo7O24 x 4 H2O)
Sodium chloride (NaCl)
Monopotassium phosphate (KH2PO4)
Diammonium phosphate ((NH4)2HPO4)
Calcium chloride (CaCl2 x 2 H2O)
Magnesium sulphate (MgSO4 x 7 H2O)
Iron (III) chloride (FeCl3 x 6 H2O)
Potassium phosphate dibasic trihydrate
(K2HPO4 x 3 H2O)
For plates: 2% agar
Added sterile – filtrated after
autoclaving
Glucose
Thiamine hydrochloride (vitamin B1)
Pyridoxin hydrochloride (vitamin B6)
Myoinositol (1,2,3,4,5,6 Hexahydroxy
cyclohexane)
C6H5NO2 (Nicotinic acid)

Final concentration
(mg/L)
12.28
15.46
8.45

Final concentration (mg/L)
with 1/5 N
12.28
15.46
8.45

5.75
1.25
0.18

5.75
1.25
0.18

25
500
250
50
150
1
0

25
500
50
50
150
1
344.62

10 mM or 50 mM
0.1
1
100

10 mM
0.1
1
100

1

1
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3 Results
3.1 Optimizing composite Poplar root transformation efficiencies
3.1.1

Establishing pCXUN as standard plant transformation vector for Composite plants

pBIN19 and pPLV based vectors were used in the lab for the generation of transgenic hybrid
plants (Neb, 2017). However, pBIN19 vectors are quite large and only have low copy
numbers in E. coli, making them overall difficult to handle in terms of cloning and
multiplication. pPLV vectors are relatively small and have high copy numbers in E. coli, but
the number of transgenic roots at hybrid poplars was relatively low. Therefore, a modified
pCXUN vector backbone was tested as an alternative for T – DNA integration into the plants.
For comparison reasons, different FP cassettes were introduced into both pPLV and pCXUN.
The FP cassettes in pPLV were introduced in collaboration with other members of the
working group, except for a tmTomato - SNL construct, which was implemented in this
thesis (Supplementary figure 1). Some cassettes consisted of two fluorescence expression
cassettes in tandem and all were integrated into pCXUN using PvuII restriction sites, which
exchanged a large part of the T – DNA next to a kanamycin selection cassette (Figure 9). In
this first approach, the orientation of the integrated cassettes was random (verifications via
restriction digestion in Supplementary figure 2, Backbone description see Figure 14 at
page 63). An overview of the cloning strategy is given in Figure 10.
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b) pCXUN Backbone linearized with PvuII

c) Ligation of insert and backbone in PvuII restriction sites
Figure 9. Schematic display of pCXUN modifications by integrating a large part of a pPLV T – DNA into PvuII sites of
pCXUN-FLAG. a) Fluorescence expression cassettes were cut out from pPLV with the restriction enzyme PvuII. b) The
pCXUN-FLAG vector was linearized with PvuII, which cut out a large part of the T – DNA. c) The pCXUN backbone was
ligated with the insert from pPLV.
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Figure 10. T – DNA with marker cassettes that were created and cloned into either a pPLV based vector or a pCXUN
binary vector to compare transformation efficiencies in composite poplar roots. NLS means the protein has a
nuclear targeting signal, SNL means the protein has a peroxisome targeting signal. LB = left border and RB = right
border sequence of the T-DNA. Selection marker = a kanamycin resistance cassette for selection of stable plant
transformants. n = number of transgenic root systems observed: a) n for pCXUN = 32. b) n for pPLV = 15; n for
pCXUN = 19. c) n for pCXUN = 12. d) n for pPLV = 13; n for pCXUN = 42. e) n for pCXUN = 7. f) n for pCXUN = 3. The
used promoters and terminators as well as fluorescence proteins are described in the Material and Methods. MSC
means Multiple Cloning Site, meaning that the cassette has no promoter. The cassettes point in their orientation in
relation to LB and RB.

In addition to such implemented testing cassettes, further constructs were cloned and
included in this test as shown in Figure 11. The implementation of the Potri.2G0797 and
Potri.2G2183 promoters is described in the respective chapters.
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Figure 11. T-DNA with fluorescence cassettes that were created and cloned into either a pPLV based vector or a
pCXUN binary vector to compare transformation efficiencies in composite poplar roots. NLS means the protein has
a nuclear targeting signal, SNL means the protein has a peroxisome targeting signal. LB = left border and RB = right
border sequence of the T-DNA. Selection marker = a kanamycin resistance cassette for selection of stable plant
transformants. n = number of transgenic root systems observed: a) n for pPLV = 11. b) n for pCXUN = 24. c) n for
pCXUN = 16. The used promoters and terminators as well as fluorescence proteins are described in the Material and
Methods. The P2892 bp refers to a 2892 bp long promoter region of Potri.2G0797. P3551 bp refers to a 3551 bp long
promoter region of Potri.2G2183. The cassettes point in their orientation in relation to LB and RB.

Observed and compared were the number of transgenic roots per root system, which is
furthermore defined as root transformation efficiency. Depending on the comparisons,
obtained transformation efficiencies of all constructs were averaged for different grouping
factors. Each construct was investigated in at least two independent transformation
experiments.
For comparisons of transformation efficiencies between pPLV and pCXUN, all shown
constructs were grouped according to the vector backbone. As a result, pCXUN constructs
showed an overall transformation efficiency of 76 % (SE = 2.6; n = 155 plants).
Transformation efficiencies with pPLV were significantly lower at 6.2 % (SE = 2.1; n = 39
plants) (p < 0.001, Wilcoxon - test, Effect size = 2.8) (Figure 12). An example for such a
completely transgenic root system is given in Figure 13.
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Figure 12. Percentage of transgenic roots formed by poplar cuttings after incubation with transgenic agrobacteria
harbouring pPLV or pCXUN based binary vectors with fluorescence protein cassettes. Populus tremula x alba
cuttings were incubated with Agrobacterium rhizogenes strain K599 containing pPLV (n = 39 plants) or pCXUN (n = 155
plants). Thereby, the plants contained different fluorescence cassettes that consisted of either one or two expression
cassettes in both orientations on the T – DNA. After four to eight weeks the percentage of fluorescent roots in relation
to the total number of roots was determined. Statistics were conducted in R as specified in the M&M.

GFP, 2 sec

RFP, 4 sec

Bright - field

Figure 13. Example for a transgenic poplar root system containing two fluorescence marker constructs.
Populus tremula x tremuloides composite plants were transformed with a pCXUN binary vector using
Agrobacterium rhizogenes strain K599. The T – DNA contained two fluorescence marker cassettes which were
composed of a 2892 bp promoter fragment of Potri.2G0797, GFP-NLS and an NOS terminator as well as a NOS
promoter, tdTomato-NLS and an OCS terminator. The 2892 bp promoter was established in this thesis and described
in the respective chapters. NLS means the proteins are targeted to the nucleus. Images were taken at a Leica binocular
MZ10F with 2 sec illumination time (Leica DFC425C camera, dsRED filters with 510 – 560 nm excitation and
590 – 650 nm emission window filter; GFP filters with 450 – 490 nm excitation and 500 – 550 nm emission window
filter). Pictures in different filter settings were taken using the same settings, such as with a gamma correction of
0.99, a colour saturation factor of 1 and a 5x increase in optical power (gain). Additionally, the roots are shown under
bright - field conditions. The roots were 3 weeks old. Pictures were processed for better visualization of the
fluorescence (contrast enhanced by 0.01 % and background subtracted with ImageJ). Further details about the used
devices and image processing are given in the M&M.

Experiments were performed with agrobacteria containing pBIN19/pBI121 plasmids.
Similarly, they showed transformation efficiencies between 10 % for pBIN19 (n = 24
plants) and 24 % for pBI121(n = 20 plants) (further data not shown).
Based on these findings, pCXUN was chosen as a base for all further plant transformation
vectors. In collaboration with other group members, two vectors were constructed for all
further gene analysis. Both contain a green and red expression cassette in tandem on their
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T – DNA. One vector contains a PUBQ, which can be exchanged with KpnI and HpaI restriction
sites to integrate promoters for investigation. Alternatively, both expression cassettes can
be cut out with KpnI and SacI restriction sites to integrate cassettes for subcellular
localization or overexpression of the genes (Figure 14). The second vector has the same
construction but misses the PUBQ. This allows for the integration of promoter regions using
LIC (Figure 15).

Figure 14. Visual description of the pCXUN vector used for promoter integration based on the KpnI/HpaI strategy
for promoter analyses, or the exchange of the complete cassette via KpnI/SacI from pPLV for subcellular
localization studies. The T - DNA was composed of a variable double marker cassette (Green and Red expression
cassette) and a hptII CDS Selection marker cassette (kanamycin resistance). The backbone outside of the T – DNA
consisted of a pBR-ORI and a pVS1 REP ORI for plasmid stability in Agrobacteria as well as a kanamycin resistance
cassette (aadA CDS). SV40 codes for a nucleus targeting signal (NLS). For promoter and terminator descriptions see
chapter 2.5.1. The red expression cassette was constitutively expressed. Figure was in silico cloned and displayed
using Geneious Prime® 2021.1.1.
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Figure 15. Visual description of the pCXUN vector used for promoter integration based on LIC. The T - DNA was
composed of a green and red expression cassette, a ccdB CDS (for the selection of positive clones) and a hptII CDS
selection marker cassette (kanamycin resistance). The backbone outside of the T – DNA consisted of a pBR-ORI and a
pVS1 REP ORI for plasmid stability in Agrobacteria as well as a kanamycin resistance cassette (aadA CDS). SV40 codes
for a nucleus targeting signal (NLS). For promoter and terminator descriptions see chapter 2.5.1. The red expression
cassette was constitutively expressed. Promoter fragments were inserted in the green expression cassette using
Ligase Independent Cloning (LIC). Figure was in silico cloned and displayed using Geneious Prime® 2021.1.1.

3.1.2

Does the orientation of the marker cassettes in the T – DNA impact the transformation
efficiency of poplar roots?

First tests with pCXUN as an Agrobacterium transformation vector focused on
transformation efficiencies. In a second step, impacts of the marker cassette orientation in
relation to the right- and left borders on the T - DNA on transformation efficiencies were
observed. A schematic overview of the orientations is given in Figure 16.

Figure 16. Schematic display of the orientation of fluorescence expression cassettes in relation to left- and right
border sequences (LB and RB) and a plant selection marker cassette on the T – DNA in a pCXUN binary vector. a)
The fluorescence expression cassette is introduced from LB to RB and b) from RB to LB.

Different pCXUN constructs were grouped according to their orientation on the T – DNA
(Table 26) and overall average transformation efficiencies of the groups were compared.
Thereby, both single and double marker constructs were included. No differences were
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observed between the different constructs. Such tests were important to evaluate if the
different protections of the T – DNA left – and right border impact the plant transformation
events. The implementation of the Potri.2G0797 and Potri.2G2183 promoters is described
in the respective chapters.
Table 26. Composition of fluorescence expression cassettes in pCXUN binary vector T-DNA to test for impacts of
their orientation on poplar transformation efficiencies. Given is the composition of the first expression cassette with
its promoter, fluorescence protein and terminator. Some constructs contained a second expression cassette in
tandem, which was composed of a NOS promoter. tdTomato-NLS and OCS terminator. NLS means the protein has a
nuclear targeting signal, SNL means the protein is targeted to the peroxisomes. LB = left border and RB = right border
sequence of the T-DNA (see schematic display in Figure 16). Additionally, the number of observed plants per construct
is given. The P2892 bp refers to a 2892 bp long promoter region of Potri.2G0797. P3551 bp refers to a 3551 bp long
promoter region of Potri.2G2183.

Promoter
35S
35S
35S
35S
35S
UBQ
No promoter
Potri.2G2183
3551 bp
Potri.2G0797
2892 bp

Fluorescence
Protein
tdTomato-NLS
tmTomato-SNL
sYFP-SNL
sYFP-SNL
sYFP-SNL
GFP
GFP
GFP

Terminator

Orientation
on T - DNA
RB to LB
LB to RB
LB to RB
RB to LB
LB to RB
LB to RB
LB to RB
LB to RB

Plant No.

OCS
NOS
OCS
OCS
OCS
NOS
NOS
NOS

tdTomato-NLS
cassette
No
No
No
Yes
Yes
Yes
Yes
Yes

GFP

NOS

Yes

LB to RB

16

32
19
12
26
16
7
3
24

Differences in the transformation efficiency between the two orientations on the T-DNA of
pCXUN were observed. For single marker cassettes, an orientation from right border (RB)
to left border (LB) gave higher transformation efficiencies compared to LB – RB orientation
(Figure 17, LB-RB: mean = 70 %, SE = 5.2; RB-LB: mean = 85 %, SE = 3.8; Wilcoxon rank
test: p<0.05, effect size = 3.3).
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Figure 17. Poplar root transformation efficiencies in dependence on the orientation of fluorescence marker
cassettes on the T – DNA of pCXUN. LB means left border and RB means right border in the T – DNA. A schematic
overview of the orientations is given in Figure 16. Only single fluorescence protein cassettes were observed. Populus
tremula x alba was transformed with Agrobacterium rhizogenes strain K599. pCXUN LB-RB: n = 31 plants, mean
transformation efficiency = 70 %, SE = 5.2; pCXUN RB-LB: n = 32 plants, mean transformation efficiency = 85%,
SE = 3.8. The root system was observed eight weeks after the transformation event. Significances are based on a
Wilcoxon test (see M&M), * = p < 0.05. The standard error is given. Statistics were conducted in R as specified in the
M&M.

When observing double constructs with two fluorescence expression cassettes in tandem
on the pCXUN T – DNA, the left- to right border orientation gave higher transformation
efficiencies compared to right-to left orientation (Figure 18, LB-RB: mean = 81 %, SE = 3.7;
RB-LB: mean = 59 %, SE = 8.3; Wilcoxon test: p<0.01, effect size = 3.4).

Figure 18. Poplar root transformation efficiencies in dependence on the orientation of fluorescence marker
cassettes on the T – DNA of pCXUN. LB means left border and RB means right border in the T – DNA. A schematic
overview of the orientations is given in Figure 16. Only double fluorescence protein cassettes were observed. Populus
tremula x alba was transformed with Agrobacterium rhizogenes strain K599. pCXUN LB-RB: n = 67 plants, mean
transformation efficiency = 81 %, SE = 3.7; pCXUN RB-LB: n = 26 plants, mean transformation efficiency = 59 %,
SE = 8.3. The root system was observed eight weeks after the transformation event. Significances are based on a
Wilcoxon test (see M&M), ** = p < 0.01. The standard error is given. Statistics were conducted in R as specified in the
M&M.

When comparing both single and double marker cassettes together to increase the dataset,
no significant differences could be detected between the two orientations on the T-DNA of
pCXUN (Figure 19, LB-RB: mean = 78.6 %, SE = 3; RB-LB: mean = 73.3 %, SE = 4.5; Wilcoxon
test: p>0.05, Effect size = 0.16). Overall, it was decided to keep the orientation that was
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already established in the pPLV-based vector systems, namely from LB to RB
(5´ - 3´orientation). This means, that the kanamycin resistance on the T - DNA is facing
opposite to the T - DNA and the marker cassette reads from the right to the left border.

Figure 19. Poplar root transformation efficiencies in dependence on the orientation of fluorescence marker
cassettes on the T – DNA of pCXUN. LB means left border and RB means right border in the T – DNA. A schematic
overview of the orientations is given in Figure 16. Both single and double fluorescence protein cassettes were
observed. Populus tremula x alba was transformed with Agrobacterium rhizogenes strain K599. pCXUN RB-LB: n = 58
plants; pCXUN LB-RB: n = 97 plants. The root system was observed eight weeks after the transformation event.
Significances are based on a Wilcoxon test (see M&M). NS = not significant. The standard error is given. Statistics
were conducted in R as specified in the M&M.

Additionally, no significant differences in transformation efficiency between single and
double marker constructs were found (Mean Double = 75.1%, SE = 3.7; Mean Single =
77.5%, SE = 3.3; Wilcoxon test: p>0.05, Effect size d = 0.07) (Figure 20).

Figure 20. Poplar root transformation efficiency based on the introduced cassette size. Compared were single
cassettes consisting of a Promoter, gene, and terminator, against double constructs in which second fluorescence
cassette was introduced. The orientation of the T-DNA is described in Table 26. Populus tremula x alba was
transformed with Agrobacterium rhizogenes strain K599. single cassette plants: n = 63; double cassette plants: n= 92.
The root system was observed eight weeks after the transformation event. Significances are based on a Wilcoxon test
(see Material and Methods). NS = not significant. The standard error is given. Statistics were conducted in R as
specified in the M&M.
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3.2 Establishing DsRED-E5 as potential marker gene for in planta
investigation of gene regulation in poplar
Double marker systems are based on two different fluorescence reporter proteins that have
different maturation and degradation times. Therefore, a timer protein (DsRED-E5) was
tested as a potential marker for in planta investigation of gene regulation in poplar. As a
timer protein, DsRED-E5 shows detectable GFP signals upon its maturation, resulting in a
steady state of green to red fluorescence over time based on one single protein. The
synthetic gene was targeted to the nucleus and had added 5´HpaI and 3´BamHI restriction
site overhangs, which allowed for easy integration into the modified pCXUN as described in
Figure 14. In this process, a large part of the pCXUN T – DNA was exchanged, resulting in a
single cassette with DsRED-E5-NLS between a UBQ promoter and OCS terminator (Figure
21). The correct integration into pCXUN was verified with restriction digestion (Figure 22).

Figure 21. Schematic overview of the integration of the nucleus targeted timer protein DsRED-E5 in HpaI and BamHI
restriction sites in pCXUN T – DNA. The vector is described in Figure 14. LB is the left border and RB the right border
of the T – DNA. NLS means the protein is targeted to the nucleus. The used promoters, terminators and FPs are further
described in the M&M.

Restriction digestion of
pCXUN_PUBQ_DsRED-E5NLS_TOCS with HpaI and BamHI
Expected fragment sizes:
9858 bp

735 bp

Figure 22. A: Verification of DsRED-E5 in pCXUN driven by a UBQ promoter by restriction digestion. The
pCXUN_PUBQ_DsRED-E5-NLS_TOCS plasmid was verified with HpaI/BamHI restriction digestion. Expected fragment
sizes were 735 bp + 9858 bp. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder was used.
Further details are given in the M&M.
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Expected was a detectable shift from green to red fluorescence over time (Mirabella et al.,
2004) that could indeed be observed after transient expression of the construct in Nicotiana
benthamiana leaves (Figure 23).
Processed
72 h
2 sec

Processed
72 h Control
2 sec

RFP

GFP

Processed
23 h
6 sec

Figure 23. Visualization of nuclear targeted DsRED-E5 driven by a PUBQ or without a promoter (neg. control).
Transgenic Agrobacterium rhizogenes (strain K599) were used to transform tobacco leaves with an OD600 of 0.3.
Fluorescence was observed after 23 h and 72 h. All pictures were taken under the exact same conditions and were
compiled in a montage, where the background was subtracted, and contrast enhanced by 0.3 % in ImageJ. Used filter
settings and further specifications are listed in the M&M.

After successfully establishing the “Timer” system in tobacco leaves, further constructs with
a NOS promoter and a 2892 bp promoter fragment of Potri.2G0797 driving the DsRED-E5
expression were cloned, verified with restriction digestion (Supplementary figure 3 for
PNOS and Supplementary figure 19 for a 2892 bp promoter of Potri.2G0797) and tested in
Populus tremula x alba roots. All constructs showed green as well as red fluorescence in the
respective transgenic poplar roots in root hairs (Figure 24) as well as the cortex (Figure
25).
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2 sec

PPotri.2G0797
2 sec

RFP

GFP

PNOS
0.5 sec

Figure 24. Visualization of nuclear targeted DsRED-E5 fluorescence in composite poplar plants. Gene expression
was driven by the three different promoters PUBQ, PNOS and P2892 of Potri.2G0797 in root hairs of Populus tremula x alba
plants. Composite plants were generated via Agrobacterium rhizogenes mediated transformation. Fluorescence was
observed two to six weeks after root formation with a Zeiss microscope (as described in the M&M). All pictures were
taken (gain = 4.8 dB) and processed under the same conditions in ImageJ (background subtraction and contrast
enhancement by 0.001 % of individual pictures).

RFP
Gain = 4.8
1 sec

Gain = 4.8
1 sec

Gain = 31
1 sec

Gain = 4.8
2 sec

Gain = 4.8
2 sec

P2892 bp_DsREDE5_NLS

PNOS_DsREDE5_NLS

PUBQ_DsREDE5_NLS

GFP
Gain = 23
1 sec

Figure 25. Visualization of nucleus targeted DsRED-E5 fluorescence in composite poplar plants. Gene expression
was driven by the three different promoters PUBQ, PNOS and P2892 of Potri.2G0797 in cortex cells of Populus tremula x alba
roots. Composite plants were generated via Agrobacterium rhizogenes mediated transformation with a pCXUN vector
backbone. Fluorescence was observed two to seven weeks after root formation with a Zeiss microscope (as described
in the M&M). All pictures were taken and processed under the same conditions in ImageJ (background subtraction
and contrast enhancement by 0.1 - 0.001 % of the individual pictures). The gain is given in dB.
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3.3 Determining promoter activity based on fluorescence intensities
Fluorescence intensities of GFP and RFP signals from the same nuclei were determined with
ImageJ and correlated by calculating GFP: RFP ratios. This was done for both the double
marker constructs (GFP and tdTomato) as well as the timer protein (DsRED-E5). Main aim
was to compare ratios of promoter fragments and its 5´ truncations concerning their
activity to localize possible cis – elements.
3.3.1

Establishing camera settings for the analysis of promoter intensities based on images

The calculation of fluorescence intensities from microscopic images included the definition
of optimal camera settings. The optimal light intensity and illumination times as well as the
definition of a histogram range were determined in collaboration with other members of
the working group and are described in the M&M.
A short pre – experiment to test these camera settings for possible bleaching effects
showed, that the GFP:RFP ratios of one single root hair nucleus shifted from 1.28 after 2 sec
illumination time to 1.3 after 60 sec and 1.45 after 120 sec in a double marker construct
(Figure 26).

60 sec

120 sec

RFP

GFP

2 sec

Figure 26. Bleaching experiment of GFP-NLS and tdTomato-NLS in root hair nuclei of transgenic composite poplar.
The same nucleus of a pCXUN double marker construct was illuminated for 2 sec, 60 sec and 120 sec respectively
under 2 sec exposure time. The total illumination time including adjustments was approximately 4 min. Fluorescence
intensities were determined with ImageJ to calculate GFP: RFP intensity ratios. For better visualization, all pictures
were processed with the same conditions (Background subtracted and contrast enhanced by 0.0001 % in ImageJ).
n = 1 nucleus. Further details about the used devices and software are given in the M&M.

It was tested whether images in GFP and RFP channels of the same nucleus could be taken
with different gain values without distorting the obtained GFP: RFP fluorescence ratios.
This was sometimes necessary to be able to take images that were neither oversaturated,
nor under a detection limit. Therefore, Pictures of the same nuclei were made in both GFP
and RFP channels with increasing gain. All other parameters remained unchanged. Ratios
of GFP: RFP were calculated from the obtained fluorescence intensities of both before and
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after normalizing against the corresponding gain factor. No differences could be seen for
two tested cortex nuclei and two tested root hair nuclei of a DsRED-E5_NLS construct driven
by a 2892 bp promoter of Potri.2G0797. A visual example for such a series given in Figure
27.
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0.12
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Figure 27. Gain series of a Populus tremula x alba root hair nuclei containing a nucleus targeted DsRED-E5. Pictures
were made with a Zeiss microscope and details about the camera setting and used filter sets can be found in the
M&M. All pictures were taken under the same conditions, only the gain value differed. Because the GFP was hard to
detect, the pictures are visualized with an enhanced contrast (0.3 %) and subtracted background (ImageJ, further
specifications in the M&M). To avoid distortion of ratios, the alterations were made after compiling the pictures in a
montage. The red and green box indicate, which gain levels gave fluorescence intensities that were neither undernor over saturated. The GFP: RFP fluorescence ratio is given, also for pictures in which one or the other channel is
over/undersaturated.

3.3.2

Determining impacts on the comparability of fluorescence ratios

It was noted that the root growth differed in dependence of the root replicate (Figure 28).
When transformed with the same construct (pCXUN_P NOS_DsRED-E5_TOCS), one root grew
0.9 mm per day when observed over a timescale of 15 days, whereas another root from the
same plant batch grew 1.7 mm per day. It was not determined, if the root growth impacts
fluorescence ratios in a detectable manner. Because it was aimed to compare fluorescence
ratios between different constructs it needed to be tested, if and how much root growth
impacts GFP: RFP ratios along a gradient in a root.
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Figure 28. Root growth of two roots from transgenic composite poplar root systems. The root growth over a time
scale of 15 days was observed, starting 85 days after the transformation event. Populus tremula x alba plants were
transformed with Agrobacterium rhizogenes strain K599 harboring a pCXUN binary vector. The T – DNA consists of a
NOS promoter, nuclear targeted DsRED-E5 and an OCS terminator. Both root systems were treated identically

A ratio gradient occurred when comparing cortex nuclei of one plant containing a
P2892 bp Potri.2G0797_DsRED-E5-NLS_TOCS construct at different parts of a second order root
(Figure 29). The GFP: RFP ratio 1 mm above the root tip was 0.05 (n = 4 nuclei, SE = 0.003),
0.03 at 2 mm above the root tip (n = 9 nuclei, SE = 0.002) and 0.33 close to the main root
(n = 10 nuclei, SE = 0.001).

Figure 29. GFP: RFP fluorescence ratios of DsRED-E5-NLS in one second order root at the three different areas 1
mm above the root tip, 2 mm above the root tip and close to its origin at the main root. Composite
Populus tremula x alba plants were generated with Agrobacterium rhizogenes strain K599 harboring a pCXUN binary
vector. The T – DNA was composed of a NOS promoter, DsRED-E5 targeted to the nucleus and an OCS terminator.
The root was observed three weeks after root formation. Statistics were conducted in R as specified in the M&M. The
standard error for each site is given. From left to right: n = 4, 9 and 10 nuclei per area.
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3.4 Comparing fluorescence ratios between first and second order root
hair nuclei
At a first glance, both first and second order roots of transgenic composite poplar look
morphologically similar (Figure 30).

Second Order

First Order
Figure 30. Example for a transgenic composite poplar plant. The plant transformation was mediated by
Agroacterium rhizogenes (strain K599). First and second order roots are indicated. The root system was six weeks old
and shows the “hairy root” phenotype.

No obvious differences in expression strength and the FP location for 176 bp and 3551 bp
promoter fragments of Potri.2G0797 and Potri.2G2183 could be seen when comparing first
and second order roots concerning their root tips, elongation zones and root hair nuclei.
(Figure 31 and Figure 32). Further details about both promoters can be found in the
following chapters.

GFP, 2 sec

RFP. 4 sec

Bright - field

First
order
Second
order
Figure 31. Visualization of the promoter activity of a 176 bp promoter region from Potri.2G0797 in a first order root
compared to a second order root. Pictures were obtained from a binocular (specifications in the M&M). All pictures
were made under the same conditions. The promoter was amplified from Populus tremula x tremuloides gDNA and
visualized in P. tremula x alba plants. The roots were 5 to 8 weeks old. For visualization, the pictures were processed
in the same manner.
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3551 bp first order root

2 sec

2 sec and 0.5 sec

FFFFFP

2 sec

Bright field

RFP

GFP

2 sec

3551 bp second order root

Figure 32. Visualization of the promoter activity of a 3551 bp promoter region from Potri.2G2183, amplified from
Populus trichocarpa gDNA and visualized in P. tremula x alba plants, in a first order root compared to a second
order root. Pictures were obtained from a Zeiss microscope (specifications in the M&M). All pictures were made
under the same conditions. The root system was 8 weeks old. For visualization, the corresponding RFP and GFP
pictures were processed in the same manner.

Calculated GFP: RFP fluorescence intensity ratio of root hairs did not significantly differ
between first and second order roots in three different constructs in both double marker
constructs and DsRED-E5 constructs (Figure 33). Thereby, root hair nuclei of
approximately the same age were analysed (Potri.2G0797 2892 bp in DsRED-E5 expression
cassette: first order root hair nuclei n = 2, mean GFP: RFP ratio = 0.14 with SE = 0.1, second
order root n = 2, mean ratio = 0.2 with SE = 0.18; 2892 bp promoter fragment in double
marker construct: first order root n = 4, mean = 1 with SE = 0.6, second order root n = 0.4,
mean = 0.4 with SE = 0.06; 176 bp promoter fragment of Potri.2G0797 in double marker
construct: first order root n = 4, mean = 3.5 with SE = 0.4, second order root n = 3,
mean = 3.5 with SE = 0.8).
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Figure 33. Boxplot comparing root hair nuclei GFP:RFP ratios between first and second order roots. Transgenic
composite Populus tremula x alba plants were transformed with Agrobacterium rhizogenes (strain K599). The root
systems were two to seven weeks old. A: DsRED-E5-NLS driven by a 2892 bp promoter fragment of Potri.2G0797 in
pCXUN (d = 0.33). B: A 176 bp promoter fragment of Potri.2G0797 in a double marker system (d = 0.04) and C: a 2892
bp promoter of Potri.2G0797 in a double marker system (d = 0.83). Each root replicate represents a mean of two to
four single nuclei. Statistics were performed in R. Comparisons were calculated based on a Wilcoxon rank test. Effect
sizes were calculated in GPower 3.1. The standard error is given. Statistics were conducted in R as specified in the
M&M.

3.5 Consistency of fluorescence expression levels in one transgenic root
system
It was observed that fluorescence intensities differed at roots formed by the same plant.
This was independently of the orientation of the fluorescence cassette on the T - DNA. In
two independent experiments using a P35S_td-tomato-NLS_TOCS construct (orientation
from RB to LB, in tandem with the plant selection marker cassette), approximately 32.7 %
showed strong red fluorescence, 40.2 % had intermediate fluorescence and 27 % of the
roots had only very weak red fluorescence (n = 30 plants) (Figure 34). Such findings were
also obtained with other fluorescence proteins (data not shown). qPCR data revealed a
positive correlation between the observed fluorescence intensities and gene expression of
tdTomato (Figure 35). Weak expressing roots had a relative expression rate of ~6
(SD = 0.1), intermediate expressing roots of ~12 (SD = 0.26) and strong expressing roots of
~18 (SD = 0.28). Thus, expression was found to be 3.16 - fold higher in strong fluorescent
roots compared to roots with weak expressions.
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P35S_tdTomato-NLS_TOCS
2 sec

0.5 sec

Relative expression rate

Figure 34 Visualization of the fluorescence of a tdTomato construct in independent poplar roots of the same
transgenic root system. Overview images were taken at a Leica binocular MZ10F with 2 sec illumination time (Leica
DFC425C camera, dsRED filters with 510 – 560 nm excitation and 590 – 650 nm emission window filter). Detailed
pictures of root hair nuclei were taken using an epifluorescence microscope with 0.5 sec illumination time (Zeiss
Axioskop Microscope, Imagingsource DFK23UX174 camera, dsRED filter with 510 – 560 nm excitation and 590 nm
long pass emission window filter with a 580 nm beam splitter). Thereby, images of different roots were taken under
the same conditions. Pictures were made three to four weeks after the transformation event. The binocular picture
was processed for better visualization (contrast enhanced by 0.01 % in ImageJ), whereas unprocessed microscope
pictures are shown. Further details about the used devices and image processing are given in the M&M.

20.00
15.00
10.00
5.00
0.00

Figure 35. Comparison of the relative transcription rate of tdTomato driven by a 35S-promoter in roots of three
fluorescence intensity categories. The expression cassette consisted of a nucleus targeted tdTomato between a P 35S
and a TOCS. Given is the relative expression rate in roots revealing strong, intermediate, and weak fluorescing roots.
The control did not contain tdTomato. Ten root systems were dissected, pooled according to their fluorescence, and
used for RNA extraction three weeks after root formation. The qPCR analysis was conducted by Annette Hintelmann
with a primer targeted to tdTomato. The data were normalized against a constitutively expressed reference gene
driven by a PUBQ (Neb, 2017). The standard deviation is given (SD strong = 0.28, SD intermediate = 0.26 and SD
weak = 0.1).
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3.6 Characterization of Potri.2G0797
3.6.1

Subcellular protein localization of Potri.2G0797: Do introns matter?

To elucidate the impacts of introns on fluorescence signal intensities, C – terminal fusions
of Potri.2G0797 and sYFP were constructed with and without introns. The CDS was either
amplified from cDNA (1443 bp) or gDNA (1932 bp).
C-terminal Fusion constructs without introns
A fusion construct without introns was already created by Lucas Lansing (Lansing 2015,
Master thesis) in such a way, that the CDS of Potri.2G0797 was STOP-codon less and sYFP
was cloned ATG-less in frame. This fusion construct was PCR amplified with added BamHI
restriction sites overhangs (Forward primer 24SLBamHIforFus and revers primer
24SLBamHIrevFus, see Table 7). The obtained PCR product was initially verified in pJET1.2
by restriction analysis and partial sequencing (Supplementary figure 4). The
Potri.2G0797-sYFP construct was released by BamHI digestion, gel purified and cloned into
the BamHI site between P35S and TOCS in pPLV (vector description see Figure 8). The
construct was verified via restriction digestion analysis and partial sequencing
(Supplementary figure 5). Finally, the P35S_ Potri.2G0797-sYFP_TOCS cassette was released
by KpnI/SacI digestion and introduced into pCXUN KpnI/SacI restriction sites (pCXUN_P35S_
Potri.2G0797_sYFP_TOCS, vector description in Figure 14). A schematic overview of this
strategy is given in Figure 36. Verification of successful integration was performed by
restriction digestion (Supplementary figure 6).

Figure 36. Relevant part of the T – DNA in pCXUN to localize Potri.2G0797 on a subcellular level. A fusion construct
with sYFP was PCR amplified with added BamHI restriction sites at the 5´and 3´end. This fusion construct was cloned
between a 35S promoter and OCS terminator in a pPLV vector. The 35S promoter. fusion construct and OCS
terminator cassette was the released with KpnI and SacI for integration in the T – DNA of pCXUN. The pPLV and pCXUN
vectors are described in Figure 8 and Figure 14.The fluorescent protein, promoter and terminator are described in
the M&M.
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A second marker cassette (PNOS_tdTomato-NLS_TOCS) was introduced in tandem into the
NotI/SacI restriction sites in pPLV in a directed manner before the double cassette was
released by KpnI/SacI digestion and introduced into pCXUN KpnI/SacI restriction sites
(pCXUN_ P35S_ Potri.2G0797_sYFP_TOCS_ PNOS_tdTomato-NLS_TOCS) (Supplementary figure
7). This second marker cassette could not be directly introduced into pCXUN because of the
different availability of restriction sites in pPLV and pCXUN.
C-terminal Fusion constructs with introns
A fusion construct of Potri.2G0797 with introns and sYFP was constructed in pJET1.2.
Accordingly, a STOP-codon less CDS with a newly introduced 3´BamHI restriction site was
PCR –

amplified

(Forward

primer

Pt-2G0797-CDS-SD-f1

and

revers

primer

Pt24SLBamH1.Rev1 (Table 7)). At the same time, an ATG less and non-targeted sYFP was
PCR amplified with BamHI overhangs (Forward primer YFPforBamHIfusion and revers
primer sYFP-BamHI-rev1(Table 7)), which allowed for the in-frame integration of sYFP in
the 3´BamHI site of Potri.2G0797. Both PCR products showed the expected fragment sizes
and were verified after cloning to pJET1.2 via restriction digestion (not shown).
As a next step, both PCR fragments were combined by introducing sYFP in the 3´BamHI
restriction site of pJET1.2_Potri.2G0797. The correct in frame combination of CDS and sYFP
was verified via restriction digestion (Supplementary figure 8) as well as partial
sequencing (Supplementary figure 9). The fusion construct was then introduced in pPLV
in the BglII site between P35S and TOCS, (vector description in Figure 8) which was verified
via restriction digestion and partial sequencing (Supplementary figure 10).
As a final step the P35S_ Potri.2G0797_sYFP_TOCS cassette was released by KpnI/SacI
digestion and introduced into pCXUN KpnI/SacI restriction sites (Vector description in
Figure 14, schematic display of the T – DNA in Figure 36). Verification of successful
integration was performed with restriction digestion (Supplementary figure 11). A
second marker cassette (PNOS_tdTomato-NLS_TOCS) was added as described above
(schematic display in Figure 37).
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Figure 37. Relevant part of the T – DNA in pCXUN for subcellular localization studies including a second marker for
screening of positive transformants of Potri.2G0797. The different fluorescent proteins, promoter and terminators
are described in the Material and Methods.

However, after transient transformation into tobacco leaves, no sYFP fluorescence signals
were obtained at the epifluorescence microscope. As expected, constructs with the second
marker cassette showed red signals in the nuclei. An example for the intron less double
marker construct is given in Figure 38.

RFP, 2 sec

Bright field

pCXUN_Potri.2G0797sYFP_TOCS_PNOS_tdTo
mato-NLS_TOCS

GFP, 2 sec

Figure 38. Visualization of the fluorescence of a sYFP fusion-tdTomato-NLS construct in transiently transformed
tobacco leave cells. Images were taken using an epifluorescence microscope with 2 sec illumination time (Zeiss
Axioskop Microscope, Imagingsource DFK23UX174 camera, filter settings are described in the Material and Methods).
Pictures were made five days after the transformation event. The contrast of the pictures was enhanced by 0.5 % in
ImageJ. Further details about the used devices and image processing are given in the M&M.

3.6.2

Promoter analyses of Potri.2G0797 in a pCXUN backbone double marker system

A 2892 bp promoter fragment of Potri.2G0797 was successfully PCR amplified from gDNA
of Populus tremula x tremuloides, ranging from -2922 bp to -30 bp in relation to the ATG (all
primers used primers are available and listed in Table 6). The PCR fragment was initially
cloned into pJET1.2 and verified via restriction digestion (Supplementary figure 13) as
well as partial sequencing (Supplementary figure 14). The promoter fragment was then
amplified with additional KpnI/SmaI overhangs from pJET1.2 DNA and introduced in the
KpnI/HpaI site of pCXUN as described in Figure 14 (schematic overview in Figure 39). The
obtained construct was verified with restriction digestion (Supplementary figure 15).
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Using a second (RFP) marker cassette allowed for easy identification of transgenic plant
material due to the constitutive promoter driving the tdTomato-NLS.

Figure 39. Double marker cassette as part of the T - DNA of a pCXUN binary vector for Agrobacterium mediated
plant transformation for promoter analysis. LB is the left border- and RB the right border of the T – DNA. The used
vector is described in Figure 14. The PUBQ of the green expression cassette can be exchanged with a promoter of
interest using KpnI and HpaI restriction sites. Because HpaI cuts blunt-end, the blunt-end cutting SmaI can be used
for a directed cloning of promoter regions into pCXUN. NLS means the protein is targeted to the nucleus. P2892 bp
corresponds to a promoter region from Potri.2G0797 amplified from Populus tremula x tremuloides.

Even with several independent attempts with different 5´primers it was not possible to
amplify larger promoter fragments from either P. tremula x tremuloides or P. trichocarpa
gDNA. However, the 2892 bp promoter fragment was furthermore truncated with three
different strategies (1) LIC (based on pCXUN as described in Figure 15), (2) KpnI/SmaI
(based on pCXUN as described in Figure 14) and (3) KpnI/XhoI (based on pCXUN as
described in Figure 14). An overview of the obtained promoter fragments and an indication
of their cloning strategy is given in Figure 40.

Figure 40. Promoter – reporter constructs of Potri.2G0797 fragments from Populus tremula x tremuloides and
eGFP-NLS to identify regulatory elements in this gene upon ectomycorrhiza formation. Transgenic poplar roots were
generated with Agrobacterium mediated plant transformation, during which Composite plants were generated. The
GFP expression was compared between the constructs visually at a microscope (eGFP = enhanced green fluorescent
protein). Dark green: constructs were cloned with the KpnI/SmaI strategy. Magenta: Constructs were cloned using
LIC. Blue: Constructs were cloned with the KpnI/XhoI strategy.
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Displayed in magenta are promoter fragments that were PCR amplified with LIC adapters
and cloned into the respective pCXUN vector. This strategy was used for the 341 bp, 520 bp,
1078 bp, 1528 bp and 2036 bp fragments. The verification of the amplicons via gel
electrophoresis is shown in Supplementary figure 16. Colour coded in dark green are the
promoter fragments that were PCR amplified with artificial 5´ KpnI and 3´SmaI restriction
site overhangs. Those fragments could be introduced into pCXUN in the same manner as the
longest amplified fragment of 2892 bp (Figure 39). Namely, these fragments had sizes of
1754 bp, 757 bp, 475 bp, 391 bp, 265 bp, and 226 bp. The three shortest fragments of 61 bp,
113 bp and 176 bp (coloured in blue) were too small to be able to verify PCR products with
gel electrophoresis with the used Material and Methods. Therefore, the pCXUN vector
containing the 2892 bp region was used as a template to amplify the fragments with 5´KpnI
overhangs together with the rest of the green expression cassette, which included a XbaI
restriction site at the 3´end of the PCR product (Figure 41). The obtained PCR fragments
were then cloned into the KpnI and XbaI linearized pCXUN backbone as described in Figure
14. All used primers are listed in Table 6 and Table 8 in the M&M.

Figure 41. PCR based cloning strategy for the generation of promoter truncations based on restriction digestion for
the poplar gene Potri.2G0797 exemplarily for the 61 bp promoter fragment. Template plasmid for the PCR was a
double marker construct with a green and red expression cassette on pCXUN binary vector T – DNA. The green
expression cassette was driven by a 2892 bp promoter fragment of the investigated gene. The truncated promoter
fragment was 61 bp long and was amplified along with the rest of the green expression cassette. An artificial 5´KpnI
restriction site was added to the promoter, whereas a native 3´located XbaI site was used for further steps. The
obtained PCR fragment was then cloned into a KnpI and XbaI linearized pCXUN vector as described in Figure 14. LB is
the left border- and RB the right border of the T – DNA. NLS means the protein is targeted to the nucleus. P 2892 bp
corresponds to a promoter region from Potri.2G0797 amplified from Populus tremula x tremuloides.

Most obtained constructs were verified with restriction digestion (Supplementary figure
17). The three smallest fragments could only be verified via sequencing (Supplementary
figure 18). It can likely be excluded that this change in promoter activity is caused by
differences in the cloning strategies, because the 176 bp promoter was cloned in the same
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manner as the 113 bp fragment and all constructs were verified via sanger sequencing.
Additionally, the only difference that was caused by the three different cloning strategies
were three base pairs that were missing at the 3´end of the promoter. In silico analyses
showed, that integration via KpnI/SmaI generated a 24 bp gap to the ATG of GFP, whereas
both and KpnI/XbaI and LIC generated a 21 bp gap.
First tests in Populus tremula x alba showed both GFP and RFP signals the root tip, root hairs
as well as the cortex (Figure 42) of infected fine roots. No clear results could be obtained
for the endodermis and central cylinder because it was not possible to clearly separate FP
signals from autofluorescence with the used cameras.
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Figure 42. Visualization of the promoter activity of a 2892 bp promoter fragment from Potri.2G0797 driving nuclear
targeted GFP expression in planta (Populus tremula x alba). As a positive control the GFP expression was driven by
PUBQ, as negative control a promoter was GFP less. For a detailed description of the construct see Figure 39. All
pictures were taken by a MZ10F Leica binocular with a Leica DFC425C camera using a Leica Application Suite software.
Filter sets for GFP had 450 – 490 nm excitation and 500 – 550 nm emission window, RFP filter sets had a 510 – 560 nm
excitation and 590 – 650 nm emission window. As light source a Lej LQ-HXP 120, Leistungselektronik JENA GmbH,
Jena, Germany was used. All pictures were made with a gamma value of 0.99 and a gain of 5 dB. All devices and
further details are given in the M&M. The overlay was made with the RFP and GFP picture. The roots all were 5 to 8
weeks old. For visualization, the pictures were processed in ImageJ (montage of the three corresponding pictures,
then background subtracted, and contrast enhanced by 1 %). Further details concerning image processing are given
in the M&M.

In planta tests of the promoter truncations in poplar main roots of Populus tremula x alba
showed a GFP signal in nuclei of randomly picked root hairs of approximately the same age
from 2892 bp to 176 bp. As a visual impression, these signals varied slightly in intensity but
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were clearly present. To determine fluorescence intensity between the longest and shortest
promoter fragments showing GFP fluorescence (2892 bp and 176 bp), those were further
analysed in (1) root tip, (2) elongation zone and (3) root hair zone (Figure 43). Green and
red fluorescence were observed in root tip, calyptra, cortex, and root hairs for both
promoter fragments, indicating active transcription enabled by promoter fragments of
Potri.2G0797 and the NOS promoter (in the reference red expression cassette). Next to the
nucleus, fluorescence signals were observed also in the plant cell wall, particularly in the
stele. Lowest background fluorescence was found in the elongation zone. The pictures are
always made from single roots of one plant.
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Detail 1

Detail 2

Detail 3

Detail 1

Detail 2

Detail 3

2

1

RFP, 2 sec

GFP, 1 sec

2892 bp overview

1
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GFP, 1 sec
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Figure 43. Visualization of the promoter activity of a 2892 bp and 176 bp promoter region from Potri.2G0797 in
first order roots. The promoters were amplified from Populus tremula x tremuloides gDNA and its activity is visualized
in nuclei of P. tremula x alba plants. Composite plants were generated via Agrobacterium rhizogenes strain K599
mediated plant transformation. The T-DNA of the used pCXUN vector backbone contained a Promoter_dGFPNLS_TNOS_PNOS_tdTomato-NLS_TOCS cassette. Overview pictures were made with a Leica binocular and detailed
pictures were obtained from a Zeiss microscope (specifications in the M&M). All pictures were made under the same
conditions. Additionally, the roots are shown under bright - field conditions. The roots all were 5 to 8 weeks old. For
visualization, corresponding pictures were processed in the same manner in a montage (background subtraction and
contrast enhanced by 0.1 % in ImageJ).

To confirm similar expression patterns of the 2892 bp and 176 bp promoter fragments,
GFP:RFP ratios of the fluorescence intensities obtained from ImageJ were calculated for root
hair nuclei of the same age. No significant differences were found when comparing ratios of
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five roots from independent transformation events (2892 bp: n = 4 roots, mean = 1, SE = 0.6;
176 bp: n = 4 roots, mean = 3.5, SE = 0.4; Effect size = 0.2, Figure 44). Thereby, each root
replicate was a mean value obtained from three to ten single root hair nuclei.

Figure 44. Boxplot with jitter dots comparing GFP:RFP ratios of the 2892 bp promoter fragment of Pori.2G0797
against the 176 bp fragment in transgene Populus tremula x alba root hairs. The GFP-NLS is driven by the respective
promoter, whereas tdTomato-NLS is driven by the constitutively expressed NOS promoter
(Promoter_dGFP NLS_TNOS_PNOS_tdTomato-NLS_TOCS) NLS means the protein was targeted to the nucleus. For each
construct four root replicates were analyzed. The value given for the roots are a mean value of three to ten single
nuclei each. The standard error and significances calculated based on a Wilcoxon test are given. NS = not significant.
Statistics were conducted in R as specified in the M&M.

No obvious GFP signal was detected in the range of 113 bp to 61 bp. The findings are shown
in Figure 45. For each construct at least five technical replicates from two independent
plant experiments were taken. Shown are representative images. To avoid bleaching, the
average total illumination time per channel was not longer than two minutes.
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Figure 45. Single nuclei in transgenic root hairs containing promoter truncations of Potri.2G0797 in a double marker
construct (Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS). The truncations range from -61 bp to -2892 bp. K is
the negative control harbouring a promoter less GFP. The 2892 bp promoter fragment was amplified from
Populus tremula x tremuloides gDNA, truncated with 5´deletion and visualized in transgenic P. tremula x alba plants.
Shown are randomly picked nuclei of main roots that were illuminated for 2 sec in both the GFP and RFP channel at
the lowest possible light intensity (25 %) with xenon light source at a Zeiss Axioskop Microscope. Pictures were made
with a Imagingsource camera in an IC Capture software. Filter sets for GFP were in a 450 – 490 nm excitation and
510 – 560 nm emission window and for RFP in a 510 – 560 nm excitation and 590 nm long pass emission filter window
filter with a 580 nm beam splitter. Further details are given in the M&M. Additionally, root hairs are shown under
bright - field conditions. The roots were 4 to 7 weeks old and in approximately the same growth state. For better
visualization, the illumination time and contrast were edited. All pictures were processed under the same conditions
to avoid distortions inf Apple Fotos. Thereby, the contrast was enhanced by 1. Each picture is representative for at
least five nuclei from different plants.

The 2892 bp and 113 bp promoter fragments were also analysed in transient tobacco leaves
to determine if the same results can be obtained in a different system. It could be shown
that the promoter activity behaved the same in composite poplar plants and transient
transformed tobacco leaves (Figure 46).
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Figure 46. Promoter activity of 2892 bp and 113 bp promoter fragments from Potri.2G0797 in a promoter reporter
double cassette approach in Nicotiana benthamiana leaves. Tobacco leaves were transiently transformed with
Agrobacterium rhizogenes strain K599 in an OD600 of 0.3. The binary vector was pCXUN and the T-DNA was composed
of the respective promoter fragment, dGFP-NLS and a NOS terminator as well as a second constitutively expressed
NOS promoter, tdTomato-NLS and OCS terminator cassettes. NLS means the protein was targeted to the nucleus.
Pictures were obtained with a Leica binocular with a gain of 4.7 dB three days after the infiltration. All pictures were
processed in the same manner. Further details about the devices and settings can be found in the M&M.

3.6.3

Using different poplar hybrids for promoter analysis?

Because Potri.2G0797 was amplified from P. tremula x tremuloides but observed in
P. tremula x alba for handling reasons it was tested whether this had impacts on the FP
expression. However, in hybrid plants of P. tremula x tremuloides containing identical
constructs compared to P. tremula x alba hybrids no obvious differences were found
(Figure 47). For a further comparison, GFP:RFP ratios of root hair nuclei of the same age
from different roots of independent transformation events were compared (Figure 48). No
significant differences were found (P. tremula x alba: n = 4 roots, mean = 1.08, SE = 0.6;
P. tremula x tremuloides n = 2 roots, mean = 0.66, SE = 0.26; Wilcoxon-Mann-Whitney-U test,
Effect size = 0.45). Thereby, the ratios per root were calculated based on means of three to
ten single nuclei each.
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Figure 47. Comparing GFP fluorescence intensities driven by the 2892 bp promoter fragment of Potri.2G0797 in
first order roots between Populus tremula x alba and Populus tremula x tremuloides plants. Composite plants were
generated via Agrobacterium rhizogenes strain K599 mediated plant transformation using a
Promoter_dGFP NLS_TNOS_PNOS_tdTomato-NLS_TOCS. Pictures were obtained from a Zeiss microscope (specifications
in the M&M). All pictures were made under the same conditions. The roots all were 3 to 5 weeks old. For visualization,
the pictures were processed in the same manner in ImageJ (In merged pictures of both corresponding channel
pictures: Contrast of root hairs increased by 0.01 % and of cortex regions by 0.1 %, background subtracted). All
pictures were taken with the same parameters (gain = 4.8 dB, light intensity = 25 %) as further described in the M&M.

Figure 48. Boxplot with jitter dots comparing GFP:RFP ratios of the 2892 bp promoter fragment of Pori.2G0797 in
Populus tremula x alba and P. tremula x tremuloides hybrids. The GFP-NLS is driven by the respective promoter,
whereas tdTomato-NLS is driven by the constitutively expressed NOS promoter (Promoter_dGFPNLS_TNOS_PNOS_tdTomato-NLS_TOCS) NLS means the protein was targeted to the nucleus. P. tremula x alba: n = 4 roots.
P. tremula x tremuloides: n = 2 roots. The value given for each root is a mean value of three to ten single nuclei to
compensate for biological fluctuations. The standard error and significances calculated based on a Wilcoxon test are
given. NS = not significant. Statistics were conducted in R as specified in the M&M.

3.6.4

Fluorescence intensities in mycorrhized and non – mycorrhized fine - roots

A change in the fluorescence expression pattern was observed in relation to root age.
Younger fine-roots (four to eight weeks old) showed detectable GFP and tdTomato signals
of the double marker cassette in root hair nuclei and the outer cortex, whereas older roots
(three- to four-month-old) obtained from mycorrhized root systems only had detectable FP
signals in the inner cortex regions (Figure 49). This observation was important when
observing mycorrhized root systems because they were at least three-month-old when
investigated.
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Figure 49. Comparison of GFP and RFP signals in non – mycorrhized fine roots of transgenic poplar hybrids shown
in absence or presence of the mycorrhiza fungus Pisolithus microcarpus. Observed were GFP fluorescence intensities
driven by the longest 2892 bp promoter fragment of Potri.2G0797 in first order roots of Populus tremula x tremuloides
plants. Composite plants were generated via Agrobacterium rhizogenes strain K599 mediated plant transformation
using a Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS. Non-mycorrhized fine-roots were observed after three
to four weeks, fine-roots from a mycorrhized root system after ~12 weeks. Pictures were taken at the epifluorescence
microscope. All details including the filter settings, used camera and camera settings are given in the M&M.
Fluorescence signals were enhanced similarly for both GFP and RFP in each sample (ImageJ: Contrast enhanced by
0.1 % and background subtracted in montages).

To find out if the amplified promoter fragment could confer gene regulation in the observed
mycorrhiza dependent manner, transgenic hybrid plants harbouring the construct with the
2892 bp promoter fragment of Potri.2G0797 were mycorrhized with Pisolithus microcarpus
in four independent replicates. An example for a mycorrhized poplar fine root is given in
Figure 50.

Non – mycorrhized fine-root

Mycorrhized fine-root

Figure 50. Example for a non-mycorrhized and mycorrhized Populus tremula x alba fine root. The fungal partner
was Pisolithus microcarpus. The picture was taken with a binocular under bright field (as described in the M&M).
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In further analyses of the mycorrhized fine roots at the epifluorescence microscope it was
not possible to clearly distinguish FP signals from autofluorescence of the fungal mantle
(Figure 51). Therefore, no predictions about a down-regulation of Potri.2G0797 can be
made.

Mycorrhized root system
2 sec

2 sec

2 sec

RFP

GFP

Mycorrhized fine root
4 sec

Bright - field

Overlay RFP and Bright - field

Figure 51. GFP and RFP signals in a mycorrhized fine - root. Populus tremula x alba was mycorrhized with Pisolithus
microcarpus. The GFP signal was driven by a 2982 bp promoter fragment of Potri.2G0797, whereas the tdTomato
signal was driven by a NOS promoter. Both FPS were part of a double marker cassette and targeted to the nucleus.
Images were taken using a binocular and filter sets are described in the M&M. Fluorescence signals were enhanced
similarly for both GFP and RFP channels by increasing the contrast by 0.3 % in ImageJ.
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3.7 Characterization of Potri.2G2183
3.7.1

Subcellular protein localization of Potri.2G2183

As for Potri.2G0797, a C-terminal fusion construct of Potri.2G2183 (411 bp) and sYFP was
designed and cloned by Lucas Lansing (Lansing 2015, Master thesis). The same cloning
strategy as for Potri.2G0797 was applied with the only difference, that the fusion construct
was PCR amplified with added EcoRI restriction sites for cloning into pPLV (Figure 36). The
initial PCR fragment (Forward primer P2G2183CDSEcoR1-f1 and revers primer 159SLfusRevEcoRI, see Table 7) was verified in pJET1.2 by restriction digestion
(Supplementary figure 20) and partial sequencing (Supplementary figure 21). The
correct integration in pPLV was verified with restriction digestion and sequencing
(Supplementary figure 21). In a last step, the P35S_ Potri.2G2183_sYFP_TOCS was released
by KpnI and SacI restriction sites and cloned into the above described modified pCXUN
vector KpnI/SacI restriction sites (Supplementary figure 22).
For Potri.2G2183, no additional red expression cassette was cloned in tandem to the fusion
cassette on the pCXUN T – DNA. As for Potri.2G0797, no sYFP fluorescence signals were
obtained at the epifluorescence microscope after transient transformation into tobacco
leaves.
3.7.2

Promoter analyses of Potri.2G2183

A 3551 bp promoter fragment of Potri.2G2183 was successfully PCR amplified from
P. trichocarpa gDNA, ranging from -3551 bp and 0 bp in relation to the ATG
(Supplementary figure 23). The PCR fragment was initially cloned into pJET1.2 and
verified via restriction digestion (not shown). A further PCR amplification with added 5´
KpnI and 3´HpaI restriction sites was performed (Forward primer ID5_KpnI_for and revers
primer ID5_HpaI_rev, see Table 6) and the obtained fragment introduced into pCXUN as
described for the 2892 bp promoter fragment of Potri.2G0797 (Figure 39). The obtained
plasmid was verified with restriction digestion (Supplementary figure 24) and
sequencing (Supplementary figure 25).
The 3551 bp promoter fragment was further truncated based on PCR amplifications with
added 5´ KpnI and 3´ HpaI restriction site overhangs. Template for the PCR was the pCXUN
double marker construct with the 3551 bp promoter fragment and the 5´primer was used
to generate the 5´deletions. Overall, 2502 bp (Forward primer ID5-2502bp-KpnI and revers
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primer ID5_HpaI_rev), 1289 bp (Forward primer ID5-1289bp-KpnI and revers primer
ID5_HpaI_rev) and 516 bp (Forward primer ID5-516bp-KpnI and revers primer
ID5_HpaI_rev) fragments were generated (Figure 52). The primer details are given in the
M&M Table 6. Further cloning steps to integrate the amplicons into pCXUN (Figure 14)
were conducted as described above. The obtained constructs were verified with restriction
digestion (Supplementary figure 26).

Figure 52. Promoter fragments of Potri.2G2183from Populus trichocarpa that were coupled to a reporter (eGFP) to
identify regulatory elements in this gene upon ectomycorrhiza formation. The eGFP was targeted to the nucleus.
Transgenic poplar roots were generated with Agrobacterium mediated plant transformation, during which Composite
plants were generated. The eGFP expression was compared between the constructs visually at a microscope and
determined by qPCR.

First tests of the 3551 bp promoter fragment in transiently transformed Nicotiana
benthamiana leaves showed both GFP and RFP signals in the nucleus compared against a
negative control with a promoter less GFP (Figure 53).
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Figure 53. Visualization of the promoter activity of a 3551 bp promoter fragment from Potri.2G2183 driving nuclear
targeted GFP expression in transiently transformed tobacco leaves in a double marker construct. As negative
control a promoter was GFP less. Tobacco leaves were transiently transformed with Agrobacterium rhizogenes strain
K599 in an OD600 of 0.3. The binary vector was pCXUN and the T-DNA was composed of the respective promoter
fragment, dGFP-NLS and a NOS terminator as well as a second constitutively expressed NOS promoter, tdTomato-NLS
and OCS terminator cassettes. NLS means the protein was targeted to the nucleus. Pictures were obtained with a
Leica binocular with a gain of 4.7 dB three days after the infiltration. All pictures were processed in the same manner.
Further details about the devices and filter settings can be found in the M&M.

In planta tests of the 3551 bp promoter fragment and its truncations in transgenic Populus
tremula x alba first order roots showed very weak overall GFP signals in the range of
3551 bp to 1289 bp (Figure 54). Only the 516 bp truncation showed detectable GFP signals
in root hair and cortex nuclei when compared against a positive (GFP with UBQ promoter)
and negative control (GFP promoter less)
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Figure 54. Promoter activity of Potri.2G2183 promoter truncations in a double marker construct (Promoter_dGFPNLS_TNOS_PNOS_tdTomato-NLS_TOCS). The truncations range from -516 bp to -3551 bp. The negative control
harbouring a promoter less GFP and the positive control harbours GFP driven by a NOS promoter. The 3551 bp
promoter fragment was amplified from Populus trichocarpa gDNA, truncated with 5´deletion and visualized in
transgenic P. tremula x alba plants. Shown are root hair areas 1 cm above the root tip. Roots were illuminated at the
lowest possible light intensity (25 %) with xenon light source at a Zeiss Axioskop Microscope. Pictures were made
with a Imagingsource camera in an IC Capture software. Filter sets for GFP were in a 450 – 490 nm excitation and
510 – 560 nm emission window and for RFP in a 510 – 560 nm excitation and 590 nm long pass emission filter window
filter with a 580 nm beam splitter. Further details are given in the M&M. The roots were 5 to 8 weeks old and in
approximately the same growth state. For visualization the contrast enhanced by 0.01 % and background subtracted
in ImageJ (further details in the M&M). Representative pictures are given for n = 10 plants per construct from two
independent transformation events.

Because of their different expression patterns, the 3551 bp and 516 bp promoter fragments
were further compared concerning their GFP levels. Green and red fluorescence in nuclei
were observed in the root tip, root hairs and the stele for both promoter fragments,
indicating active transcription in those areas (Figure 55). However, comparisons of root
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hair nuclei indicate a higher GFP expression under the 516 bp truncation (Figure 56).
Furthermore, the 516 bp fragment induced high levels of autofluorescence particularly in
the stele. Because the plane of focus of epifluorescence microscope and binocular did not
reach further then the first cortex layers, no predictions can be made concerning promoter
activity in the endodermis and central cylinder.

Potri.2G2183 L516 bp

Bright - field

Overlay GFP and RFP

RFP 4 sec

GFP 4 sec

Potri.2G2183 3551 bp

Figure 55. Comparing GFP fluorescence intensities driven by 3551 bp and 516 bp promoter fragments of
Potri.2G2183 in first order roots. Composite plants were generated via Agrobacterium rhizogenes strain K599
mediated plant transformation using a Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS. Pictures were obtained
from a Leica binocular (specifications in the M&M). All pictures were made under the same conditions. The roots all
were 5 to 8 weeks old. For visualization, the pictures were processed in the same manner in ImageJ (In merged
pictures of both corresponding channel pictures: Contrast of root hairs increased by 0.1 %, background subtracted).
All pictures were taken with the same parameters (gain = 4.8 dB, light intensity = 25 %) as further described in the
M&M.
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Figure 56. Comparing GFP fluorescence intensities driven by 3551 bp and 516 bp promoter fragments of
Potri.2G2183 root hair nuclei of first order roots. Composite plants were generated via Agrobacterium rhizogenes
strain K599 mediated plant transformation using a Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS. Pictures
were obtained from a Zeiss microscope (specifications in the M&M). All pictures were made under the same
conditions. The roots all were 5 to 8 weeks old and root hairs of approximately the same age were compared. For
visualization, the pictures were processed in the same manner in ImageJ (In merged pictures of both corresponding
channel pictures: Contrast of root hairs increased by 0.1 %, background subtracted). All pictures were taken with the
same parameters (gain = 4.8 dB, light intensity = 25 %) as further described in the M&M.

3.8 Characterization of Potri.9G1040
3.8.1

Promoter analyses and the identification of transcription factors of Potri.9G1040

The longest promoter fragment that could be PCR amplified for Potri.9G1040 had a size of
1183 bp and ranged from -1185 bp to -2 bp in relation to the ATG. In a first step, this
1183 bp promoter fragment was successfully amplified from Populus tremula x tremuloides
gDNA (Forward primer pJetUnivLIC_R1 and revers primer pJetUnivLic_rF1, see Table 6).
The PCR fragment was initially cloned into pJET1.2 and verified via restriction digestion
(Supplementary figure 27 and Supplementary figure 28) and partial sequencing
(Supplementary figure 29). In a further cloning step, the promoter fragment was PCR
amplified with LIC adapters (Forward primer pJetUnivLIC_R1 and revers primer
pJetUnivLic_rF1, see Table 8) and integrated into a pCXUN double marker cassette using
LIC (vector description Figure 15). The correct integration was verified with restriction
digestion (Supplementary figure 30) and sequencing (Supplementary figure 31).
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In planta tests of this 1181 bp promoter gave no detectable GFP signals when using the
epifluorescence microscope (Figure 57). Attempts to amplify a larger promoter fragment
from either Populus tremula x tremuloides or P. trichocarpa failed.

Negative control

Positive control
2 sec

Bright - field

RFP, 1 sec

GFP, 2 sec

1181 bp

Figure 57. Promoter activity of a Potri.9G1040 1181 bp promoter fragment in a double marker construct
(Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS). The negative control harbours a promoter less GFP and the
positive control harbours GFP driven by a NOS promoter. The promoter fragment was amplified from
Populus tremula x tremuloides gDNA and visualized in transgenic P. tremula x alba plants. Roots were illuminated at
the lowest possible light intensity (25 %) with xenon light source at a Zeiss Axioskop Microscope. Pictures were made
with a Imagingsource camera in an IC Capture software. Filter sets for GFP were in a 450 – 490 nm excitation and
510 – 560 nm emission window and for RFP in a 510 – 560 nm excitation and 590 nm long pass emission filter window
filter with a 580 nm beam splitter. Further details are given in the M&M. The roots were 5 to 8 weeks old and in
approximately the same growth state. For visualization the contrast enhanced by 0.1 % (further details in the M&M).
Representative pictures are given for n = 10 plants per construct from two independent transformation events.
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4 Discussion
4.1 Establishing pCXUN as poplar root transformation vector
4.1.1

Plant transformation efficiencies of the binary vectors pPLV and pCXUN

In composite poplar plants, transgenic roots originate from microcalli of transgenic cells
from non – transgenic shoots. This method was established to generate fast transgenic roots
compared to entirely transgenic plants and can be used for in vivo promoter analysis (Neb
et al., 2017). However, next to the T – DNA of interest, a second T – DNA from an
Ri – plasmid is transferred to the infected plant cell and drives efficient transformation of
transgenic roots (Suzuki et al., 2009; Chandra, 2012; Xiang et al., 2016). Both T – DNAs are
transferred into plant cells, but not always at the same time and in the same frequency.
Therefore, transgenic roots that are formed by composite plants must be checked for the
presence of the binary vector derived T – DNA, which are further called “fully transgenic
roots”. The approach for their detection that was followed in this thesis was a second
marker cassette on the binary T – DNA, leading to the accumulation of a red fluorescence
protein in the nuclei of fully transgenic roots. In this context, the two binary vectors “pPLV
and pCXUN” were tested in this work concerning the frequency of Agrobacterium rhizogenes
(strain K599) formation of fully transgenic roots. This further called “transformation
efficiency” was thereby defined as the percentage of fluorescent roots of one transgenic
composite poplar. For different approaches, either single or double fluorescence marker
cassettes were used as reporters. pPLV vectors that were used for comparative analysis
were implemented by Jana Schnakenberg and Jana Müller (AG Nehls).
Initially, different marker cassettes (single and double cassettes) were transferred from
pPLV to pCXUN in this thesis. The obtained constructs were then transformed together with
the pPLV ancestors into different batches of Populus tremula x alba plants. It turned out,
that the overall transformation efficiency was 69.8 % higher when modified pCXUN vectors
were used compared to pPLV based vectors (Figure 12). A transformation efficiency as
obtained with different pCXUN derivates of 76 % (SE = 2.6) is suitable for the intended
promoter analyses and was like results from other studies (Porter and Flores 1991, Neb et
al. 2017). No low copy number vectors were used because they were less suitable for
cloning purposes. Also, In other plant systems pCXUN was successfully used, e.g. in
Arabidopsis thaliana transformation using floral dip (Kempinski and Chappell, 2019),
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Nicotiana benthamiana leaves (Das, 2018; Schnakenberg, 2020) or studies in rice (Meng et
al., 2021). pCXUN works also for plant transformations using different Agrobacterium
tumefaciens strains (such as GV3101, data not shown). This allows to use pCXUN constructs
for transformation of different plant species but also for the generation of transient or stable
transgenics.
In addition to its lower root transformation efficiencies, pPLV needs an additional “helper
plasmid” (pSOUP) for successful replication, whereas pCXUN does not. Furthermore, two
different antibiotics are needed for the cultivation of agrobacteria containing pPLV and
pSOUP (Schnakenberg, 2020). This might reduce the fitness of Agrobacterium in plant
infection and might thus explain the observed lower root transformation efficiency in
composite poplar plants. As a consequence of differing ORIs in pPLV and pCXUN, pCXUN
might also achieve a higher plasmid copy number in the used Agrobacterium rhizogenes
(strain K599) resulting in a higher root transformation efficiency, even though more data
are needed for validation (Gelvin, 2003; Schnakenberg, 2020).
4.1.2

Impacts of the orientation of the expression cassette in the pCXUN T-DNA

Location and orientation of expression cassettes in the T – DNA of binary vectors might
influence fluorescence protein (FP) expression. One reason is, that the right- and left border
sequences resist different to endo- and exonucleases during T - DNA transport into the
nucleus of the host plant. While the right border is better protected because of virD2, which
is attached to the respective end of the T-DNA, the left border sequence remains
unprotected and only 25% stay intact (Tzfira et al., 2004; Gelvin, 2017). Thus, deletions
extending from the LB junction were found to be larger compared to deletions extending
from the RB (Gelvin, 2017).
To investigate the impact of marker cassette orientation on FP expression in composite
poplar plants (Figure 16), both orientations were tested concerning their root
transformation efficiency. For single expression cassettes, an orientation from RB to LB
gave a slightly better transformation efficiency, whereas double fluorescence cassettes had
a better transformation efficiency when the cassettes were orientated from LB to RB on the
T – DNA. However, this might be related to the constructs that were observed. All single
marker cassettes in LB-RB orientation on the T – DNA were targeted to the peroxisomes
(tmTomato and sYFP), which were harder to locate with the binocular and might have led
to an underestimation of transformation efficiency in this orientation. Additionally, only one
of the compared double marker constructs had an RB-LB orientation on the T – DNA (Table
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26), which might lead to a skewed comparison. For this reason, both datasets with single
and double marker constructs were combined for a pooled analysis. Thereby, no overall
differences were observed when comparing both double and single marker cassettes
together, indicating that the root transformation efficiency is possibly independent on the
marker cassette orientation on the T – DNA of the plant transformation vector. The most
likely explanation for this observation is a kanamycin resistance cassette that is present at
the left border of the pCXUN T – DNA (Figure 58). It can be assumed, that this cassette
serves as a buffer concerning exonuclease activity and thus no obvious difference in
fluorescence expression levels was observed for both orientations of the marker
cassette(s). No other combinations of possible orientations of the individual parts of the
T – DNA were tested.
Based on these findings it was decided to use a LB to RB orientation of the fluorescence
expression cassettes for all further constructs. For double marker constructs, both
expressions were in tandem on the T – DNA (Figure 58 and Figure 16). A set of two pCXUN
based binary vectors was designed for the easy integration of promoter fragments in a
double marker cassette in collaboration with other group members of AG Nehls. Thereby,
GFP was used as a reporter for investigated promoters and tdTomato was used as a
constitutively expressed reference reporter protein. The only difference between the two
vectors was, that one contained a UBQ promoter driving the GFP expression cassette
(Figure 58), whereas the other vector had a LIC site at this location. This allowed for a
directed integration of promoter fragments either by exchanging the UBQ promoter using
a conventional restriction site-based strategy or implementing them by using LIC.

Figure 58. Schematic display of a pCXUN T – DNA harbouring two fluorescence marker cassettes. Shown are the
components of the T – DNA and their respective size in bp. A kanamycin resistance cassette serves as plant selection
marker. LB: left border- and RB: right border sequence. The investigated expression cassette was composed of a UBQ
promoter or the promoter of a gene of interest (Investigated expression cassette), a nucleus targeted eGFP and a
NOS terminator. The constitutively expressed a constitutively expressed tdTomato cassette consisted of a NOS
promoter, a nuclear targeted tdTomato and an OCS terminator. The total T – DNA size was 7.2 kb. The numbers
between the elements indicate the number of spacer base pairs between the elements.
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Plant transformation efficiencies of single and double marker cassettes

The complete T – DNA as shown in (Figure 58) had size of 7.2 kb when containing the
relatively small UBQ promoter (634 bp) in the investigated expression cassette of a double
marker construct. This size drastically increases when integrating a promoter fragment of
a gene of interest (3- to 4 kb). Therefore, it was tested whether differences in composite
poplar plant transformation efficiency eventually differ between single and double marker
cassettes because of the T – DNA sizes. However, a comparison of several single and double
cassette construct revealed no such differences. Thereby, the smallest tested expression
cassette had 1.5 kb and the longest double cassette was composed of 7.3 kb. Thus, it can be
hypothesized, that the T – DNA transfer is not impacted by the tested sizes. Main reason for
this might be, that the T – DNA of wild type plasmids can be larger than 20.000 bp, which
was at least reported for Agrobacterium tumefaciens strains pTiC58 and pTi15955 (Barker
et al., 1983; Gielen et al., 1999). This is approximately 2.7 times larger compared to the
T – DNA of a double cassette with the green expression cassette driven by PUBQ.
Not evaluated was, if fluorescence expression patterns or the overall expression strength of
double marker cassettes differs when compared to the respective single cassettes. This
could be tested by determining fluorescence intensities of transgenic composite poplar
plants containing the constitutively expressed tdTomato cassette once as a single cassette
and once as part of a double cassette. This analysis might be complemented by additional
qPCR data investigating the FP expression strength in single and double marker constructs.
Such investigations might reveal a possible overloading of the transcription machinery,
which might result in gene silencing of one or both FPs and thus impact predictions
concerning promoter activity (Hernandez-Garcia and Finer, 2014).

4.2 Fluorescence reporters for the investigation of promoter activity
To characterize three genes that are down – regulated upon ECM symbiosis formation,
promoter analysis was performed in composite poplar plants. The promoters of interest
were integrated into the T – DNA of pCXUN, driving nuclear targeted double GFP as reporter
for the visualization of gene expression strength. Thereby, it was aimed to quantify gene
expression levels on a visual scale in vivo to (1) find cis – regulatory elements within the
promoter region using 5´truncations and (2) determine, whether qPCR-based expression
profiles of the genes in mycorrhized- compared to non-mycorrhized fine-roots can be
confirmed with fluorescence marker cassettes.
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Calibration of double fluorescence marker cassettes for promoter analysis

To be able to detect transgenic plants in composite poplar plants, a second constitutively
expressed marker cassette was added in tandem to the GFP expression cassette. T – DNA of
pCXUN always consisted of a nuclear targeted double eGFP driven by the promoter of
interest and a constitutively expressed nuclear targeted fluorescence cassette with
tdTomato as a transformation marker with a dual function: (1) for the detection of
transgenic roots in composite poplar plants and (2) as a reference to calibrate GFP
fluorescence intensity. GFP and tdTomato were used as reporters, because their emission
wavelength could be well distinguished by epifluorescence microscopy (Shaner et al., 2004;
Chudakov et al., 2005; Morris et al., 2010) and cLSM microscopy (Sahoo et al., 2009).
The constitutively expressed RFP fluorescence cassette consisted of a NOS promoter,
tdTomato and OCS terminator and was implemented in collaboration with Jana
Schnakenberg (Schnakenberg, 2020). In planta analysis showed, that the NOS promoter is
functional in both transiently transformed tobacco leaves and roots of composite poplar
plants (Schnakenberg, 2020). Its expression strength and fluorescence distribution in
different tissues for both stable and transient expression analyses was also supported by
Ebert et al. (1987). Thereby, NOS promoter driven fluorescence proteins were evenly
distributed in both root hairs and cortex cells and did not cause overly much
autofluorescence in the stele. When driving tdTomato targeted to the nucleus, these
properties resulted in nicely detectable nuclei (Schnakenberg, 2020), what made this
construct ideal as a transformation selection marker in composite poplar plants.
Besides its function as a transformation selection marker, the RFP fluorescence cassette was
used to calibrate GFP fluorescence expression, which was driven by a promoter of interest.
Thereby, the fluorescence intensity of nuclear targeted GFP was related to the constitutively
expressed and nuclear targeted tdTomato by calculating GFP: RFP fluorescence intensity
ratios. This calibration allowed for a comparison of promoter expression levels between
different constructs or promoter truncations independently of overall expression levels and
root transformation efficiencies. Thereby, obtained fluorescence ratios were dependent on
the GFP expression levels induced by the promoters of interest as well as the FP maturation
1
2

and degradation times. eGFP matures with a t of 27 min and tdTomato of 60 min at 37°C
in E. coli (Shaner et al., 2004; Iizuka et al., 2011; Trauth et al., 2020). Degradation times were
1

at t of 1 day for eGFP and of 4.6 days for DsRED2 in Drosophila S2 cells (Verkhusha et al.,
2

2003). Because tdTomato derived from DsRED it can be assumed, that the degradation time
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of both proteins might be similar. Corresponding analyses were conducted in collaboration
with Jonas Lucht (AG Nehls).
First tests in composite poplar plants revealed, that it can be determined if GFP signals are
higher or lower compared to RFP expression in double marker cassettes and with the timer
protein. However, the calibration of this system is not finished yet. Thus far, in planta
analysis of transgenic poplar roots was only partially possible, because most obtained
images were oversaturated in the GFP channel for double marker constructs. Therefore, it
was only possible to compare root hair nuclei. Root hairs are known to enlarge their vacuole
and the nucleus shows basipetal movement at the cytoskeleton with age (Sato et al., 1995;
Ketelaar et al., 2002; Esseling et al., 2004). The aging of root hairs was calculated to be 20 –
to 24 h in Medicago truncatula (Mirabella et al., 2004), which might be slightly different for
poplar but was not evaluated. In this time, the nucleus changes shape from roundish to
elliptic, until it is moved to the base. The nuclei get compressed by the vacuole, which might
impact the observed fluorescence intensities of GFP and RFP and could cause problems
when comparing nuclei of root hairs with varying ages. For cortex nuclei, the high
autofluorescence especially of cell walls was shown be a problem and most images could
not be properly analysed. As described above and observed for a DsRED-E5 root,
fluorescence gradients are possible along the root in dependence of the tissue age, because
both GFP and RFP fluorescence intensities depend on the protein maturation and
degradation ratio. Therefore, root tips often have higher amounts of GFP because not much
GFP is degraded yet, whereas tdTomato accumulates in cells and is therefore more present
in older tissues. Furthermore, protein expression was shown to be higher in young plant
material compared to older transient transformed tobacco leaves (Wroblewski et al., 2005),
which might likely lead to a fluorescence gradient in the root cortex.
Further studies need to investigate the extent of biological variance that occurs when
calculating GFP: RFP ratios. This might be possible when implementing a double marker
cassette with both GFP and tdTomato driven by the same promoter, which would allow for
the comparison of FP reporters driven with the same promoter strength. Because
homologous sequences in close proximity might affect gene expression stability as well as
gene activity in plants (Meyer and Saedler, 1996), it might be necessary to implement
functionally equivalent synthetic promoters in which the homologies are reduced (Bhullar
et al., 2003). Further problems of a calibration against the used RFP cassette for calibration
might be caused by the used NOS promoter. This promoter was used, because it caused
visible fluorescence signals when compared to P35S and PUBQ (distribution in root hairs, root
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cortex and the central cylinder) (Schnakenberg, 2020). However, the expression strength of
PNOS was shown to be induced in wounded plant regions or under high auxin conditions (An
et al., 1990). Because in planta analysis of this thesis were conducted in composite poplar,
it cannot be excluded that auxin levels impact expression rates of tdTomato because of the
altered root morphology (Veena and Taylor 2007).
4.2.2

The timer protein DsRED-E5

GFP and RFP ratios are supposed to reveal differences in promoter activity of promotors of
interest upon ECM formation. The obtained relation of GFP and tdTomato of such double
marker cassettes are dependent on different FP reporter maturation and degradation times,
which might lead to problems concerning signal consistency in different root areas and the
comparison of root systems with different ages. To take this into account, the timer protein
DsRED-E5 was established in this work as a potential reporter for promoter analysis in
composite poplar plants. This protein has a detectable GFP signal upon early stages of
maturation, but the emission maximum changes to red fluorescence at later maturation
stages. This allows for the detection of both GFP- and RFP signals induced by one single
protein, which is solely dependent on DsRED-E5 maturation time from green to red (18 h)
and its degradation time (4.6 days) and independent of transgene expression levels
(Mirabella et al., 2004). Therefore, GFP and RFP fluorescence intensities were determined
simultaneously to calculate GFP: RFP ratios.
In this thesis, a nuclear targeted DsRED-E5 driven by an UBQ promoter signal showed
detectable GFP signals in transiently transformed tobacco leaves after 24 h. 72 h after
infiltration, a red shift of the fluorescence window was clearly visible, and the signal
intensity was much stronger in the red compared to the green fluorescence window (not
quantified). In a next step, the functionality of nuclear targeted DsRED-E5 was analysed.
Different promoters (PNOS and PUBQ constitutively expressed) as well as a 2892 bp promoter
region of Potri.2G0797 (mycorrhiza repressed) were used. First impressions of cortex
regions of one root with the 2892 bp promoter fragment showed a GFP: RFP ratio of 0.03
(close to the root tip) to 0.05 (close to the first order root) in cortex nuclei of second order
roots, which was very low compared to initial experiments conducted by Mirabella et al.
(2004). They observed a steady fluorescence ratio of 0.17 in cowpea protoplasts and 2.8 in
young root hairs of Medicago truncatula (with a constitutively expressed ACTIN2 (MtACT2)
promoter). This allowed them to detect up- or down regulation of genes when comparing
their promoter induced DsRED-E5 ratios against the steady state of the constitutive
promoter (Mirabella et al., 2004).
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It was not possible to determine steady state ratios for all three promoters and obtain more
overall data in this thesis, because the obtained DsRED-E5 GFP signals were often much
weaker and already only barely distinguishable from background fluorescence in the
investigated transgenic poplar roots. Only for one root hair a ratio of 0.22 could be observed
thus far. It is unsure if DsRED-E5 is suitable for the intended purpose to detect downregulation of promoters of interest upon ECM formation, because GFP levels in mycorrhized
fine-roots would be expected to be even lower compared to protein expression in nonmycorrhized fine roots.

4.3 Epifluorescence microscopy-based quantification of fluorescence
intensities
4.3.1

Defining camera settings to obtain reliable fluorescence intensities

To not distort fluorescence intensity ratios between GFP and RFP, corresponding pictures
were taken with the same camera settings (light intensity, illumination time, gain factor).
However, sometimes it was not possible to find camera settings for both channels because
one of the two would be just over- or undersaturated. This was true for both DsRED-E5 and
GFP-tdTomato double constructs.
The parameters to detect over- and undersaturation as well as impacts of light intensity and
illumination time settings on fluorescence intensity were determined in collaboration with
Jonas Lucht (AG Nehls). As a short summary, an exposure time above 4 sec or increase of
light intensity over 25 % turned out to be problematic. This was especially true for
increased light intensity, which might result in bleaching effects (Mamontova et al., 2017).
Bleaching is a common problem of fluorescence proteins (Zimmer, 2002; Waters, 2009;
Mamontova et al., 2017). To avoid strong impacts of photobleaching on fluorescence protein
ratios, a short pre – experiment with the defined camera settings was performed for one
root hair nucleus. It turned out, that GFP and RFP behaved differently because the GFP:RFP
ratios of one single root hair nucleus increased from 1.28 at 2 sec exposure time to 1.3 sec
after 60 sec and to 1.45 at 120 sec exposure time (25 % light intensity, xenon light source).
This increase in the GFP: RFP ratio occurred because RFP signal intensity was reduced by
19.9 % after 120 sec exposure time, while reduction of GFP signal intensity was only 3.7 %,
indicating different photostability of eGFP and tdTomato. The eGFP variant has an enhanced
106

PhD thesis

Anneke Immoor

Discussion

photostability compared to the original GFP (Zajac et al., 2018). tdTomato as part of the
mFruits series (Day and Davidson, 2009) has accelerated bleaching properties because the
molecular chromophore structure allows an easy access of oxygen to the chromophores due
to a gap in the beta barrel structure (Chapagain et al., 2011; Mamontova et al., 2017).
Because of these results, an illumination time maximum of four seconds was chosen for all
other experiments for both GFP and RFP channels in this thesis. It can thus be supposed,
that bleaching effects have a relatively weak impact on the results and were neglected. If
the different behaviour of FPs becomes problematic in further analyses, it could be
considered to apply a 2,2'-thiodiethanol (TDE) clearing prior to microscopy, as this was
shown to reduce tdTomato bleaching in Arabidopsis tissues by influencing the refractive
index of the sample (Musielak et al., 2016). Alternative strategies are the use of different
RFP with altered oxygen sensitivity (Chapagain et al., 2011).
Part of this thesis was the modulation of the gain value in the camera system to evaluate,
whether (1) this factor has impacts on the measured fluorescence intensities and (2) if it
can be adapted for both GFP and RFP channels of corresponding pictures separately without
distorting obtained fluorescence ratios. The gain amplifies the received signals from the
camera sensor.

The question was whether obtained fluorescence intensities can be

normalized against the used gain factor. The corresponding experiment with DsRED-E5 in
root hair nuclei of transgenic composite poplar plants revealed, that the measured
fluorescence intensity had a relatively linear relationship to the gain value. This was
evaluated by measuring fluorescence intensities of one single root hair nucleus in both GFP
and RFP channels with increasing gain values. Thus, when normalizing the fluorescence
intensities, obtained GFP: RFP ratios were nearly identical for all corresponding pictures of
this gain series. Based on these findings it was decided to keep all factors equal and only
adapt the gain value if necessary to compare FP fluorescence intensity values.
4.3.2

Autofluorescence in fluorescence microscopy

Autofluorescence of cell walls (mainly lignin), vacuole content (phenolic compounds) or
chloroplasts (chlorophyll) is common in plant research. A large problem for analyses of FP
light emission was background fluorescence of the cell walls, mainly in the root cortex. The
problem is, that the emission light spectrum partly overlaps with GFP signals
(340 – 560 nm) (Timonen, 1995; Donaldson, 2020), resulting in less autofluorescence in the
RFP channel compared to the GFP channel except for chlorophyll autofluorescence
(Chapagain et al., 2011). In most samples the background fluorescence was more than 50 %
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of the FP (data not shown), which makes it essential to find a way to overcome this problem.
This is especially true for older roots and mycorrhiza (Agerer, 1991; Timonen, 1995; Neb et
al., 2017).
One way to proof whether the formed fluorescence originates from autofluorescence is a
spectral analysis of the emission light by cLSM (Lambda Scan). The obtained Lambda Scan
of infiltrated tobacco leaves and transformed composite poplar leaves clearly showed
expected fluorescence for both eGFP and tdTomato targeted to the nuclei (Schnakenberg,
2020, Nehls unpublished). This could be determined thanks to pinholes in the filter channel,
(Sahoo et al. 2009; Review: Chudakov, Lukyanov, and Lukyanov 2005) and indicates that
fluorescence emission observed by epifluorescence microscopy were reliable for both GFP
and RFP in plant nuclei.
However, only the upper cell layers can be analysed when observing whole roots even at
the cLSM (Nehls, unpublished), leading to high amounts of autofluorescence from the cell
layers beneath. This makes it impossible to investigate promoter activity in the inner cortex
layers. Therefore, it was tested if fine-root cuttings can reduce a part of this background
noise. Unfortunately, non-fixed agarose embedded semi-thin sections turned out to be not
suitable because most cells are longitudinal expanded and burst when damaged by cutting
devices because of their turgor and many root cells of such cuttings were missing nuclei.
Embedding however often leads to a massive loss in fluorescence intensity of FPs (Ganguly
et al., 2011). In further investigations it was tried to remove autofluorescence in both
tobacco leaves and poplar roots by applying a clearing protocol (Kurihara et al., 2015). After
the ClearSee treatment the samples not only lost their color, but also the FP signals.
Nevertheless, since then different versions of this protocol evolved and could be adapted
for the given systems in the future (Nagaki et al., 2017; Imoto et al., 2021). Since none of the
above-mentioned protocols worked, one could try to remove autofluorescence by
manipulating images prior to the determination of fluorescence levels in future steps. As an
example, ImageJ allows for a background subtraction (Rolling Ball Background Subtraction,
Michael Castle and Janice Keller, Mental Health Research Institute, University of Michigan).
4.3.3

Impact of root orders on gene expression in poplar

Upon ectomycorrhiza formation, only freshly emerging roots become mycorrhized.
Therefore, initial investigations concerning root order and FP based fluorescence emission
were performed because potential differences in the root physiology between root orders
might impact gene expression (Wells and Eissenstat, 2002).
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Epifluorescence microscopy revealed that poplar first and second order roots seem to be
similar concerning their fluoresce emission. This was observed for double marker
constructs with GFP driven by a 176 bp promoter fragment of Potri.2G0797 and GFP driven
by a 3551 bp promoter fragment of Potri.2G2183. Concerning GFP: RFP ratios, statistic
comparisons between GFP:RFP ratios of root hair nuclei of first and second order roots from
three different constructs were made. None of the constructs showed differences
concerning fluorescence intensities in dependence on the observed root orders.
Unfortunately, cortex nuclei could not be compared because of high autofluorescence levels.
This would have been a better indicator for the comparison of root orders because other
tree species such as Cunninghamia lanceolata, Acacia auriculiformis and Gordonia axillaries
showed a reduced cortex thickness with increasing root orders (Long et al., 2013) and the
root diameter decreased and nitrogen levels increased with higher branching orders in
Acer saccharum and Fraxinus americana (Pregitzer et al., 1997). This indicates a need to
further investigate FP expression patterns of cortex cells in different root orders to be able
to compare mycorrhized and non-mycorrhized poplar fine-roots.
4.3.4

Gene expression patterns in roots of composite poplar plants

When analysing root systems of composite poplar plants, it was observed, that plants of the
same root system showed different fluorescence protein expression patterns when
stemming from different calluses. This is because each root is a single transformation event
(Neb et al., 2017). To investigate differences in expression patterns with qPCR, a total of ten
root systems containing a pCXUN binary vector with a tdTomato-NLS driven by a
35S promoter were separated into weak, intermediate, and strong fluorescence intensity
signals. As a result, weak expressing roots had a relative expression rate of ~6 and strong
expressing roots of ~18, which is a 3.16 - fold difference, indicating that differences in
fluorescence intensity are not because of autofluorescence. Main reason for this observation
is probably the copy numbers, which was not determined in this study. Collier et al., (2005)
evaluated for A. rhizogenes (strain NCPPB 2659) based transformation copy numbers in
Nicotiana tabacum ex vitro composite plants using a Southern blot approach. They found
that some roots contained only a single T – DNA insertion, whereas others had four to more
insertions, which is likely to affect gene expression rates. Furthermore, the T – DNA is likely
integrated at different locations in the plant´s genome, which might be differently active at
a transcriptional level, causing a position effect (Gelvin, 2017). However, there are
supposedly preferred T - DNA integration sites in Arabidopsis thaliana, which have high CGskew ratios and are in the 5′ and 3′ UTR of protein coding sequences as well as the promoter
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region of RNA polymerase transcribed rRNA gene repeats (Schneeberger et al., 2005). This
was also confirmed by Shilo et al., (2017), who detected a bias towards AT – rich motifs as
well as towards sequences with a microhomology to T – DNA border sequences based on a
modified adapter-ligation mediated PCR method. Therefore, the expression strength is
likely related to the integrated copy numbers.
However, because both GFP and RFP are integrated at the same location into the gDNA, no
impacts on fluorescence intensity ratios are expected. Because this experiment was only
conducted with a single marker construct, potential impacts of expression strength on GFP:
RFP fluorescence intensity ratios in nuclei of transgenic poplar was not determined.

4.4 Promoter analysis of mycorrhiza regulated genes
4.4.1

Promoter truncations as a step to find potential cis - elements

Eucaryotic promoters are very large and hard to predict in silico, because regulative
elements can be in a wide area around the transcription start and cis – elements often need
chromatin folding to be in a proximity to influence gene expression. Thus, there is a high
chance that promoter elements are missing when taking it from its native environment for
further analysis (Hernandez-Garcia and Finer 2014). Taking a promoter from its native
environment for analysis by random integration into gDNA might also disable chromatin
based promoter regulation (Hernandez-Garcia and Finer 2014). To reduce the possibility to
miss important regulative elements, large upstream areas need to be amplified for
promoter analysis.
The promoter region of the three genes Potri.2G0797, Potri.2G2183 and Potri.9G1040 that
are found to be down – regulated in ectomycorrhizas (Nehls et al., unpublished) were
investigated in this thesis. In this context, the largest possible promoter fragments
(depending on PCR primers) were PCR amplified and cloned in front of a fluorescence
expression cassettes in a binary vector. Thereby, the promoters were expected to be active
non – mycorrhized fine-roots, resulting in detectable GFP expression in the double marker
constructs. In a second step to locate potential cis – elements 5´deletion analysis was
performed. Thereby, cis – elements are only approximately eight to ten base pairs long, even
though the transcription complex might cover around 50 bp (Odom, 2011). Lastly, hybrid
poplars were generated and applied to mycorrhization to investigate whether fluorescence
reporter expression changes during symbiosis as observed for the original gene. Such an in
vivo analysis allows the localization of cis - elements in a biological context. Generally, it was
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possible to clearly see 8 - fold differences for RFP- and 11.4 - fold differences for GFP
fluorescence levels at an epifluorescence microscope (Figure 59).
11.4-fold GFP
intensity difference

8-fold tdTomato
intensity difference

Figure 59. Visualizing an 8 – fold TdTomato-NLS- and 11.4 – fold GFP-NLS expression difference in root hair nuclei
of Populus tremula x alba plants. Shown are composite poplar plants, which were transformed with a pCXUN binary
vector via Agrobacterium rhizogenes strain K599. To determine the differences, fluorescence intensities of raw
images were obtained from ImageJ. Based on the obtained intensities of weak and strong expressing nuclei the abovementioned ratios were calculated. The nuclei did not belong to the same construct or the same plant. The sole
purpose of this comparison was to see, if and how differences in expression strength can be visualized.

4.4.2

Promoter analyses of Potri.2G0797

The longest promoter fragment of Potri.2G0797 that could be amplified from
Populus tremula x tremuloides gDNA was 2.892 kb in length. In total, 14 truncations were
made from the 5´ end of the fragment and analyzed for promoter activity in a FP reporter
system. This analysis was based on the double marker system in composite
Populus tremula x alba plant roots. No GFP:RFP ratios were calculated for most truncations
as the number of replicates was too low for statistical analysis. However, promoter activity
was visible from 2892 bp to 176 bp in root hair nuclei when compared to the promoter-less
GFP control. For the 2892 bp and the 176 bp promoter fragment sufficient nuclei were
observed showing reliable fluorescence for the green and red channel to allow for a
statistical analysis. No significant difference in the expression strength was found,
indicating similar expression levels of both promoter fragments.
The promoter analysis of double marker cassettes in composite poplar roots revealed, that
a 2892 bp promoter fragment is active in root hairs, root cortex and the root tip in young
root systems in poplar. Because of high levels of autofluorescence it was not possible to
make assumptions about the central cylinder and the tip meristem. However, this indicates
that the amino acid transporter is likely expressed in all root regions, presumably up to the
endodermis. In older root systems with non – mycorrhized fine roots, the only visible
fluorescence was close to the central cylinder (Figure 49). This is probably due to the fact,
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that root hair nuclei change their location towards the cortex upon maturation, which was
also observed for older roots harbouring a double marker cassette with GFP driven by the
2892 bp promoter fragment.
Because no GFP fluorescence was obtained for the two smallest promoter fragments, an
essential element might be located between bp 176 and 113 upstream of the translation
start. Many core promoter regions are in an 80 bp upstream area of the transcription start
(TSS) and many control elements are located up to 300 bp above the TSS (Barrett et al.,
2012). For the integrated poplar genes, the TSS was not determined experimentally as the
aim of this thesis was the identification of cis - elements involved in ECM based regulation.
It was decided to include part of the non-translated but transcribed region of the gene prior
to the translation start in the amplified promoter fragments.
Due to time constraints, only very few mycorrhizas could be analyzed. One reason for
insufficient numbers of many mycorrhizas was that mycorrhization was set up in
wintertime. Even when plant and fungi are cultivated exclusively in growth chambers,
worse mycorrhization is a parameter that regularly occurs (Nehls, personal
communication). Furthermore, even when the initial percentage of roots harboring the
T – DNA of the binary vector was high (>70 %), this number decreased over time and was
much lower when mycorrhiza plates were opened (> 4 months after transformation, Nehls
et al., unpublished). This means, that after transferring plants to mycorrhiza plates further
roots emerged that were mostly non – transgenic. This observation clearly demonstrates
the demand for a visual selection system for binary vector T – DNA roots after
ectomycorrhiza formation. This selection process is not possible with an antibiotic selection
marker, because composite plants have non – transgenic shoots that could not grow on a
selective medium.
These mycorrhizas harboring the 2892 bp promoter driven GFP cassette still showed GFP
fluorescence, indicating at least some promoter activity upon ECM formation. Because no
promoter of a mycorrhiza repressed gene has ever been characterized, different
explanations can be given for this result: (1) Because eucaryotic promoters can be quiet
large also for plants (Pumplin et al., 2012; Liu et al., 2014; Nanjareddy et al., 2017), the
investigated 2892 bp long promoter fragment could be too short and thus misses important
regulatory elements. A solution could be the amplification of longer upstream regions by
designing a revers primer that is located at the 3´end of the amplified 2892 bp promoter to
reduce the size of the amplicon. (2) In eucaryotic promoters regulatory elements could be
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found also in the coding sequence (introns) and 3´UTR (Usadel et al., 2009; Vandepoele et
al., 2009; Barrett et al., 2012; Biłas et al., 2016). This could be investigated by amplifying the
promoter together with a part of the gene and perform both 3´and 5´deletions in a double
marker cassette system, Such 3´truncations were successfully performed by (Nishiyama et
al., 2003; Rose, 2019). It was decided to perform in silico analysis based on databases,
because most databases are suitable for few species such as Arabidopsis (Khan et al., 2018)
but not poplar in general. Particularly, because no cis – elements responsible for mycorrhiza
regulation were yet identified.
4.4.3

Promoter analyses of Potri.2G2183

The longest promoter fragment of Potri.2G2183 that could be amplified from
Populus trichocarpa gDNA was 3551 bp in length. In total three truncations were made from
the 5´ end of the fragment and analyzed for promoter activity in a FP reporter system as
described above.
Comparisons based on the epifluorescence microscopy revealed an increase of detectable
GFP fluorescence in the 516 bp truncation compared to the longer promoter fragments. This
was especially visible in root hairs, where the 516 bp promoter fragment induced clearly
visible GFP signals whereas the 3551 bp fragment showed less fluorescence intensity,
indicating that the overall expression pattern of the reporter protein changed. This leads to
the assumption, that a repressing element was removed by the 5´deletion. A review on
deletion analyses of multiple genes found, that in 55 % of the analyzed promoter regions
repressing elements were located between 516 – and 1000 bp above the TSS (Barrett et al.,
2012), which would correspond to the observed findings. However, further truncation steps
are needed to identify the exact location of the potential element and possibly find further
elements closer to the translation start. Possible strategies are described for Potri.2G0797
and could be applied here as well.
Promoter analysis of a 3551 bp promoter revealed, that the promoter is mainly active in the
root tip and weakly expressed in cortex cells. This indicates, that Potri.2G2183 seems to be
involved in certain developmental stages in highly specific regions. In concert with this, a
study analysing differential gene expression showed, that genes of this calcium binding
protein family are not only expressed tissue – specific, but also in a spatial-temporal
manner (Mohanta et al., 2017).
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A down-regulation of the gene was expected upon ECM formation, wherefore no
mycorrhization attempts were made thus far. This is, because the overall low observed
fluorescence intensities were very likely not suitable to detect a further down-regulation.
The 516 bp truncation was generated at a time-point where no further mycorrhization
events were attempted due to time restraints.
4.4.4

Promoter analyses of Potri.9G1040

A 1138 bp promoter fragment was successfully PCR amplified from P. tremula x tremuloides
gDNA and cloned into a double fluorescence marker cassette on pCXUN T – DNA for
in planta analysis. As a result, the promoter, gave no detectable eGFP signals in the observed
P. tremula x alba hybrid roots. Because it was not possible to amplify a larger promoter
region and no truncations were cloned, no predictions can be made. It remains unknown,
where the promoter is active and how this promoter is regulated. Only assumptions can be
made based on the predicted protein function of the correlated protein. Because the activity
of most CXE12 proteins is pH dependent, they are soluble and lack a membrane domain
(Kaschani et al., 2009, 2012) it could be concluded, that the promoter needs a certain
environment to be active. Furthermore, the promoter might be repressed at its current
length, which could be tested by generating 5´ truncations.
4.4.5

Using different poplar hybrids for promoter analyses

Best in silico sequences are available for Populus trichocarpa thus far. Because this poplar
hybrid was difficult to handle under sterile conditions, all in planta analysis were conducted
in P. tremula x alba hybrids. However, because primers for PCR amplification were designed
on the better in silico consensus sequences of P. trichocarpa and P. tremula x tremuloides it
was tested whether this change of hybrids impacted fluorescence expression patterns in
composite poplar plants. Therefore, the 2892 bp promoter fragment of Potri.2G0797 and
the 3551 bp promoter fragment of Potri.2G2183 were both transformed in P. tremula x alba
and P. tremula x tremuloides hybrids. No differences in fluorescence expression could be
detected in both cases when comparing GFP fluorescence in different root areas. It can be
concluded that the poplar hybrids are extremely compatible concerning gene expression of
the given genes and that the use of different poplar hybrids for different steps of promoter
analysis likely has no impact on the promoter activity and thus FP expression.
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4.5 Subcellular protein localization in tobacco leaves
4.5.1

Heterologous expression in tobacco leaves

Subcellular localization of proteins in planta can be performed by heterologous transient
transformation of tobacco leaves with agrobacteria. Thereby, the proteins of interest are
fused in frame with a reporter gene, e.g., a fluorescence protein. This fusion construct is then
expressed in planta under the control of a constitutive promoter. The fusion proteins can
then be tracked in the cells by epifluorescence microscopy. In this thesis, all generated
fusion constructs were based on a sYFP that was fused to the C – terminus of the protein of
interest.
Subcellular localization of proteins in planta can be performed by heterologous transient
transformation of tobacco leaves with agrobacteria. Thereby, the proteins of interest are
fused in frame with a reporter gene, e.g., a fluorescence protein. This fusion construct is then
expressed in planta under the control of a constitutive promoter. The fusion proteins can
then be tracked in the cells by epifluorescence microscopy. In this thesis, all generated
fusion constructs were based on a sYFP that was fused to the C – terminus of the protein of
interest. A 35S promoter was chosen to drive the expression cassettes for subcellular
protein localisation in transiently transformed tobacco leaves. This promoter shows
constitutive gene expression in tobacco leave cells and a model plant promoter (Odell et al.,
1985; Biłas et al., 2016). Previous tests and other studies successfully showed subcellular
localizations with P35S in Nicotiana benthamiana, Lotus japonicus and Arabidopsis thaliana
(Nehls et al., unpublished, Binder et al. 2014). Its combination with a TOCS was previously
also shown to work well together with P35S in Arabidopsis (Halfter et al., 1992; Regierer et
al., 2002).
4.5.2

Subcellular localization of Potri.2G0797, Potri.2G2183 and Potri.9G1040

Previous analysis of the proteins of the three investigated genes located Potri.9G1040 and
Potri.2G2183 in the cytoplasm in transient tobacco leaves and Potri.2G0797 eventually in
the plasma membrane (Nehls, personal communication). In the context of this thesis, this
experiment was repeated. However, none of the constructs showed detectable sYFP signals.
Therefore, the expression cassettes were party re-constructed and, in some cases, a
constitutively expressed second red expression cassette was added to the respective
T – DNA (PNOS_tdTomato-NLS_TOCS). However, even though red fluorescence was detected
in tobacco leave cells, no sYFP signals could be obtained, avoiding successful localizations
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of the target proteins. To exclude a frame-shift event at the junction sites of the fusion
constructs, all constructs were partially sequenced.
Because the red expression cassette was functional, these findings hint towards a problem
with the sYFP fusion cassette. One reason for these results might be an only very weak sYFP
signal in cytoplasm, because later experiments showed a rather weak sYFP signal in tobacco
leaves compared to GFP as a reporter (Schnakenberg, 2020). However, this is no
explanation for expected but missing signals at the plasma membrane for Potri.2G0797.
Therefore, there might be a possibility that the C – terminal fusion of sYFP somehow
disrupts or blocks the gene expression in a way, that (1) no genes are expressed, or (2) the
chromophore of the sYFP does not mature.
In case of the transmembrane protein Potri.2G0797 it might be possible to add a fusion tag
in one of its transmembrane regions. Based on predictions in Geneious (Krogh et al., 2001),
the cDNA of the amino acid transporter has a total of nine transmembrane regions with the
N – terminus located in the cytoplasm and the C – terminus in the extracellular matrix
(Figure 60). Based on these findings, it might be possible to add FP tags in frame in one of
the four loops located in the cytoplasm.

Figure 60. Predicted topology of Potri.2G0797 as a membrane protein. Potri.2G0797 likely codes for an amino acid
transporter located at the plasma membrane with nine transmembrane regions. The N – terminus is in the cytoplasm
and the C – terminus in the extracellular matrix. Loops in the cytoplasm are numbered from a to d. Predictions were
made with Geneious Prime version 2021.

To improve the overall subcellular localization efficiency, several other possibilities would
be available. Firstly, one could try to add a linker between the protein and the fusion tag,
which was shown to improve the localization efficiency for membrane proteins (Xie et al.,
2009). Secondly, it could also help to add a silencing inhibitor, such as the p19 protein of
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tomato bushy stunt virus to prevent post – transcriptional gene silencing in a transient
expression system (Voinnet et al., 2003). In a different approach, the reporter protein could
be changed from sYFP to eGFP, which was shown to work as a reporter for localization
studies (Palmer and Freeman, 2004). Additionally, a study was able to show 2 – fold
enhanced transient protein expression when using a double terminator (Yamamoto et al.,
2018), which could also be tried in this case
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5 Outlook
The improvement of the transformation efficiency of composite poplar plants was
successful. This included a switch to pCXUN as a transformation vector to enhance the root
transformation efficiencies.
The promoter analysis of promoters from down-regulated genes upon ECM formation still
needs to be refined. Some potential cis – elements were detected, these sites need to be
further narrowed down. For all amplified promoter regions of the genes, it is recommended
to amplify longer regions and include downstream sequences in relation to the translation
start. Next steps would also include mycorrhization to hopefully detect down – regulation
of the investigated genes.
Promoter analyses were conducted in a double fluorescence marker construct in composite
poplar plants. In the future, RFP needs to be further established as a calibration marker
against GFP driven by promoters of interests to generate reliable comparisons between
different promoters and their 5´ truncations. Not considered thus far is a consistent
underestimation of RFP because of different quantum yields between GFP and RFP.
Furthermore, bleed through of fluorescence between the GFP and RFP channels at the
epifluorescence microscope was not considered yet.
Furthermore, subcellular localization studies need to be optimized to be able correlate the
area of promoter activity with the location of the respective proteins and deduce why they
are downregulated upon ECM formation.
To determine a possible function for the amino acid transporter, yeast spotting essays based
on amino acid availability could reveal what exactly is transported (Dreyer et al., 1999;
Görgens et al., 2005). To further analyse protein function in poplar, it might be useful to
overexpress or silence the respective genes prior to ECM formation and investigate
differences compared to the wild type.
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6 Appendix and supplementary data
6.1 List of Tables
Table 1. Fluorescence proteins with their respective size, excitation, and emission
wavelength as well as their description.

20

Table 2. Enzymes that were used for the dissertation with their given function and the
producer.

30

Table 3. Used Chemicals and their respective producers.

31

Table 4. Antibiotics that were used for selection of binary vectors with their given
concentrations in liquid or solid growth medium. Antibiotics were always added freshly
and the agar plates containing antibiotics were prepared a maximum of 1 – 7 days before they
were used. Media containing rifampicin and tetracycline were stored in the dark because of its
light sensitivity.

33

Table 5. Primers that were used to amplify the CDS with and without introns or restriction
enzyme overhangs of the three genes Potri.9G1040, Potri.2G2183 and Potri.2G0797 from
either gDNA or cDNA of Populus tremula x tremuloides. The primer sequences as well as
their names and the amplified fragment length are given. Restriction site overhangs are
highlighted in red.

38

Table 6. Primers that were used for the amplification of promoter regions from genomic
DNA of Populus tremula x tremuloides (T89) or P. trichocarpa from the three genes
Potri.9G1040, Potri.2G0797 Potri.2G2183. The table contains information about the gene
name, the amplified promoter length, and the names of the used primers. Forward direction is
meant as from 5´to 3´and vice versa. Labelled in red are LIC overhangs for the truncation of
long promoter fragments as well as restriction enzyme recognition sites.

39

Table 7. Primers that were used to clone fusion constructs of Potri.2G0797. Furthermore,
primers to amplify an existing fusion construct of Potri.2G2183 and Potri.2G0797
without introns are given. The table contains information about the gene name, direction of
the primers, the amplified sizes as well as the names of the used primers. Forward direction is
meant as from 5´to 3´and vice versa. Labelled in red are restriction enzyme recognition sites.
41
Table 8. Primers used to universally amplify fragments from the pJET1.2 vector with LIC
overhangs. Primers were obtained from Sigma-Aldrich Corporation, St. Louis, USA. The LIC
adapters in the primer sequence are highlighted in bold.

43

Table 9. LIC T4-DNA Polymerase treatment mixtures for the vector and insert. Given are the
ingredients and their concentration in both the vector- and insert mixture.

43

Table 10. Buffers and solutions used for the extraction of genomic DNA from Populus
tremula x tremuloides and P. trichocarpa leaves.

45
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Table 11. Steps of a Polymerase Chain Reaction (PCR). Steps 2 to 4 were repeated for 35
times in each case.

46

Table 12. Ingredients of a PCR reaction sample with the given final concentrations.

46

Table 13. Receipt for a 50x TAE stock solution, which is diluted 0.5 x prior to agarose gel
electrophoresis and used as liquid conductor in the gel chambers.

47

Table 14. Ingredients of RF1 for plasmid isolation of Escherichia coli using the Rubidium
chloride method following Hanahan, 1938. After mixing the ingredients the pH-value was
adjusted to 5.8 with glacial acetic acid and the solution was autoclaved and stored at 4°C.

49

Table 15. Ingredients of RF2 for plasmid isolation of Escherichia coli using the Rubidium
chloride method following (Hanahan, 1983). The pH of RF2 was adjusted to 6.5 with KOH
after mixing the ingredients. The final solution was autoclaved and stored at 4°C.

49

Table 16. Ingredients and their final concentrations in LB-Medium (Luria – Bertani;
Sambrook, Fritsch, and Maniatis 1989). After mixing the ingredients the Medium was
autoclaved. For agar plates 1.8 % agarose were added prior to autoclaving. Media were made
selective in adding 100 µg/L Ampicillin or 50 µg/L Kanamycin (final concentrations). Medium
purity was equal “pro analysi”.

49

Table 17. Ingredients and their concentrations used for a 5 - fold concentrated KCM solution.
50
Table 18. Ingredients and their final concentrations of Solution 1 for plasmid isolation from
bacterial E. coli cells via alkaline lysis. The solution was stored at 4°C.

51

Table 19. Ingredients and their final concentrations of Solution 2 for plasmid isolation from
E. coli cells via alkaline lysis.

52

Table 20. Ingredients and their final concentrations of Solution 3 for plasmid isolation from
E. coli cells via alkaline lysis. The pH was adjusted to 4.8 using acetic acid. The solution was
stored at 4°C. Final concentration = 375 mM)

52

Table 21. Description of primers that were used for Sanger sequencing. Given are the primer
name, Primer sequence, Orientation of sequencing and the vector backbone it could be used
for.

52

Table 22. Ingredients and their final concentrations of CPY medium used for Agrobacteria
cultivation. Cells containing the desired plasmids were selected in adding 0.1 mM kanamycin
and in some cases tetracycline after autoclaving the ingredients. For CPY plates 1.5 % agar
was added prior to autoclaving. Rifampicin was added additionally to kanamycin to minimize
contamination with other bacteria when cells were reactivated from glycerol stocks. The
purity of the components was equal “pro analysi”.

53

Table 23. Ingredients and their final concentration of Activation medium for tobacco leave
infiltration with Agrobacterium tumefaciens.

55

Table 24. Ingredients and their final concentrations of MS6 medium (Murashige and Skoog,
1962) . The purity of the components was equal “pro analysi”. The pH – value was adjusted to
5.6 with KOH prior to autoclaving.

56
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Table 25. Ingredients of MMN medium (Kottke and Oberwinkler, 1987). Given are the
ingredients and final concentration of 10 mM/50 mM glucose MMN medium as used for the
pre – culturing of fungi for mycorrhization as well as the MMN 1/5 N for the mycorrhization
plates. The purity of the components was equal “pro analysi”.

57

Table 26. Composition of fluorescence expression cassettes in pCXUN binary vector T-DNA to
test for impacts of their orientation on poplar transformation efficiencies. Given is the
composition of the first expression cassette with its promoter, fluorescence protein and
terminator. Some constructs contained a second expression cassette in tandem, which was
composed of a NOS promoter. tdTomato-NLS and OCS terminator. NLS means the protein has
a nuclear targeting signal, SNL means the protein is targeted to the peroxisomes. LB = left
border and RB = right border sequence of the T-DNA (see schematic display in Figure 16).
Additionally, the number of observed plants per construct is given. The P2892 bp refers to a
2892 bp long promoter region of Potri.2G0797. P3551 bp refers to a 3551 bp long promoter
region of Potri.2G2183.
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6.2 List of Figures
Figure 1. Overview of where the symbiosis of trees and ectomycorrhiza takes place.
Atrebe10: “Basic morphology of a common ectomycorrhizal association”,
(https://commons.wikimedia.org/wiki/File:Ectomycorrhiza _illustration.jpg). Published at
Wikimedia commons, 19.07.2021, Licensed under Attribution Share Alike 3.0 Unported
license (https://creativecommons.org/licenses/by-sa/3.0/deed.en). SEM = Scanning Electron
Microscope.

2

Figure 2. Vector description of a modified pGREEN based pPLV binary vector. The T - DNA was
completely exchanged via BglII (Neb, 2017). It contains an expression cassette for
fluorescence proteins and a plant selection marker cassette. The backbone of the binary vector
contains a part of the psa-ORI and a kanamycin resistance. To be able to replicate, the
incomplete pSA ORI needs to be complemented with the “helper plasmid” pSOUP. For
promoter and terminator descriptions see chapter 2.5.1. Figure was in silico cloned and
displayed using Geneious.

12

Figure 3. Visual description of a pCAMBIA derived and modified pCXUN vector. The T - DNA
was composed of a variable double marker cassette (Green and Red expression cassette) and a
plant selection cassette. The backbone outside of the T – DNA consisted of a pBR-ORI and a
pVS1 REP ORI for plasmid stability in Agrobacteria as well as a kanamycin resistance cassette
(aadA CDS). The Figure was in silico cloned and displayed using Geneious (further details
given in M&M).

12

Figure 4. Visualization of LIC overhangs and adapters for a LIC cloning strategy (Ligase
Independent Cloning). A: LIC site in the T – DNA of binary vectors for Agrobacterium
mediated plant transformation. The vector can be linearized with HpaI, the sequences. Left
and right of this cutting site are so called LIC adapters. Using complementary adapters for the
potential inserts in combination with respective T4-polymerase treatments allows for LIC. The
image was made with Geneious. B: LIC overhangs in detail. In blue is the dCTP and T4-DNA
Polymerase treated vector, in orange is the dGTP and T4-DNA Polymerase treated PCR insert,
which was amplified with LIC-overhangs prior to this step. In this way the T4-DNA
Polymerase treatment generates compatible overhangs that can then be annealed without a
ligase.

13

Figure 5. A: Potential promoter structure of a eukaryotic gene. The transcription- and
translation start are indicated. B: Schematic display of potential locations of
cis – elements in eucaryotic promoters. cis – elements of the promoter can be bound by
transcription factors, that in return can be bound by transcription factor binding proteins
(TBPs) to recruit RNA polymerase II. In case of the TATA box, these are called TATA binding
proteins that help position the polymerase over the transcription start (TSS). Cis – elements
can be brought closer to the Transcription start (TSS) by looping factors that help mediate the
promoter structure.

15
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Figure 6. Visualization of impacts of picture processing on the picture and its histogram.
Shown is an Agrobacterium transformed poplar root with GFP and RFP fluorescence proteins
targeted into the nucleus. Given are the unprocessed GFP and RFP pictures with the
corresponding histograms of the channels. To the processed pictures a background
subtraction (rolling ball radius set to 50) was applied and the contrast was enhanced by
0.01 % in ImageJ version 2.1.0/1.53c.

28

Figure 7. Visualization of the pJET1.2 vector. The backbone consists of (1) a “bla” CDS that
catalyses the opening and hydrolysis of the beta-lactam ring of beta-lactam antibiotics, (2) a
pMB1 rep origin and (3) eco47I/T7 CDS. The mutant Eco47I has 15 additional amino acid
residues encoded by the inserted T7 promoter compared to the wild type. The Eco471/T7 CDS
includes a multiple cloning site (MS-site), ensuring that only plasmids with integrated DNA
fragments in the MS-site to grow. Otherwise, no protective methylation leads the enzyme to
recognise and cleave double-stranded DNA targets, which is ultimately leading to cell death.
Annotated are Ligase independent cloning (LIC) sites. LIC is described in the introduction and
the primers are further characterized in the Material and Methods of this thesis. Figure was in
silico cloned and displayed using Geneious Prime® 2021.1.1.

35

Figure 8. Vector description of a modified pPLV binary vector. The T - DNA was completely
exchanged via BglII, integrating a LIC site and a multiple cloning site (Neb, 2017). The
expression cassette consists of a P35S and TOCS with a Multiple cloning site (MSC) and a LIC site
in between (Expression cassette fluorescence protein) (Schnakenberg, 2020). Additionally, the
T - DNA contains a kanamycin resistance (NPTII CDS) between a P35S and a T35S (Plant
selection marker cassette). The backbone of the binary vector contains a part of the psa-ORI
(origin of replication) and a kanamycin resistance (KanR CDS). To be able to replicate, the
incomplete pSA ORI needs to be complemented with the “helper plasmid” pSOUP. For
promoter and terminator descriptions see chapter 2.5.1. Figure was in silico cloned and
displayed using Geneious.

36

Figure 9. Schematic display of pCXUN modifications by integrating a large part of a pPLV T –
DNA into PvuII sites of pCXUN-FLAG. a) Fluorescence expression cassettes were cut out from
pPLV with the restriction enzyme PvuII. b) The pCXUN-FLAG vector was linearized with PvuII,
which cut out a large part of the T – DNA. c) The pCXUN backbone was ligated with the insert
from pPLV.

59

Figure 10. T – DNA with marker cassettes that were created and cloned into either a pPLV
based vector or a pCXUN binary vector to compare transformation efficiencies in
composite poplar roots. NLS means the protein has a nuclear targeting signal, SNL means
the protein has a peroxisome targeting signal. LB = left border and RB = right border sequence
of the T-DNA. Selection marker = a kanamycin resistance cassette for selection of stable plant
transformants. n = number of transgenic root systems observed: a) n for pCXUN = 32. b) n for
pPLV = 15; n for pCXUN = 19. c) n for pCXUN = 12. d) n for pPLV = 13; n for pCXUN = 42. e) n
for pCXUN = 7. f) n for pCXUN = 3. The used promoters and terminators as well as
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fluorescence proteins are described in the Material and Methods. MSC means Multiple Cloning
Site, meaning that the cassette has no promoter. The cassettes point in their orientation in
relation to LB and RB.
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Figure 11. T-DNA with fluorescence cassettes that were created and cloned into either a
pPLV based vector or a pCXUN binary vector to compare transformation efficiencies in
composite poplar roots. NLS means the protein has a nuclear targeting signal, SNL means
the protein has a peroxisome targeting signal. LB = left border and RB = right border sequence
of the T-DNA. Selection marker = a kanamycin resistance cassette for selection of stable plant
transformants. n = number of transgenic root systems observed: a) n for pPLV = 11. b) n for
pCXUN = 24. c) n for pCXUN = 16. The used promoters and terminators as well as fluorescence
proteins are described in the Material and Methods. The P2892 bp refers to a 2892 bp long
promoter region of Potri.2G0797. P3551 bp refers to a 3551 bp long promoter region of
Potri.2G2183. The cassettes point in their orientation in relation to LB and RB.
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Figure 12. Percentage of transgenic roots formed by poplar cuttings after incubation with
transgenic agrobacteria harbouring pPLV or pCXUN based binary vectors with
fluorescence protein cassettes. Populus tremula x alba cuttings were incubated with
Agrobacterium rhizogenes strain K599 containing pPLV (n = 39 plants) or pCXUN (n = 155
plants). Thereby, the plants contained different fluorescence cassettes that consisted of either
one or two expression cassettes in both orientations on the T – DNA. After four to eight weeks
the percentage of fluorescent roots in relation to the total number of roots was determined.
Statistics were conducted in R as specified in the M&M.

62

Figure 13. Example for a transgenic poplar root system containing two fluorescence marker
constructs. Populus tremula x tremuloides composite plants were transformed with a pCXUN
binary vector using Agrobacterium rhizogenes strain K599. The T – DNA contained two
fluorescence marker cassettes which were composed of a 2892 bp promoter fragment of
Potri.2G0797, GFP-NLS and an NOS terminator as well as a NOS promoter, tdTomato-NLS and
an OCS terminator. The 2892 bp promoter was established in this thesis and described in the
respective chapters. NLS means the proteins are targeted to the nucleus. Images were taken at
a Leica binocular MZ10F with 2 sec illumination time (Leica DFC425C camera, dsRED filters
with 510 – 560 nm excitation and 590 – 650 nm emission window filter; GFP filters with
450 – 490 nm excitation and 500 – 550 nm emission window filter). Pictures in different filter
settings were taken using the same settings, such as with a gamma correction of 0.99, a colour
saturation factor of 1 and a 5x increase in optical power (gain). Additionally, the roots are
shown under bright - field conditions. The roots were 3 weeks old. Pictures were processed
for better visualization of the fluorescence (contrast enhanced by 0.01 % and background
subtracted with ImageJ). Further details about the used devices and image processing are
given in the M&M.
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Figure 14. Visual description of the pCXUN vector used for promoter integration based on
the KpnI/HpaI strategy for promoter analyses, or the exchange of the complete cassette
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via KpnI/SacI from pPLV for subcellular localization studies. The T - DNA was composed
of a variable double marker cassette (Green and Red expression cassette) and a hptII CDS
Selection marker cassette (kanamycin resistance). The backbone outside of the T – DNA
consisted of a pBR-ORI and a pVS1 REP ORI for plasmid stability in Agrobacteria as well as a
kanamycin resistance cassette (aadA CDS). SV40 codes for a nucleus targeting signal (NLS).
For promoter and terminator descriptions see chapter 2.5.1. The red expression cassette was
constitutively expressed. Figure was in silico cloned and displayed using Geneious Prime®
2021.1.1.
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Figure 15. Visual description of the pCXUN vector used for promoter integration based on
LIC. The T - DNA was composed of a green and red expression cassette, a ccdB CDS (for the
selection of positive clones) and a hptII CDS selection marker cassette (kanamycin resistance).
The backbone outside of the T – DNA consisted of a pBR-ORI and a pVS1 REP ORI for plasmid
stability in Agrobacteria as well as a kanamycin resistance cassette (aadA CDS). SV40 codes for
a nucleus targeting signal (NLS). For promoter and terminator descriptions see chapter 2.5.1.
The red expression cassette was constitutively expressed. Promoter fragments were inserted
in the green expression cassette using Ligase Independent Cloning (LIC). Figure was in silico
cloned and displayed using Geneious Prime® 2021.1.1.
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Figure 16. Schematic display of the orientation of fluorescence expression cassettes in
relation to left- and right border sequences (LB and RB) and a plant selection marker
cassette on the T – DNA in a pCXUN binary vector. a) The fluorescence expression cassette
is introduced from LB to RB and b) from RB to LB.
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Figure 17. Poplar root transformation efficiencies in dependence on the orientation of
fluorescence marker cassettes on the T – DNA of pCXUN. LB means left border and RB
means right border in the T – DNA. A schematic overview of the orientations is given in Figure
16. Only single fluorescence protein cassettes were observed. Populus tremula x alba was
transformed with Agrobacterium rhizogenes strain K599. pCXUN LB-RB: n = 31 plants, mean
transformation efficiency = 70 %, SE = 5.2; pCXUN RB-LB: n = 32 plants, mean transformation
efficiency = 85%, SE = 3.8. The root system was observed eight weeks after the transformation
event. Significances are based on a Wilcoxon test (see M&M), * = p < 0.05. The standard error
is given. Statistics were conducted in R as specified in the M&M.
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Figure 18. Poplar root transformation efficiencies in dependence on the orientation of
fluorescence marker cassettes on the T – DNA of pCXUN. LB means left border and RB
means right border in the T – DNA. A schematic overview of the orientations is given in Figure
16. Only double fluorescence protein cassettes were observed. Populus tremula x alba was
transformed with Agrobacterium rhizogenes strain K599. pCXUN LB-RB: n = 67 plants, mean
transformation efficiency = 81 %, SE = 3.7; pCXUN RB-LB: n = 26 plants, mean transformation
efficiency = 59 %, SE = 8.3. The root system was observed eight weeks after the
transformation event. Significances are based on a Wilcoxon test (see M&M), ** = p < 0.01. The
standard error is given. Statistics were conducted in R as specified in the M&M.
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Figure 19. Poplar root transformation efficiencies in dependence on the orientation of
fluorescence marker cassettes on the T – DNA of pCXUN. LB means left border and RB
means right border in the T – DNA. A schematic overview of the orientations is given in Figure
16. Both single and double fluorescence protein cassettes were observed. Populus
tremula x alba was transformed with Agrobacterium rhizogenes strain K599. pCXUN RB-LB: n
= 58 plants; pCXUN LB-RB: n = 97 plants. The root system was observed eight weeks after the
transformation event. Significances are based on a Wilcoxon test (see M&M). NS = not
significant. The standard error is given. Statistics were conducted in R as specified in the
M&M.
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Figure 20. Poplar root transformation efficiency based on the introduced cassette size.
Compared were single cassettes consisting of a Promoter, gene, and terminator, against
double constructs in which second fluorescence cassette was introduced. The orientation of
the T-DNA is described in Table 26. Populus tremula x alba was transformed with
Agrobacterium rhizogenes strain K599. single cassette plants: n = 63; double cassette plants:
n= 92. The root system was observed eight weeks after the transformation event. Significances
are based on a Wilcoxon test (see Material and Methods). NS = not significant. The standard
error is given. Statistics were conducted in R as specified in the M&M.
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Figure 21. Schematic overview of the integration of the nucleus targeted timer protein
DsRED-E5 in HpaI and BamHI restriction sites in pCXUN T – DNA. The vector is described
in Figure 14. LB is the left border and RB the right border of the T – DNA. NLS means the
protein is targeted to the nucleus. The used promoters, terminators and FPs are further
described in the M&M.
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Figure 22. A: Verification of DsRED-E5 in pCXUN driven by a UBQ promoter by restriction
digestion. The pCXUN_PUBQ_DsRED-E5-NLS_TOCS plasmid was verified with HpaI/BamHI
restriction digestion. Expected fragment sizes were 735 bp + 9858 bp. As marker (Lane M,
6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder was used. Further details are given in
the M&M.
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Figure 23. Visualization of nuclear targeted DsRED-E5 driven by a PUBQ or without a
promoter (neg. control). Transgenic Agrobacterium rhizogenes (strain K599) were used to
transform tobacco leaves with an OD600 of 0.3. Fluorescence was observed after 23 h and 72 h.
All pictures were taken under the exact same conditions and were compiled in a montage,
where the background was subtracted, and contrast enhanced by 0.3 % in ImageJ. Used filter
settings and further specifications are listed in the M&M.
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Figure 24. Visualization of nuclear targeted DsRED-E5 fluorescence in composite poplar
plants. Gene expression was driven by the three different promoters PUBQ, PNOS and P2892 of
Potri.2G0797

in root hairs of Populus tremula x alba plants. Composite plants were generated via

Agrobacterium rhizogenes mediated transformation. Fluorescence was observed two to six
weeks after root formation with a Zeiss microscope (as described in the M&M). All pictures
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were taken (gain = 4.8 dB) and processed under the same conditions in ImageJ (background
subtraction and contrast enhancement by 0.001 % of individual pictures).
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Figure 25. Visualization of nucleus targeted DsRED-E5 fluorescence in composite poplar
plants. Gene expression was driven by the three different promoters PUBQ, PNOS and P2892 of
Potri.2G0797

in cortex cells of Populus tremula x alba roots. Composite plants were generated via

Agrobacterium rhizogenes mediated transformation with a pCXUN vector backbone.
Fluorescence was observed two to seven weeks after root formation with a Zeiss microscope
(as described in the M&M). All pictures were taken and processed under the same conditions
in ImageJ (background subtraction and contrast enhancement by 0.1 - 0.001 % of the
individual pictures). The gain is given in dB.
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Figure 26. Bleaching experiment of GFP-NLS and tdTomato-NLS in root hair nuclei of
transgenic composite poplar. The same nucleus of a pCXUN double marker construct was
illuminated for 2 sec, 60 sec and 120 sec respectively under 2 sec exposure time. The total
illumination time including adjustments was approximately 4 min. Fluorescence intensities
were determined with ImageJ to calculate GFP: RFP intensity ratios. For better visualization,
all pictures were processed with the same conditions (Background subtracted and contrast
enhanced by 0.0001 % in ImageJ). n = 1 nucleus. Further details about the used devices and
software are given in the M&M.
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Figure 27. Gain series of a Populus tremula x alba root hair nuclei containing a nucleus
targeted DsRED-E5. Pictures were made with a Zeiss microscope and details about the
camera setting and used filter sets can be found in the M&M. All pictures were taken under the
same conditions, only the gain value differed. Because the GFP was hard to detect, the pictures
are visualized with an enhanced contrast (0.3 %) and subtracted background (ImageJ, further
specifications in the M&M). To avoid distortion of ratios, the alterations were made after
compiling the pictures in a montage. The red and green box indicate, which gain levels gave
fluorescence intensities that were neither under- nor over saturated. The GFP: RFP
fluorescence ratio is given, also for pictures in which one or the other channel is
over/undersaturated.
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Figure 28. Root growth of two roots from transgenic composite poplar root systems. The root
growth over a time scale of 15 days was observed, starting 85 days after the transformation
event. Populus tremula x alba plants were transformed with Agrobacterium rhizogenes strain
K599 harboring a pCXUN binary vector. The T – DNA consists of a NOS promoter, nuclear
targeted DsRED-E5 and an OCS terminator. Both root systems were treated identically
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Figure 29. GFP: RFP fluorescence ratios of DsRED-E5-NLS in one second order root at the three
different areas 1 mm above the root tip, 2 mm above the root tip and close to its origin at the
main root. Composite Populus tremula x alba plants were generated with Agrobacterium
rhizogenes strain K599 harboring a pCXUN binary vector. The T – DNA was composed of a NOS
promoter, DsRED-E5 targeted to the nucleus and an OCS terminator. The root was observed
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three weeks after root formation. Statistics were conducted in R as specified in the M&M. The
73

standard error for each site is given. From left to right: n = 4, 9 and 10 nuclei per area.
Figure 30. Example for a transgenic composite poplar plant. The plant transformation was
mediated by Agroacterium rhizogenes (strain K599). First and second order roots are
indicated. The root system was six weeks old and shows the “hairy root” phenotype.
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Figure 31. Visualization of the promoter activity of a 176 bp promoter region from
Potri.2G0797 in a first order root compared to a second order root. Pictures were
obtained from a binocular (specifications in the M&M). All pictures were made under the same
conditions. The promoter was amplified from Populus tremula x tremuloides gDNA and
visualized in P. tremula x alba plants. The roots were 5 to 8 weeks old. For visualization, the
pictures were processed in the same manner.
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Figure 32. Visualization of the promoter activity of a 3551 bp promoter region from
Potri.2G2183, amplified from Populus trichocarpa gDNA and visualized in P.
tremula x alba plants, in a first order root compared to a second order root. Pictures
were obtained from a Zeiss microscope (specifications in the M&M). All pictures were made
under the same conditions. The root system was 8 weeks old. For visualization, the
corresponding RFP and GFP pictures were processed in the same manner.
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Figure 33. Boxplot comparing root hair nuclei GFP:RFP ratios between first and second order roots.
Transgenic composite Populus tremula x alba plants were transformed with
Agrobacterium rhizogenes (strain K599). The root systems were two to seven weeks old. A:
DsRED-E5-NLS driven by a 2892 bp promoter fragment of Potri.2G0797 in pCXUN (d = 0.33). B: A
176 bp promoter fragment of Potri.2G0797 in a double marker system (d = 0.04) and C: a 2892
bp promoter of Potri.2G0797 in a double marker system (d = 0.83). Each root replicate
represents a mean of two to four single nuclei. Statistics were performed in R. Comparisons
were calculated based on a Wilcoxon rank test. Effect sizes were calculated in GPower 3.1. The
76

standard error is given. Statistics were conducted in R as specified in the M&M.
Figure 34 Visualization of the fluorescence of a tdTomato construct in independent poplar

roots of the same transgenic root system. Overview images were taken at a Leica binocular
MZ10F with 2 sec illumination time (Leica DFC425C camera, dsRED filters with 510 – 560 nm
excitation and 590 – 650 nm emission window filter). Detailed pictures of root hair nuclei
were taken using an epifluorescence microscope with 0.5 sec illumination time (Zeiss
Axioskop Microscope, Imagingsource DFK23UX174 camera, dsRED filter with 510 – 560 nm
excitation and 590 nm long pass emission window filter with a 580 nm beam splitter).
Thereby, images of different roots were taken under the same conditions. Pictures were made
three to four weeks after the transformation event. The binocular picture was processed for
better visualization (contrast enhanced by 0.01 % in ImageJ), whereas unprocessed
microscope pictures are shown. Further details about the used devices and image processing
are given in the M&M.
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Figure 35. Comparison of the relative transcription rate of tdTomato driven by a 35Spromoter in roots of three fluorescence intensity categories. The expression cassette
consisted of a nucleus targeted tdTomato between a P35S and a TOCS. Given is the relative
expression rate in roots revealing strong, intermediate, and weak fluorescing roots. The
control did not contain tdTomato. Ten root systems were dissected, pooled according to their
fluorescence, and used for RNA extraction three weeks after root formation. The qPCR
analysis was conducted by Annette Hintelmann with a primer targeted to tdTomato. The data
were normalized against a constitutively expressed reference gene driven by a PUBQ (Neb,
2017). The standard deviation is given (SD strong = 0.28, SD intermediate = 0.26 and SD
weak = 0.1).
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Figure 36. Relevant part of the T – DNA in pCXUN to localize Potri.2G0797 on a subcellular
level. A fusion construct with sYFP was PCR amplified with added BamHI restriction sites at
the 5´and 3´end. This fusion construct was cloned between a 35S promoter and OCS
terminator in a pPLV vector. The 35S promoter. fusion construct and OCS terminator cassette
was the released with KpnI and SacI for integration in the T – DNA of pCXUN. The pPLV and
pCXUN vectors are described in Figure 8 and Figure 14.The fluorescent protein, promoter and
terminator are described in the M&M.
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Figure 37. Relevant part of the T – DNA in pCXUN for subcellular localization studies
including a second marker for screening of positive transformants of Potri.2G0797. The
different fluorescent proteins, promoter and terminators are described in the Material and
Methods.
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Figure 38. Visualization of the fluorescence of a sYFP fusion-tdTomato-NLS construct in
transiently transformed tobacco leave cells. Images were taken using an epifluorescence
microscope with 2 sec illumination time (Zeiss Axioskop Microscope, Imagingsource
DFK23UX174 camera, filter settings are described in the Material and Methods). Pictures were
made five days after the transformation event. The contrast of the pictures was enhanced by
0.5 % in ImageJ. Further details about the used devices and image processing are given in the
M&M.
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Figure 39. Double marker cassette as part of the T - DNA of a pCXUN binary vector for
Agrobacterium mediated plant transformation for promoter analysis. LB is the left
border- and RB the right border of the T – DNA. The used vector is described in Figure 14. The
PUBQ of the green expression cassette can be exchanged with a promoter of interest using KpnI
and HpaI restriction sites. Because HpaI cuts blunt-end, the blunt-end cutting SmaI can be
used for a directed cloning of promoter regions into pCXUN. NLS means the protein is targeted
to the nucleus. P2892 bp corresponds to a promoter region from Potri.2G0797 amplified from
Populus tremula x tremuloides.
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Figure 40. Promoter – reporter constructs of Potri.2G0797 fragments from Populus
tremula x tremuloides and eGFP-NLS to identify regulatory elements in this gene upon
ectomycorrhiza formation. Transgenic poplar roots were generated with Agrobacterium
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mediated plant transformation, during which Composite plants were generated. The GFP
expression was compared between the constructs visually at a microscope (eGFP = enhanced
green fluorescent protein). Dark green: constructs were cloned with the KpnI/SmaI strategy.
Magenta: Constructs were cloned using LIC. Blue: Constructs were cloned with the KpnI/XhoI
strategy.
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Figure 41. PCR based cloning strategy for the generation of promoter truncations based on
restriction digestion for the poplar gene Potri.2G0797 exemplarily for the 61 bp
promoter fragment. Template plasmid for the PCR was a double marker construct with a
green and red expression cassette on pCXUN binary vector T – DNA. The green expression
cassette was driven by a 2892 bp promoter fragment of the investigated gene. The truncated
promoter fragment was 61 bp long and was amplified along with the rest of the green
expression cassette. An artificial 5´KpnI restriction site was added to the promoter, whereas a
native 3´located XbaI site was used for further steps. The obtained PCR fragment was then
cloned into a KnpI and XbaI linearized pCXUN vector as described in Figure 14. LB is the left
border- and RB the right border of the T – DNA. NLS means the protein is targeted to the
nucleus. P2892 bp corresponds to a promoter region from Potri.2G0797 amplified from
Populus tremula x tremuloides.
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Figure 42. Visualization of the promoter activity of a 2892 bp promoter fragment from
Potri.2G0797 driving nuclear targeted GFP expression in planta
(Populus tremula x alba). As a positive control the GFP expression was driven by PUBQ, as
negative control a promoter was GFP less. For a detailed description of the construct see
Figure 39. All pictures were taken by a MZ10F Leica binocular with a Leica DFC425C camera
using a Leica Application Suite software. Filter sets for GFP had 450 – 490 nm excitation and
500 – 550 nm emission window, RFP filter sets had a 510 – 560 nm excitation and
590 – 650 nm emission window. As light source a Lej LQ-HXP 120, Leistungselektronik JENA
GmbH, Jena, Germany was used. All pictures were made with a gamma value of 0.99 and a gain
of 5 dB. All devices and further details are given in the M&M. The overlay was made with the
RFP and GFP picture. The roots all were 5 to 8 weeks old. For visualization, the pictures were
processed in ImageJ (montage of the three corresponding pictures, then background
subtracted, and contrast enhanced by 1 %). Further details concerning image processing are
given in the M&M.
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Figure 43. Visualization of the promoter activity of a 2892 bp and 176 bp promoter region
from Potri.2G0797 in first order roots. The promoters were amplified from
Populus tremula x tremuloides gDNA and its activity is visualized in nuclei of P. tremula x alba
plants. Composite plants were generated via Agrobacterium rhizogenes strain K599 mediated
plant transformation. The T-DNA of the used pCXUN vector backbone contained a
Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS cassette. Overview pictures were made
with a Leica binocular and detailed pictures were obtained from a Zeiss microscope
(specifications in the M&M). All pictures were made under the same conditions. Additionally,
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the roots are shown under bright - field conditions. The roots all were 5 to 8 weeks old. For
visualization, corresponding pictures were processed in the same manner in a montage
(background subtraction and contrast enhanced by 0.1 % in ImageJ).
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Figure 44. Boxplot with jitter dots comparing GFP:RFP ratios of the 2892 bp promoter
fragment of Pori.2G0797 against the 176 bp fragment in transgene Populus tremula x
alba root hairs. The GFP-NLS is driven by the respective promoter, whereas tdTomato-NLS is
driven by the constitutively expressed NOS promoter
(Promoter_dGFP NLS_TNOS_PNOS_tdTomato-NLS_TOCS) NLS means the protein was targeted to
the nucleus. For each construct four root replicates were analyzed. The value given for the
roots are a mean value of three to ten single nuclei each. The standard error and significances
calculated based on a Wilcoxon test are given. NS = not significant. Statistics were conducted
in R as specified in the M&M.
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Figure 45. Single nuclei in transgenic root hairs containing promoter truncations of
Potri.2G0797 in a double marker construct (Promoter_dGFP-NLS_TNOS_PNOS_tdTomatoNLS_TOCS). The truncations range from -61 bp to -2892 bp. K is the negative control
harbouring a promoter less GFP. The 2892 bp promoter fragment was amplified from
Populus tremula x tremuloides gDNA, truncated with 5´deletion and visualized in transgenic P.
tremula x alba plants. Shown are randomly picked nuclei of main roots that were illuminated
for 2 sec in both the GFP and RFP channel at the lowest possible light intensity (25 %) with
xenon light source at a Zeiss Axioskop Microscope. Pictures were made with a Imagingsource
camera in an IC Capture software. Filter sets for GFP were in a 450 – 490 nm excitation and
510 – 560 nm emission window and for RFP in a 510 – 560 nm excitation and 590 nm long
pass emission filter window filter with a 580 nm beam splitter. Further details are given in the
M&M. Additionally, root hairs are shown under bright - field conditions. The roots were 4 to 7
weeks old and in approximately the same growth state. For better visualization, the
illumination time and contrast were edited. All pictures were processed under the same
conditions to avoid distortions inf Apple Fotos. Thereby, the contrast was enhanced by 1. Each
picture is representative for at least five nuclei from different plants.
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Figure 46. Promoter activity of 2892 bp and 113 bp promoter fragments from Potri.2G0797
in a promoter reporter double cassette approach in Nicotiana benthamiana leaves.
Tobacco leaves were transiently transformed with Agrobacterium rhizogenes strain K599 in
an OD600 of 0.3. The binary vector was pCXUN and the T-DNA was composed of the respective
promoter fragment, dGFP-NLS and a NOS terminator as well as a second constitutively
expressed NOS promoter, tdTomato-NLS and OCS terminator cassettes. NLS means the protein
was targeted to the nucleus. Pictures were obtained with a Leica binocular with a gain of 4.7
dB three days after the infiltration. All pictures were processed in the same manner. Further
details about the devices and settings can be found in the M&M.
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Figure 47. Comparing GFP fluorescence intensities driven by the 2892 bp promoter
fragment of Potri.2G0797 in first order roots between Populus tremula x alba and
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Populus tremula x tremuloides plants. Composite plants were generated via Agrobacterium
rhizogenes strain K599 mediated plant transformation using a
Promoter_dGFP NLS_TNOS_PNOS_tdTomato-NLS_TOCS. Pictures were obtained from a Zeiss
microscope (specifications in the M&M). All pictures were made under the same conditions.
The roots all were 3 to 5 weeks old. For visualization, the pictures were processed in the same
manner in ImageJ (In merged pictures of both corresponding channel pictures: Contrast of
root hairs increased by 0.01 % and of cortex regions by 0.1 %, background subtracted). All
pictures were taken with the same parameters (gain = 4.8 dB, light intensity = 25 %) as
further described in the M&M.
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Figure 48. Boxplot with jitter dots comparing GFP:RFP ratios of the 2892 bp promoter
fragment of Pori.2G0797 in Populus tremula x alba and P. tremula x tremuloides hybrids.
The GFP-NLS is driven by the respective promoter, whereas tdTomato-NLS is driven by the
constitutively expressed NOS promoter (Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS)
NLS means the protein was targeted to the nucleus. P. tremula x alba: n = 4 roots. P. tremula x
tremuloides: n = 2 roots. The value given for each root is a mean value of three to ten single
nuclei to compensate for biological fluctuations. The standard error and significances
calculated based on a Wilcoxon test are given. NS = not significant. Statistics were conducted
in R as specified in the M&M.
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Figure 49. Comparison of GFP and RFP signals in non – mycorrhized fine roots of transgenic
poplar hybrids shown in absence or presence of the mycorrhiza fungus Pisolithus
microcarpus. Observed were GFP fluorescence intensities driven by the longest 2892 bp
promoter fragment of Potri.2G0797 in first order roots of Populus tremula x tremuloides plants.
Composite plants were generated via Agrobacterium rhizogenes strain K599 mediated plant
transformation using a Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS. Non-mycorrhized
fine-roots were observed after three to four weeks, fine-roots from a mycorrhized root system
after ~12 weeks. Pictures were taken at the epifluorescence microscope. All details including
the filter settings, used camera and camera settings are given in the M&M. Fluorescence
signals were enhanced similarly for both GFP and RFP in each sample (ImageJ: Contrast
enhanced by 0.1 % and background subtracted in montages).
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Figure 50. Example for a non-mycorrhized and mycorrhized Populus tremula x alba fine root.
The fungal partner was Pisolithus microcarpus. The picture was taken with a binocular under
bright field (as described in the M&M).
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Figure 51. GFP and RFP signals in a mycorrhized fine - root. Populus tremula x alba was
mycorrhized with Pisolithus microcarpus. The GFP signal was driven by a 2982 bp promoter
fragment of Potri.2G0797, whereas the tdTomato signal was driven by a NOS promoter. Both
FPS were part of a double marker cassette and targeted to the nucleus. Images were taken
using a binocular and filter sets are described in the M&M. Fluorescence signals were
enhanced similarly for both GFP and RFP channels by increasing the contrast by 0.3 % in
ImageJ.
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Figure 52. Promoter fragments of Potri.2G2183from Populus trichocarpa that were coupled
to a reporter (eGFP) to identify regulatory elements in this gene upon ectomycorrhiza
formation. The eGFP was targeted to the nucleus. Transgenic poplar roots were generated
with Agrobacterium mediated plant transformation, during which Composite plants were
generated. The eGFP expression was compared between the constructs visually at a
microscope and determined by qPCR.
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Figure 53. Visualization of the promoter activity of a 3551 bp promoter fragment from
Potri.2G2183 driving nuclear targeted GFP expression in transiently transformed
tobacco leaves in a double marker construct. As negative control a promoter was GFP less.
Tobacco leaves were transiently transformed with Agrobacterium rhizogenes strain K599 in
an OD600 of 0.3. The binary vector was pCXUN and the T-DNA was composed of the respective
promoter fragment, dGFP-NLS and a NOS terminator as well as a second constitutively
expressed NOS promoter, tdTomato-NLS and OCS terminator cassettes. NLS means the protein
was targeted to the nucleus. Pictures were obtained with a Leica binocular with a gain of 4.7
dB three days after the infiltration. All pictures were processed in the same manner. Further
details about the devices and filter settings can be found in the M&M.
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Figure 54. Promoter activity of Potri.2G2183 promoter truncations in a double marker
construct (Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS). The truncations range
from -516 bp to -3551 bp. The negative control harbouring a promoter less GFP and the
positive control harbours GFP driven by a NOS promoter. The 3551 bp promoter fragment
was amplified from Populus trichocarpa gDNA, truncated with 5´deletion and visualized in
transgenic P. tremula x alba plants. Shown are root hair areas 1 cm above the root tip. Roots
were illuminated at the lowest possible light intensity (25 %) with xenon light source at a
Zeiss Axioskop Microscope. Pictures were made with a Imagingsource camera in an IC Capture
software. Filter sets for GFP were in a 450 – 490 nm excitation and 510 – 560 nm emission
window and for RFP in a 510 – 560 nm excitation and 590 nm long pass emission filter
window filter with a 580 nm beam splitter. Further details are given in the M&M. The roots
were 5 to 8 weeks old and in approximately the same growth state. For visualization the
contrast enhanced by 0.01 % and background subtracted in ImageJ (further details in the
M&M). Representative pictures are given for n = 10 plants per construct from two
independent transformation events.
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Figure 55. Comparing GFP fluorescence intensities driven by 3551 bp and 516 bp promoter
fragments of Potri.2G2183 in first order roots. Composite plants were generated via
Agrobacterium rhizogenes strain K599 mediated plant transformation using a Promoter_dGFPNLS_TNOS_PNOS_tdTomato-NLS_TOCS. Pictures were obtained from a Leica binocula
(specifications in the M&M). All pictures were made under the same conditions. The roots all
were 5 to 8 weeks old. For visualization, the pictures were processed in the same manner in
ImageJ (In merged pictures of both corresponding channel pictures: Contrast of root hairs
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increased by 0.1 %, background subtracted). All pictures were taken with the same
parameters (gain = 4.8 dB, light intensity = 25 %) as further described in the M&M.
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Figure 56. Comparing GFP fluorescence intensities driven by 3551 bp and 516 bp promoter
fragments of Potri.2G2183 root hair nuclei of first order roots. Composite plants were
generated via Agrobacterium rhizogenes strain K599 mediated plant transformation using a
Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS. Pictures were obtained from a Zeiss
microscope (specifications in the M&M). All pictures were made under the same conditions.
The roots all were 5 to 8 weeks old and root hairs of approximately the same age were
compared. For visualization, the pictures were processed in the same manner in ImageJ (In
merged pictures of both corresponding channel pictures: Contrast of root hairs increased by
0.1 %, background subtracted). All pictures were taken with the same parameters (gain = 4.8
dB, light intensity = 25 %) as further described in the M&M.
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Figure 57. Promoter activity of a Potri.9G1040 1181 bp promoter fragment in a double
marker construct (Promoter_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS). The negative
control harbours a promoter less GFP and the positive control harbours GFP driven by a NOS
promoter. The promoter fragment was amplified from Populus tremula x tremuloides gDNA
and visualized in transgenic P. tremula x alba plants. Roots were illuminated at the lowest
possible light intensity (25 %) with xenon light source at a Zeiss Axioskop Microscope.
Pictures were made with a Imagingsource camera in an IC Capture software. Filter sets for
GFP were in a 450 – 490 nm excitation and 510 – 560 nm emission window and for RFP in a
510 – 560 nm excitation and 590 nm long pass emission filter window filter with a 580 nm
beam splitter. Further details are given in the M&M. The roots were 5 to 8 weeks old and in
approximately the same growth state. For visualization the contrast enhanced by 0.1 %
(further details in the M&M). Representative pictures are given for n = 10 plants per construct
from two independent transformation events.

98

Figure 58. Schematic display of a pCXUN T – DNA harbouring two fluorescence marker
cassettes. Shown are the components of the T – DNA and their respective size in bp. A
kanamycin resistance cassette serves as plant selection marker. LB: left border- and RB: right
border sequence. The investigated expression cassette was composed of a UBQ promoter or
the promoter of a gene of interest (Investigated expression cassette), a nucleus targeted eGFP
and a NOS terminator. The constitutively expressed a constitutively expressed tdTomato
cassette consisted of a NOS promoter, a nuclear targeted tdTomato and an OCS terminator.
The total T – DNA size was 7.2 kb. The numbers between the elements indicate the number of
spacer base pairs between the elements.

101

Figure 59. Visualizing an 8 – fold TdTomato-NLS- and 11.4 – fold GFP-NLS expression
difference in root hair nuclei of Populus tremula x alba plants. Shown are composite
poplar plants, which were transformed with a pCXUN binary vector via
Agrobacterium rhizogenes strain K599. To determine the differences, fluorescence intensities
of raw images were obtained from ImageJ. Based on the obtained intensities of weak and

134

PhD thesis

Anneke Immoor

Appendix

strong expressing nuclei the above-mentioned ratios were calculated. The nuclei did not
belong to the same construct or the same plant. The sole purpose of this comparison was to
see, if and how differences in expression strength can be visualized.
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Figure 60. Predicted topology of Potri.2G0797 as a membrane protein. Potri.2G0797 likely
codes for an amino acid transporter located at the plasma membrane with nine
transmembrane regions. The N – terminus is in the cytoplasm and the C – terminus in the
extracellular matrix. Loops in the cytoplasm are numbered from a to d. Predictions were made
with Geneious Prime version 2021.
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6.3 Construct verifications
6.3.1

Verification of marker constructs in pCXUN for establishing experiments
Digestion with BstXI:

6.1 kb

520 bp
Supplementary figure 1. Restriction digestion of a pPLV binary vector containing a P 35S_tmTomato-SNL_TOCS marker
cassette on its T – DNA. The construct was verified by restriction digestion with BstxI (Lane 1). Expected were 6.1 kb
and 520 bp. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA was used (see M&M). SNL means
the protein was targeted to the peroxisomes.

Supplementary figure 2. Verification of different marker cassettes in the pCXUN binary vector T - DNA by restriction
digestion. All constructs were verified with PvuII restriction digestion. Lane 1: P35S_tdTomato-NLS_TOCS, expected
were 2899 bp and 8634 bp. Lane 2: P35S_tmTomato-SNL_TNOS, expected were 2285 bp and 8634 bp. Lane 3: P35S_sYFPSNL_TOCS, expected were 2203 bp and 8634 bp. Lane 4: PNOS_tdTomato-NLS_TOCS, expected were 2300 bp and
8634 bp. Lane 5: P35S_sYFP-SNL_TOCS_ PNOS_tdTomato-NLS_TOCS, expected were 4230 bp and 8634 bp. As marker
(Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder was used. Further details are given in the M&M.
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Establishing DsRED-E5
pCXUN_PNOS_DsRED-E5-NLS_TOCS
Digestion with NheI:

5728 bp
3697 bp
875 bp
Supplementary figure 3. Verification of a nuclear targeted DsRED-E5 expression cassette in the pCXUN binary
vector T - DNA by restriction digestion. The pCXUN_PNOS_DsRed-E5-TOCS construct was verified with NheI restriction
digestion (Lane 1). Expected were 875 bp + 3697 bp + 5728 bp. As marker (Lane M, 6 µl) the Phage Lambda
DNA/Eco130I (StyI) DNA ladder was used. Further details are given in the M&M.

6.3.3

Verifications of Potri.2G0797 subcellular localization constructs
pJET1.2_Potri.2G0797-sYFP fusion
Digestion with BamHI:

2980 bp
2190 bp

Supplementary figure 4. Verification of the C-terminal fusion of Potri.2G0797 without introns with sYFP in pJET1.2.
The construct was verified with BamHI digestion, and the results of the gel electrophoresis are shown in Lane 1.
Expected were 2.190 kb and 2.980 kb. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder
was used. Further details are given in the M&M.
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Sequencing of Potri.2G0797-sYFP without introns in pPLV between P35S and TOCS
A

M13seq
B

M13rev
Supplementary figure 5. Verification of Potri.2G0797-sYFP (24SL) without introns in pPLV between P35S and TOCS via
partial Sanger sequencing. Sequenced was with M13seq (A) and M13rev (B) (see Table 21, page 52). The alignments
against a reference plasmid were performed with Geneious (described in chapter 2.6.11). Further details are given in
the M&M.

pCXUN_P35S_CDS-sYFP_TOCS
Digestion
with
KpnI/SacI
8978 bp
3303 bp

Supplementary figure 6. Verification of a C-terminal fusion of Potri.2G0797 without introns with sYFP in a pCXUN
binary vector T – DNA between a 35S promoter and OCS terminator. The construct was verified with KpnI/SacI
restriction digestion. Lane 1: expected were 3303 bp and 8978 bp. As marker (Lane M, 6 µl) the Phage Lambda
DNA/Eco130I (StyI) DNA ladder was used. Further details are given in the M&M.
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pCXUN_P35S_CDS-sYFP_TOCS_PNOS_tdTomato-NLS_TOCs
Digestion with PvuII:

8634 bp
4469 bp

1163 bp

Supplementary figure 7. Verification of the subcellular localization construct for Potri.2G0797 with a second marker
cassette without introns in pCXUN (P35S_CDS Potri.2G0797– secYFP_TOCS_PNOS_tdTomato-NLS_TOCS) with PvuII
restriction digestion. Lane 1: expected were 1163 bp, 4469 bp and 8634 bp. As marker (Lane M, 6 µl) the Phage
Lambda DNA/Eco130I (StyI) DNA ladder was used. Further details are given in the M&M.

pJET1.2_CDS-sYFP with introns
Potri.2G0797
Digestion with SpeI/NcoI:

4873 bp

759 bp

Supplementary figure 8. Verification of the C-terminal fusion of Potri.2G0797 from Populus tremula x tremuloides
gDNA with sYFP in pJET1.2. The construct was verified with SpeI/NcoI restriction digestion (Lane 1). Expected were
759 bp and 4873 bp. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder was used. Further
details are given in the M&M.
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pJET1.2rev
Supplementary figure 9. Verification of Potri.2G0797-sYFP with introns in pJET1.2 via partial Sanger sequencing (as
described in chapter 2.6.9). Sequenced was with pJET1.2rev (see Table 21, page 52). The alignment against a
reference plasmid was performed with Geneious (described in chapter 2.6.11).

M13rev
Supplementary figure 10 Verification of Potri.2G0797-sYFP with introns in pPLV between P35S and TOCS via partial
Sanger sequencing (as described in chapter 2.6.9). Sequenced was with M13rev (see Table 21, page 52). The
alignment against a reference plasmid was performed with Geneious (described in chapter 2.6.11). pPLV is referred
to as Sharina.

pCXUN_P35S_CDS-sYFP_TOCS with introns
Digestion with
KpnI/SacI

8978 bp
3817 bp

Supplementary figure 11. Verification of a C-terminal fusion of Potri.2G0797 with introns with sYFP in a pCXUN
binary vector T – DNA between a 35S promoter and OCS terminator. The construct was verified with KpnI and SacI
digestion (Lane 1). Expected were 3817 bp and 8978 bp. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I
(StyI) DNA ladder was used. Further details are given in the M&M.
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pCXUN_P35S_CDS-sYFP_TOCS_PNOS_tdTomato-NLS_TOCs
Potri.2G0797 with introns
Digestion with PvuII:

8634 bp
4836 bp

1310 bp

Supplementary figure 12. Verification of a C-terminal fusion of Potri.2G0797 with introns with sYFP and a second
marker cassette in a pCXUN binary vector T – DNA between a 35S promoter and OCS terminator. The construct
(P35S_CDS Potri.2G0797– sYFP_TOCS_PNOS_tdTomato-NLS_TOCS) was verified with PvuII restriction digestion (Lane 1).
Expected were 1310 bp, 4836 bp and 8634 bp. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA
ladder was used. Further details are given in the M&M.

6.3.4

Verifications of Potri.2G0797 promoter constructs
Potri.2G0797
pJET1.2_2892 bp promoter
Digestion with XhoI:
3597 bp
2269 bp

Supplementary figure 13. Verification of a 2.892 bp promoter fragment of Potri.2G0797 in pJET1.2. The fragment
was amplified from Populus tremula x tremuloides gDNA and was verified with XhoI restriction digestion (Lane 1).
Expected were 2269 bp and 3597 bp for 3´ -5´orientation. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I
(StyI) DNA ladder was used. Further details are given in the M&M.

pJET1.2for and rev
Supplementary figure 14. Verification of a 2.892 kb promoter region (ID8) of Potri.2G0797 (24SL) in
3´- 5´orientation in pJET1.2, with partial Sanger sequencing (as described in chapter 2.6.9). Sequenced was with
pJET1.2for and pJET1.2rev (see Table 21, page 52). The multiple alignment was performed with Geneious (described
in chapter 2.6.11) against an in-silico consensus of Populus tremuloides and P. trichocarpa.
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Potri.2G0797
pCXUN_2892 bp_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS
Digestion with XhoI:
12930 bp
1618 bp
1093 bp

Supplementary figure 15. Verification of a 2892 bp promoter fragment of Potri.2G0797 in a pCXUN double marker
cassette. The complete cassette consisted of 2892 bp Promoter_eGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS. The
construct was verified with XhoI restriction digestion (Lane 1). Expected were 1093 bp + 1618 bp and 12930 bp. As
marker (Lane M, 3 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder was used. Further details are given in the
M&M.

A

B

Supplementary figure 16. A: PCR amplification of different 5´deletions from a 2892 bp promoter fragment of
Potri.2G0797 with LIC overhangs. Lane 1 = 2892 bp, Lane 2 = 2036 bp, Lane 3 = 1528, Lane 4 = 1078, Lane 5 = 520,
Lane 6 = 341. The lowest bands run slightly higher than expected because of the large LIC adapters. Tm = 60°C. As
marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder was used. Further details are given in the
M&M. B: Verification of Potri.2G0797 promoter LIC truncations in pCXUN with restriction digestion. The complete
cassette consisted of the respective truncation_eGFP_TNOS_PNOS_tdTomato-NLS_TOCS. The constructs were verified
with ScaI restriction digestions. Lane 1: vector control consisting of the LIC entry vector. Expected were 6253 bp +
254 bp + 6302 bp. Lane 2: 341 bp promoter in pCXUN. Expected were 6253 bp + 254 bp + 4309 bp + 2333 bp. Lane 3:
520 bp promoter in pCXUN. Expected were 6253 bp + 254 bp + 4309 bp + 2512 bp. Lane 4: 1078 bp promoter in
pCXUN. Expected were 6253 bp + 254 bp + 4309 bp + 3068 bp. Lane 5: 1528 bp promoter in pCXUN. Expected were
6253 bp + 254 bp + 4309 bp + 3522 bp. Lane 6: 2032 bp promoter in pCXUN. Expected were 6253 bp + 254 bp + 4309
bp + 4029 bp. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder was used. Further details
are given in the M&M.
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Potri.2G0797
pCXUN_2892 bp truncations_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS

Supplementary figure 17. Verification of Potri.2G0797 promoter truncations in pCXUN with restriction digestion
and gel electrophoresis. The complete cassette consisted of the respective truncation_eGFP_TNOS _PNOS_tdTomatoNLS_TOCS. The constructs were verified with ScaI restriction digestions. Lane 1: a 757 bp promoter in pCXUN. Expected
were 251 bp + 4312 bp + 2691 bp + 6253 bp. Lane 2: a 1754 bp promoter in pCXUN. Expected were 251 bp + 4312 bp
+ 3688 bp + 6253 bp. Lane 3: a 226 bp promoter in pCXUN. Expected were 251 bp + 4312 bp + 2160 bp + 6253 bp.
Lane 4: a 276 bp promoter in pCXUN. Expected were 251 bp + 4312 bp + 2210 bp + 6253 bp. Lane 5: a 391 bp
promoter in pCXUN. Expected were 251 bp + 4312 bp + 2352 bp + 6253 bp. Lane 6: a 475 bp promoter in pCXUN.
Expected were 251 bp + 4312 bp + 2391 bp + 6253 bp. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI)
DNA ladder was used. Further details are given in the M&M.
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A

B

C

Supplementary figure 18. Verification of a 61 bp (A), 113 bp (B) and 176 bp (C) promoter fragment of Potri.2G0797
(ID8) in pCXUN via partial Sanger sequencing (described in chapter 2.6.9). Sequenced was with the primer M13seq
(see Table 21, page 52). The alignment was performed with Geneious (described in chapter 2.6.11). The sequencing
result was aligned against an in silico consensus sequence of P. tremuloides and P. trichocarpa.
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pCXUN_PPotri.2G0797 2892 bp_DsRED-E5-NLS_TOCS
Digestion with KpnI/SacI:
8979 bp
3883 bp

Supplementary figure 19 Verification of pCXUN_P2892 bp Potri.2G0797_DsRed-E5-TOCS with restriction digestion. Lane 1:
digested was with KpnI/SacI, expected were 3883 bp and 8979 bp. As marker (Lane M, 3 µl) the Phage Lambda
DNA/Eco130I (StyI) DNA ladder (421- 19329 bp, Bioron, Ludwigshafen am Rhein, Germany) was used.

6.3.5

Verifications of Potri.2G2183 subcellular localization
Digestion with EcoRI:

2.980 kb
1.158 kb

Supplementary figure 20. Verification of the C-terminal fusion construct of Potri.2G2183 with sYFP in pJET1.2. The
construct was verified with EcoRII digestion (Lane 1). Expected were 1.158 kb and 2.980 kb. As marker (Lane M, 6 µl)
the Phage Lambda DNA/Eco130I (StyI) DNA ladder (421- 19329 bp, Bioron, Ludwigshafen am Rhein, Germany) was
used.

Supplementary figure 21 .Verification of pPLV_P35S_CDS Potri.2G2183_sYFP_TOCS via partial Sanger sequencing
(described in chapter 2.6.9). Sequenced was with the primer M13rev (see Table 21, page 52). The alignment against
the reference plasmid was performed with Geneious (described in chapter 2.6.11). pPLV is named as Sharina.
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pCXUN_P35S_CDS-sYFP_TOCS
Digestion with KpnI/SacI:
8978 bp
2271 bp

Supplementary figure 22. Verification of a C-terminal fusion of Potri.2G2183 and sYFP in a pCXUN binary vector
T – DNA between a 35S promoter and OCS terminator. The construct was verified with KpnI/SacI restriction digestion
(Lane 1). Expected were 2271 bp and 8978 bp. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA
ladder was used. Further details are given in the M&M.

6.3.6

Verifications of Potri.2G2183 promoter constructs
PCR amplification:

3551 bp

Supplementary figure 23. PCR amplified 3551 bp promoter fragment of Potri.2G2183 from Populus trichocarpa
with 5´KpnI and 3´HpaI overhangs. Expected were 3.551 kb. As marker (Lane M, 6 µl) the Phage Lambda
DNA/Eco130I (StyI) DNA ladder was used. Further details are given in the M&M.
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Potri.2G2183
pCXUN_3551 bp_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS
Digestion with KpnI/HpaI:
12745 bp
3555 bp

Supplementary figure 24. Verification of a 3551 bp promoter fragment of Potri.2G2183 in pCXUN with restriction
digestion. The promoter region was amplified from Populus trichocarpa. The complete cassette consisted of 3551 bp
Promoter_TNOS_PNOS_tdTomato-NLS_TOCS. Lane 1: digestion with KpnI and HpaI, expected were 3555 bp and
12745 bp. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder was used. Further details are
given in the M&M.

Supplementary figure 25. Verification of a 3551 bp promoter fragment of Potri.2G2183 from Populus trichocarpa
via partial Sanger sequencing (described in chapter 2.6.9). Sequenced was with the primer M13seq (see Table 21,
page 52). The alignment was performed with Geneious (described in chapter 2.6.11). The sequencing result was
aligned against an In - silico consensus sequence of P. tremuloides and P. trichocarpa.
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Supplementary figure 26. Verification of promoter of Potri.2G2183 truncations in pCXUN with restriction digestion
and gel electrophoresis. The promoter region was amplified from Populus trichocarpa. Digested was with KpnI/HpaI
in all cases. Lane 1: A 516 bp promoter. Expected were 520 bp and 12754 bp. Lane 2: A 1289 bp promoter. Expected
were 1293 bp and 12754 bp. Lane 3: A 2502 bp promoter. Expected were 2506 bp and 12764 bp. As marker (Lane M,
3 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder was used. Further details are given in the M&M.

6.3.7

Verifications of Potri.9G1040 promoter constructs
PCR amplification:

1.181 bp

Supplementary figure 27. PCR amplification of a 1181 bp promoter fragment of Potri.9G1040 from
Populus tremula x tremuloides gDNA. As marker (Lane M, 6 µl) the Phage Lambda DNA/Eco130I (StyI) DNA ladder
was used. Further details are given in the M&M.
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In pJET1.2
Digestion with BglII:

2.928 kb
1.227 kb

Supplementary figure 28. Verification of a 1.181 bp promoter fragment of Potri.9G1040 in pJET1.2. The promoter
region was amplified from Populus tremula x tremuloides gDNA. Digested was with BglII and the results of the gel
electrophoresis are shown in Lane 1. Expected were 2.928 kb and 1.227 kb. As marker (Lane M, 6 µl) the Phage
Lambda DNA/Eco130I (StyI) DNA ladder was used. Further details are given in the M&M.

Supplementary figure 29. Verification of a 1.183 kb promoter fragment of Potri.9G1040 via partial Sanger
sequencing (described in chapter 2.6.9). Sequenced was with the primer pJET1.2rev (see Table 21, page 52). The
alignment against the reference plasmid was performed with Geneious (described in chapter 2.6.11). The sequencing
result was aligned against an in-silico consensus sequence of P. tremuloides and P. trichocarpa.
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Potri.9G1040
pCXUN_1183 bp_dGFP-NLS_TNOS_PNOS_tdTomato-NLS_TOCS
Digestion with KpnI/SacI:
8978 bp
5010 bp

Supplementary figure 30. Verification of a 1.183 kb promoter fragment of Potri.9G1040 in pCXUN with restriction
digestion. The complete cassette consisted of 1.183 kb Promoter_TNOS_PNOS_tdTomato-NLS_TOCS. Lane 1: digested
was with KpnI and SacI, expected were 5010 bp and 8978 bp. As marker (Lane M, 6 µl) the Phage Lambda
DNA/Eco130I (StyI) DNA ladder (421- 19329 bp, Bioron, Ludwigshafen am Rhein, Germany) was used.

Supplementary figure 31. Verification of a 1.183 kb (ID1) promoter region of Potri.9G1040 (9SL) via Sanger
sequencing (described in chapter 2.6.9) in pCXUN. The construct consisted of pCXUN_ 1.138 kb promoter_dGFPNLS_TNOS_PNOS_tdTomato-NLS_TOCS. Sequenced was with the primer M13seq (see Table 21, page 52). The alignment
against the reference plasmid was performed with Geneious (described in chapter 2.6.11)
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