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Introduction

1. Introduction

1.1 Adventitious roots as a part of the root system

Roots are axial multicellular organs that evolved in the sporophytes of vascular
plants as an adaptation to the terrestrial environment, enabling the anchorage of the plant
body and deeper exploration of the substrate for more efficient acquisition of water and
nutrients (Raven & Edwards, 2001; Seago & Fernando, 2013; Kenrick & Strullu-Derrien,
2014).

In modern seed plants, the root is < 1
initiated during the early embryogenesis and _‘g’w It
therefore referred to as embryonic or primary §§ ::
root (PR). The growth of the root occurs at the % I
tip due to the activity of the root apical ° I
meristem, which divides in two directions with S_ . i
the centrally localized quiescent center that Eb % Iy I
maintains the stem cells niche (Dolan et al., ._.—SJN Hﬁ %
1993). Outer meristem of the root apex forms E_ m (cleuritegrcent
the root cap that lubricates the penetrating root g v Eg%ecr‘;f’is
through the substrate and acts as a gravity 'gﬂ Eﬁ&fé‘ermis
sensor (Chen et al., 1999). The inner ____ sfeﬁ'gyc'e

meristem, localized above the quiescent Fig 1 Anatomical and morphological
center, consists of actively dividing cells, which  structure of the root and apical meristem of
are organized into five concentric layers: Arabidopsis.
epidermis, cortex, endodermis, pericycle and stele (Fig. 1; Dolan et al., 1993). Above the
meristem zone, cells elongate and proceed into differentiation. The differentiation zone is
characterized by the formation of root hairs that increase the surface area of the root for
better contact with the substrate (Bennett & Scheres, 2010). Formation of the Casparian
strip in the endodermis at the differentiation zone isolates the stele from the apoplastic flow
of water and dissolved nutrients, while lignification of the vasculature in the stele ensures
the delivery of water and nutrients toward the aerial parts of the plants.

A distinctive characteristic of the differentiation zone is the formation of lateral roots

(LRs, Fig. 1), considered post-embryonic and serving to increase the ability of the plant to
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better explore the substrate. Unlike shoot branching, where the lateral meristems are
formed on the surface of the apical meristem (Benkova et al., 2003), initiation of LRs
occurs endogenously in the pericycle layer (Dolan et al., 1993; Bennett & Scheres, 2010).
Formation of secondary and higher-order LRs is a key mechanism for root branching that
leads to the establishment of a primary root system, which prevails among dicotyledonous

plant species (Fig. 2b).

(b) Roottypes:
Advent|t|ous (AR)
Lateral (LR)
) Primary (PR)
\(/
) 7
“Prop” AR N/ ”Brace roots
AN Induced AR %
Crown roots
“Archaic” AR PR system “Secondary” AR
system system

Fig. 2 Types of the root systems. (a) “Archaic” root system of primitive non-seed plants, built by AR;
(b) tap root system of dicotyledonous plants with dominant central primary root and (c) fibrous root
system of the monocot plants with prevailing adventitious crown roots.

Another type of post-embryonic roots developing outside of the root system i.e. on
shoots or leaves is designated as adventitious roots (AR). Although the term “adventitious”
implies accidental or unusual anatomical position, from the evolutionary perspective, the
most “archaic” root system typical for the primitive non-seed plants, members of
Pteridophyta (Fig. 2a), is build up exclusively by ARs, suggesting that the first roots
evolved in vascular plants were, in fact, adventitious (Raven & Edwards, 2001; Seago &
Fernando, 2013; Kenrick & Strullu-Derrien, 2014).

Among the flowering plants ARs can form as a result of a developmental program,
for instance, nodal roots of strawberry (Fragaria vesca L.) runners or non-nodal “prop”
roots supporting the stem of certain vines and mangroves (Fig.2,b; Steffens &

Rasmussen, 2016). However, the most remarkable example of the dominance of
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developmentally predefined ARs is the fibrous root system of monocots, where the
embryonic root system, composed of primary and seminal roots, is eventually replaced by
post-embryonic adventitious roots, i.e. crown roots, developing from belowground nodes
and brace roots, forming on aboveground nodes (Hochholdinger et al., 2004; Atkinson et
al., 2014). Therefore, such fibrous root system could be considered as a “secondary” AR
system that developed as a result of specialization of monocots into herbaceous grass-like
life forms.

Various members of the seed plants retained the ability to develop ARs in response
to different environmental signals. ARs can emerge as a response to submergence of
existing root systems, allowing plants to survive a flood or burial (Steffens & Rasmussen,
2016). On the other hand, formation of ARs on severed plant organs demonstrates the
adaptation of several species to recovery into a new organism even upon extreme injuries.
The latter phenomenon of so-called wound-induced AR formation is utilized in vegetative
plant propagation by shoot and leaf cuttings that has found an intense application in

modern propagation industry.

1.2 Stages of AR formation

Wound-induced AR formation is an example of the de novo organogenesis that
principally resembles the process of LR formation, however the anatomical origin and
initial signals that start the developmental program of formation of both root types may
differ and will be considered throughout this work. Whereas LRs form almost exclusively in
the pericycle, studies on different plants indicate that ARs can arise from several types of
cells, however, frequently in proximity to the vascular tissues (De Klerk et al., 1999). Such
close positioning to the vasculature is vital for connection of the forming roots with the
main stele. ARs were shown to originate from hypocotyl pericycle (Arabidopsis thaliana
(L.) Heynh., Coleus sp.), phloem parenchyma (Solanum lycopersicum Lam., Cucurbita
pepo L., Vigna radiata (L.) R.Wilczek, Dianthus sp.), cambium (Malus domestica L.,
Acanthus sp., Lonicera sp.) or via formation of callus tissue (Picea sp, Pinus sp. Ginkgo
biloba L.; Hartmann et al., 2011; Bellini et al., 2014)

Traditionally, the process of AR formation in the shoot cuttings is divided into three
successive stages (1) induction, (2) initiation and (3) expression (Fig. 3; Kevers et al.,
1997; Li et al., 2009).
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Induction Initiation Expression
\") C e v C e |v C e
Elongation
Founder cell Cell Cell
induction division division
>
0 1 3 5 6 days post
excision

Fig. 3 Successive stages of adventitious root formation in leafy shoot cuttings. v, vasculature; c,
cortex; e, epidermis.

The first stage is devoid of any histological changes and is associated with the
physical separation of the cutting from the stock plant that stimulates certain cells to
become founder cells that are competent to eventually form ARs. Accumulating auxin in
the stem base of the cutting is suggested to be the major player in induction of the founder
cells and will be discussed together with the other phytohormones in the Subchapter 1.3.1.
The period of auxin-mediated induction in microcuttings of apple tree (Malus domestica L.)
and oak (Quercus robur L.) was reported to continue for up to two days post excision (dpe)
of the cutting (De Klerk et al., 1999; Vidal et al., 2003), whereas in leafy cuttings of
carnation (Dianthus caryophyllus L.) and petunia (Petunia hybrida Vilm.) this period lasted
only for one day (Ahkami et al., 2009, 2013; Agull6-Antén et al., 2014).

Similar to initiation of LRs, induced founder cells undergo first anticlinal divisions
followed by a series of mitotic divisions leading to the formation of meristematic cell
clusters, characterized by dense cytoplasm and large nuclei. First mitotic events were
observed in 2 dpe in microcuttings of apple tree and oak and in leafy cuttings of carnation,
however in petunia and Ficus pumila L. first cell divisions were detected in 3 and 4 dpe,
respectively (Ahkami et al., 2009; Hartmann et al., 2011).

Actively dividing meristematic cells arrange into the dome-shaped apical meristem
that forms the body of the AR primordia, which defines the transition to the expression
stage (De Klerk et al., 1999). Subsequent elongation of the cells leaving the meristem
allows protrusion of the AR primordia through the stem tissues, while differentiating

vascular elements connect developing ARs with the main stele of the stem. The
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expression stage ends with emergence of the ARs from the stem base (Kevers et al.,
1997). The time needed for emergence of the ARs defines the rate of AR formation and
significantly varies between species. ARs emerged in microcuttings of apple tree already
in 5dpe (De Klerk et al., 1999), in leafy cuttings of carnation and petunia first roots
appeared in 8 dpe (Vidal et al., 2003; Agull6-Antdn et al., 2014), whereas in rose (Rosa
sp.) first ARs were observed only 3 weeks after excision (Hartmann et al., 2011).
Moreover, performance of AR formation has been shown to vary between closely
related species (Ford et al., 2002; Amissah et al., 2008; Pijut et al., 2011) and even within
the same plant depending on the state of maturity of the cuttings (Vidal et al., 2003; Diaz-
Sala, 2014), highlighting the fact that not only environmental conditions, but also a number

of internal factors are involved in the regulation of AR formation.

1.3 Essential factors involved in AR formation

AR formation is a complex developmental process associated with a series of
physiological transformations accompanying physical recovery of the root system within
the base of the cutting. The early events taking place in the cutting are associated with
mechanical wounding that causes disruption of existing transport pathways of assimilates
and phytohormones within the stem, whereas the following stages are characterized by
recovery of metabolic activity and regeneration of the new root system within the rooting
zone. Photosynthesis and intensity of various metabolic processes in the cutting, on the
other hand, strongly depend on temperature, humidity and light conditions, whereas the
rooting medium may serve as a source of the mineral nutrients and other compounds
essential for AR formation. Therefore, understanding the role of internal regulators of AR
formation as well as environmental factors is crucial to improve rooting performance via

manipulation of the rooting conditions or simulating internal signals.

1.3.1 Hormonal regulation of AR formation

The entire process of AR formation, as well as the development of a root per se, is
regulated by an ensemble of phytohormones and other signaling molecules that tightly
integrate various environmental signals into the network of developmental programs. An
overview model of the effects of major hormonal regulators of AR formation is summarized

in Fig. 4 and described in details in the following Subchapters 1.3.1.1.-1.3.1.4.
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Fig. 4 Mechanisms for the involvement of major phytohormones in the regulation of adventitious
root formation. ABA, abscisic acid; Aux, auxins; CKs, cytokinins; Et, ethylene; GA, gibberellic acid;
IAA, indole acetic acid; JA, jasmonic acid; Str, strigolactones.

1.3.1.1 Auxin

Auxin appears to regulate various aspects of root development, including early
initiation of the primary root in embryogenesis, the meristem patterning, the cell elongation,
gravitropic response and formation of LRs (Benkova et al., 2003; Blilou et al., 2005;
Petricka et al., 2012). Unsurprisingly, auxin also takes the central role in AR formation.
Since the early discovery of its rhizogenic properties in the cuttings of llex sp., Taxus sp.,
Acer sp. (Hitchcock & Zimmermann, 1936) auxin and its synthetic analogs have been
intensely used for stimulation of AR formation in a wide range of plant species (Davis &
Haissig, 1994; De Klerk et al., 1999; Hartmann et al., 2011).

A significant body of knowledge on the role of auxin in root development comes from
the studies on LR formation (Fukaki & Tasaka, 2009; Moreno-Risueno et al., 2011; Peret
et al., 2012; Lavenus et al., 2013). However so far, there is no agreement on whether the
auxin-mediated signaling network is shared between LR and AR formation. On the one
hand, several Arabidopsis mutants in auxin transport and signaling demonstrate
simultaneous perturbations in LR and AR formation (Fukaki et al., 2002; Gutierrez et al.,
2009, 2012). On the other hand, both root types originate from anatomically dissimilar
tissues and under different circumstances, that explain identification of certain signaling
elements or auxin transporters to be specific only to one type of the roots (Pop et al., 2011;
Verstraeten et al., 2014).
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Transient increase of auxin levels appears to be the key mechanism for the induction
of LRs and ARs, however the position of founder cells of LRs are developmentally pre-
defined already within the root meristem due to the oscillating auxin fluxes (Dubrovsky et
al., 2008; Moreno-Risueno et al., 2011). In wound-induced AR formation, severance of the
cutting causes disruption of the polar auxin transport (PAT) that leads to the accumulation
of the major active auxin form indole-3-acetic acid (IAA) in the stem base, which is
considered to be a prerequisite for the induction of the future founder cells (Garrido et al.,
2002; Pop et al., 2011; Ahkami et al., 2013). Indeed, high endogenous levels of IAA, at the
induction stage have been shown to correlate with an increased rooting response
(Blazkova et al., 1997; Caboni et al., 1997), whereas application of PAT inhibitors led to a
decreased rooting (Fabijan et al., 1981; Ahkami et al., 2013; Negishi et al., 2014).

As initiation has taken place, externally applied auxins appear to have an inhibitory
effect on AR formation, however the endogenous flow of auxin remains essential for the
proper patterning of the meristem and subsequent elongation of both LR and AR primordia
(Blilou et al., 2005; Swarup et al., 2008; Della Rovere et al., 2013). Although the
development of the root is predominately regulated by auxin, a wide range of other
phytohormones has been reported to have a direct effect on root development or interfere

with auxin distribution and signaling.
1.3.1.2 Cytokinins

Cytokinins (CKs) are often considered to have an antagonistic effect to auxin on root
development. Several studies have demonstrated that mutations leading to a decrease in
CK levels or interfering with CK signaling enhanced formation of ARs and LRs in
Arabidopsis, tobacco (Nicotiana tabacum L.), poplar (Populus sp.) and rice (Oryza sativa
L. (Werner et al., 2001, 2003; Riefler et al., 2006; Ramirez-Carvajal & Davis, 2010; Chang
et al., 2013; Gao et al., 2014; Kollmer et al., 2014).

The key mechanism defining the antagonism between CKs and auxin in root
development lies in regulation of local auxin distribution via repression of PIN-type
transporters by CKs (Laplaze et al., 2007; Chang et al., 2015). In the primary root, CKs
synthesized at the root apex, have been shown to define the transition from cell division
and elongation to differentiation (Dello loio et al., 2007; Chapman & Estelle, 2009; Rzi¢ka
et al., 2009). Moreover, Chang et al. (2015) demonstrated that the local increase in

biosynthesis of CKs by founder cells of LRs and its surrounding cells was accompanied by

12



Introduction

induction of a CK-degrading gene within the founder cell itself, leading to a high auxin/CK
ratio only in the founder cell and a low auxin/CK ratio in the surrounding cells. This is
proposed to be the key mechanism in the determination of founder cells of LRs following
auxin-mediated induction.

The importance of CKs throughout the expression phase of AR formation in
Arabidopsis was highlighted in the study by Della Rovere et al. (2013), where CKs down-
regulated the auxin transporters PIN1 and LAX3 in the peripheral layers of AR primordia,
thus directing the auxin flow toward the tip of AR primordia stimulating the establishment of
the quiescent center. Additionally, CKs regulate proliferation and differentiation of vascular
cells that is essential for the integrity of the vascular connection between the developing
primordia and the stem stele (Kuroha & Satoh, 2007; Cano-Delgado et al., 2010; De Rybel
et al., 2015).

1.3.1.3 Stress-related phytohormones

The primary reaction of the severed cutting is associated with wound response and
mediated by jasmonic acid (JA). Until now, there is no solid understanding regarding the
role of JA in AR formation. Gutierrez et al. (2012) have demonstrated that JA negatively
regulates AR initiation in Arabidopsis hypocotyls, whereas in potato (Solanum tuberosum
L.) application of JA to microcuttings positively stimulated formation of ARs. Additionally,
transgenic petunia plants with knocked-down expression of a key enzyme in JA
biosynthesis have shown reduced numbers of ARs and AR primordia in leafy cuttings,
suggesting that JAs positively regulate AR formation in this species (Lischweski et al.,
2015). Together with the accumulation of auxin, the JA-mediated wound response has
been suggested to trigger the establishment of a new carbohydrate sink in the stem base
of the cutting (Ahkami et al., 2009).

Abscisic acid (ABA) accumulates in response to various abiotic stresses, and has
been shown to inhibit cell cycle progression (Gutierrez, 2009). ABA is considered to be an
overall negative regulator of development of LR in Arabidopsis and crown roots in rice (De
Smet et al., 2003; Steffens et al., 2006), whereas ABA-deficient tomato mutants have been
shown to develop a larger number of ARs (Thompson et al., 2004).

Another stress-induced hormone, ethylene, is in close interaction with the
biosynthesis, transport and signaling of auxin (Robles et al., 2013), which explains the

absence of a universal model describing involvement of this phytohormone in AR
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formation. Application of ethylene precursors reduced AR formation in tobacco, sunflower
(Helianthus annuus L.) and wild cherry (Prunus avium L.), whereas in tomato, petunia,
grape vine (Vitis vinifera L.) and spruce (Picea abies (L.) H. Karst.) ethylene treatment
promoted rooting (da Costa et al., 2013; Druege et al., 2014; Bellini et al., 2014).
Additional evidence for an essential role of ethylene in AR formation has arisen from the
studies on ethylene-insensitive tomato and petunia plants, which showed reduced AR
formation (Clark et al., 1999). Combined phase-specific treatment with ethylene and auxin
in mung bean (Vigna radiata (L.) R. Wilczek) suggested that ethylene increased sensitivity
to auxin at the induction stage, while having an inhibitory effect on AR formation during the
later stages (De Klerk & Hanecakova, 2008). Another possible mechanism for ethylene
stimulation of AR formation is related to induced programmed death of epidermis cells
located on the site of the emerging primordia in rice, thus facilitating protrusion of ARs

through the outer stem tissue (Mergemann & Sauter, 2000; Steffens & Sauter, 2005).

1.3.1.4 Other hormones and signaling molecules

To date several studies have reported the involvement of a range of other hormones
and signaling compounds in the regulation of AR formation, however, the exact
mechanisms underlying their effect are still to be clarified. Gibberellins (GAs) play an
inhibitory role in AR formation in poplar, tomato and rice (Bellini et al., 2014). Increased
expression of GA biosynthetic genes in the vasculature of tobacco suggested a role of
stem-derived GA in the regulation of AR elongation (Niu et al., 2013). Recent studies in
Arabidopsis and pea (Pisum sativum L.) demonstrated a negative role of strigolactones in
AR formation, which is mediated by inhibition of polar auxin transport (Pandey et al.,
2016). Furthermore, an increasing number of studies on the role of other signaling
compounds, i.e. polyamines, nitric oxide, hydrogen peroxide and other reactive oxygen
species demonstrate their involvement in regulation of AR formation (da Costa et al., 2013;
Bellini et al., 2014; Steffens & Rasmussen, 2016).

Taken together, every stage of AR formation is under tight regulation by the complex
network of various phytohormones. Whereas induction of AR founder cells should be seen
as a unique event characterized by specific regulatory mechanisms, the following stages
of AR formation show higher similarity with the overall developmental programs of root
formation, that allows transferring the knowledge gained from studies on LR and PR

development. Despite an expanding range of the phytohormones and other signaling
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molecules, shown to affect AR formation, auxin and cytokinins, however, appear to play a

central role in AR morphogenesis as well as throughout the entire life cycle of a plant.

1.3.2 Role of photosynthesis and carbohydrate metabolism in AR formation

Carbohydrates serve as a main source of energy and precursors for the synthesis of
various structural compounds, both being essential for development of the plant organism
and in particular AR formation. Furthermore, sugars have been shown to interact with
several hormone signaling pathways, as well as mechanically contribute to root elongation
via increasing the cell turgor (Wang & Ruan, 2013). An overview model of the role of

carbohydrates as regulators of AR formation is presented in Fig. 5 and described in details

below.
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Fig. 5 Mechanisms for the involvement of carbohydrates and their interaction with major
phytohormones in regulation of adventitious root formation. ABA, abscisic acid; Aux, auxins; CKs,
cytokinins.

Initially, wounding shock and interruption of water supply as a result of separation of
the cutting from the stock plant leads to a decrease in stomatal conductance and inhibition
of photosynthetic activity of the cutting, which is observed even under optimized conditions
(Svenson et al., 1995; Mesén et al., 1997; Fordham et al., 2001). Described decrease in

photosynthetic activity is probably mediated by abiotic stress signals, such as ABA.
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Furthermore, studies in petunia have shown a decrease in the levels of the major
soluble carbohydrates and intermediates of primary metabolism from 1 dpe, accompanied
by an increase in the activity of cell wall invertases, indicating an apoplastic unloading of
delivered sucrose (Ahkami et al., 2009). These findings suggest that disruption of existing
cell connections by excision interferes with the targeted delivery of the carbohydrates that
increases starvation of the rooting zone and leads subsequently to the establishment of a
new carbohydrate sink (Ahkami et al., 2009; Druege et al., 2016; Klopotek et al., 2016).
Auxin and JA have been proposed as potential regulators of the establishment of the
sugar sink in the rooting zone (Ahkami et al., 2009; Agullé-Antén et al., 2011; Druege et
al., 2016).

Under conditions of decreased photosynthesis and hampered delivery of assimilates,
carbohydrates accumulated by the stock plant before the excision of the cuttings support
the starving rooting zone. Indeed, several studies demonstrated that higher levels of
stored carbohydrates improved rooting in woody cuttings of Eucalyptus grandis W; Hill ex
Maiden (Hoad & Leakey, 1996) and mango (Mangifera indica L., Schaesberg & von
Ludders, 1993). Moreover, sugar levels in the cutting have been shown to positively
correlate with the number of ARs and the survival rate of zonal geranium (Pelargonium x
hortorum Bailey) cuttings after a period of dark storage, commonly imposed during
transportation of the propagation material (Druege et al., 2004; Rapaka et al., 2005).
Furthermore, Klopotek et al., (2016) demonstrated a positive effect of dark exposure on
subsequent rooting performance of petunia cuttings, highlighting the sink competition
between the rooting zone and the shoot apex during the induction stage.

With the progress of AR formation after initiation has taken place, adequate
carbohydrate supply from the leaves to the stem base of the cuttings has been shown to
improve the rooting performance in pea (Davis & Potter, 1989). Thus, with the onset of the
expression phase photosynthesis of the leafy cutting becomes the primary source of
assimilates to supply the rooting zone (Jackson, 1986; Ahkami et al., 2009; Hartmann et
al., 2011; Agullé-Antoén et al., 2011). Studies on 13C-feeding of larch (Larix x eurolepis A.
Henry.) cuttings indicated that the main source of carbon accumulated in the rooting zone
has been assimilated after the cutting isolation (Pellicer et al., 2000). Besides, net CO,
exchange in poinsettia cuttings has been shown to increase after primordia formation
indicating recovery of the photosynthetic activity (Svenson et al., 1995), which was

proposed to be regulated by CKs produced in the developing ARs (Hartmann et al., 2011).
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Indeed, CKs have been highlighted among the regulators of the acclimation of the
photosynthetic machinery to abiotic stress (Boonman et al., 2007; Shao et al., 2010).

Reestablishment of the cell connections between the phloem and dividing founder
cells at the end of initiation stage is an essential step for an improved flux of the leaf-
derived carbohydrates toward the rooting zone. In petunia the transition from the cell wall
to cytosolic and vacuolar type of invertases in 2 dpe indicated a symplastic delivery of
sugars, followed by the recovery of carbohydrate supply (Ahkami et al., 2009).
Furthermore, formation of the vascular connections in the developing AR primordia
enhanced significantly stomatal conductance and photosynthetic activity in poinsettia
cuttings (Svenson et al.,, 1995) and led to an increase in the levels of intermediates of
primary metabolism, major amino acids and total protein in petunia cuttings (Ahkami et al.,
2009).

Apart from providing energy and C-skeletons to the developing ARs, recent findings
suggest that sugars can regulate the root development via interaction with phytohormones
or directly affecting the expression of several key genes (Eveland & Jackson, 2012; Puig
et al., 2012; Wang & Ruan, 2013; Lastdrager et al., 2014).

Auxin application has been repeatedly shown to stimulate accumulation of
carbohydrates in the rooting zone (Veierskov et al., 1982; Davis & Haissig, 1994; Agullo-
Anton et al., 2011), and therefore may modulate the strength of the carbohydrate sink.
Glucose, on the other hand, increased the levels of several precursors of IAA biosynthesis
in Arabidopsis, indicating a positive role of sugars in auxin metabolism (Sairanen et al.,
2012). Additionally, LeClere et al. (2010) has demonstrated that decreased sugar
availability during the kernel formation in maize coincided with a down-regulation of a flavin
monooxygenase-like enzyme YUCCA, involved in auxin biosynthesis.

Emerging crosstalk between sugar and auxin signaling appears to play a crucial role
in the regulation of plant growth and development. Expression of several genes involved in
controlling the root development in Arabidopsis, e.g. auxin response genes AUX/IAA, LOB
(LATERAL ORGAN BOUNDARIES) and WOX5 (WUS-RELATED HOMEOBOX 5), has
been shown to be regulated by both auxin and sugars (Eveland & Jackson, 2012).
Glucose application has been demonstrated to trigger cell proliferation in meristematic
tissues by activation of mitotic B-type cyclin and its associated kinase. However glucose
alone did not have an effect on cell division and required additional stimulation by auxin
(Wang & Ruan, 2013).
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Furthermore, two important mechanisms have recently been identified that integrate
the metabolic status of the plant into the root developmental program. One is related to the
activity of the TOR (TARGET OF RAPAMYCIN) kinase complex that is expressed in the
meristematic tissues, and has been shown to directly promote cell division independently
of auxin/cytokinin signaling (Xiong et al., 2013). TOR is activated by glucose and triggers
phosphorylation of E2Fa transcription factor, which promotes progression of the cell cycle
in the root meristem of Arabidopsis (Xiong et al., 2013).

A second component regulating the growth response by sugars is SnRK1 (SNF1-
RELATED KINASE 1) that is highly conserved in all eukaryotes, and has been shown to
inhibit plant growth under low carbon availability (Ponnu et al., 2011). Activity of ShRK1T is
repressed by trehalose-6-phosphate, as well as glucose-6-phosphate and glucose-1-
phosphate, which accumulate in response to an increased level of sucrose (Lastdrager et
al., 2014). Although the downstream mechanism of SnRK7-mediated regulation of plant
growth is not yet clear, several components of auxin signaling have been shown to interact
with SnRK1, providing an additional link for sugar and auxin crosstalk (Farras et al., 2001).

Unexpectedly, activity of several invertases, in addition to their main function in
splitting of the sucrose molecule, has also been demonstrated to regulate cell elongation in
Arabidopsis and rice roots. Vacuolar invertases have been assumed to link vacuole sugar
homeostasis with the activity of cell wall-associated kinases that are regulating the cell wall
extensibility, whereas cytosolic invertase AtCIN1, localized in the nucleus, is suggested to
regulate cytoskeleton structure via direct interaction with phosphatidylinositol signaling or
via affecting gene expression by signals derived from produced hexoses (Wang & Ruan,
2013).

Taken together, in addition to serving as a source of carbon and energy,
carbohydrates are involved in an intricate network of cross-talk between several regulators
of plant development, either interfering with a wide range of phytohormones or directly
interacting with molecular regulators of cell growth and development, such as SnRK7,
TOR or regulatory invertases. The supply of carbohydrates is a major bottleneck of AR
formation, and initially depends on internal resources stored in the cutting, whereas
recovered photosynthetic activity takes over the primary role in carbohydrate supply with

the onset of the expression phase.
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1.3.3 Possible involvement of mineral nutrition in AR formation

Roots are the main organs of higher plants facilitating the mineral uptake from the
soil. Separation of the cutting from existing root system disturbs the normal flow of the
nutrients and thus limits the amount of available mineral elements. To date, information on
the role of mineral nutrition in AR formation remains elusive and often the studies are
conducted in different growth systems and in various plant species (Bellini et al., 2014;
Verstraeten et al, 2014). However, there is an increasing interest in this topic, as
commercialization of vegetative propagation have brought a wide use of inert material,
which increases the need for better understanding of the role of mineral nutrition in AR
formation. An overview model of potential involvement of mineral nutrition in AR formation
based on the studies on primary and lateral roots is summarized in Fig. 6 and described in

details below.
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Fig. 6 Potential mechanisms for the involvement of mineral nutrients in the regulation of
adventitious root formation.

Mineral nutrition is tightly associated with nearly every physiological process
throughout the entire life cycle of the plant. Essential elements can be divided into two
distinct groups based on their abundance in plants: macronutrients (N, P, Ca, Mg, P and
S) that are present in relatively high concentrations in plants and micronutrients (Cl, B, Fe,
Mn, Zn, Cu, Ni and Mo), which are found in considerably lower concentrations (Marschner,

2012). Deficiency of any of the described elements may potentially affect the development
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of the plant including that of the root, by interfering with its physiological functions. On the
one hand, lack of several structural elements can interfere with the root growth by affecting
synthesis and functions of the proteins (N, S) or fortification of the cell wall (B, Ca, and the
beneficial element Si), whereas a decrease in K, required for turgor, may directly affect
elongation of the root cells. On the other hand, deficiency of the elements related to
photoassimilation and metabolism, i.e. chlorophyll biosynthesis (Mg, Fe), electron
transport (Fe, S), energy transfer (P), transpiration and starch synthesis (K) and
antioxidant system (Cu, Fe, Mn, Zn, S) would result in an overall negative effect on the
energy status of the plant, thus indirectly inhibiting the development of the roots.
Furthermore, assimilation of N requires carbon skeletons derived from sugar metabolism
(Foyer et al., 2003), and therefore can increase the strength of the carbohydrate sink in the
rooting zone. Moreover, some elements may take over specialized functions; for instance,
Zn has been shown to increase the concentration of auxin and gibberellins (MaSev &
Kutacek, 1966; Sekimoto et al., 1997), which in turn regulate various aspects of AR
formation.

Plants are capable of coping with the limitations of the essential nutrients by several
mechanisms, involving mobilization of the internal pool of the nutrients and their
retranslocation toward the nutrient sinks, modulation of the root system architecture as
well as up-regulation of the nutrient acquisition machinery. However, most of the nutrients
described above, with the exception of Mn and Ca, are reported to have high to moderate
mobility in the phloem, mobilization rates for these elements strongly depend on their
physiological properties, stage of ontogenesis and the plant species (Marschner, 2012;
Maillard et al., 2015). During the leaf senescence in most of the studied plant species, the
rates of retranslocation of N, P, K and Mg have been reported to be higher than those of B,
Cu, Fe, S, Mn and Zn, whereas Ca is referred to as a phloem-immobile element (Hocking
& Pate, 1977; Himelblau & Amasino, 2001; Moreira & Fageria, 2009; Maillard et al., 2015).

Retranslocation of nutrients may also play an important role in AR formation, where
separated cuttings possess a limited amount of mineral elements. In this regard, the
nutritional status of the stock plants may play an important role in building up the
endogenous pool of nutrients required to support AR formation at the stem base. For this
reason, the role of mineral nutrition in AR formation has been studied mainly with respect
to the fertilization of the stock plants. Indeed, a high initial N content in cuttings of zonal

geranium, chrysanthemum (Dendranthema x grandiflorum (Ramat.) Kitam.), New Guinea
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impatiens (Impatiens x hawkeri Bull.) and poinsettia (Euphorbia pulcherrima Willd. ex
Klotzsch) has been shown to exert a positive effect on AR formation (Druege et al., 2000,
2004; Gibson, 2003; Zerche & Druege, 2009). Moreover, Dong et al. (2004) observed N
remobilization in poplar cuttings during AR formation, where approximately 30% of the
mobilized N has been allocated toward newly formed roots. Improved rooting performance
has been also observed in response to K fertilization of New Guinea impatiens stock
plants (Gibson, 2003).

Plants possess a remarkable ability to alter their root system architecture via
regulating the length and density of the LR in order to explore the substrate for essential
nutrients. Studies on LRs in Arabidopsis, demonstrated that localized exposure of a part of
the root system to nitrate (NOjy’), P, or Fe favors LR elongation, whereas the localized
supply of ammonium (NH,") stimulated higher-order lateral root branching (Zhang & Forde,
1998; Linkohr et al., 2002; Lima et al., 2010; Giehl et al., 2012). Although the molecular
mechanisms underlying the local sensing of specific nutrients remain to be fully elucidated,
several lines of evidence suggest that phytohormones, and in particular auxin, act as
signals in the nutrient-dependent modification of root morphology (Giehl et al., 2014). In
fact, auxin has been shown to regulate LR elongation in response to localized Fe
application via induction of the auxin transporter gene AUX7 (Giehl et al., 2012), whereas
the nitrate transporter NRT1 is also able to transport auxin, allowing immediate integration
of nutrient signals with auxin concentration within the LR tip (Krouk et al., 2010). Moreover,
P availability has been shown to affect LR development via modulation of auxin receptor
TIR1 and its downstream targets (Perez-Torres et al., 2008).

Partial resemblance of auxin-mediated signaling pathways controlling the induction
and the formation of LRs and ARs (Gutierrez et al., 2012; Bellini et al., 2014) suggests that
regulatory networks involved in mineral element sensing by LRs can be employed for the
stimulation of AR formation. Furthermore, ABA has been shown to inhibit elongation of
LRs in response to localized NOj; (Harris, 2015), whereas cytokinin biosynthetic genes
have been reported to be upregulated under high NO3™ supply (Ramireddy et al., 2014).

With the main focus on stock plant fertilization, so far, little attention has been paid to
the role of the rooting medium as a potential source of essential nutrients. Empirical trials
with in-vitro propagated plant material provided evidence for the importance of the mineral
composition of the medium for successful formation of ARs (Murashige, 1974). The

pioneering study by Schwambach et al. (2005) highlighted the importance of balanced
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nutrient supply at specific stages of AR formation in microcuttings of Eucalyptus globulus
Labill. For instance, optimized supply levels of Ca, Zn and NOj to the medium increased
the number of AR. In another study, Santos & Fisher (2009) showed that application of an
N-P-K fertilizer directly to the stem base of petunia cuttings during AR emergence
improved rooting, whereas foliar application of nutrients had no effect on AR formation.

Uptake of nutrients in the roots is regulated by the expression of a series of transport
proteins in response to nutrient availability (Marschner, 2012). However, little is known on
the mechanisms of nutrient uptake in isolated cuttings, before the emergence of the ARs.
Transcriptome analysis of AR formation in petunia revealed a substantial increase in the
expression of 18 genes involved in the uptake and assimilation of N, P, K, S, Fe and Zn
starting from the initiation phase (Ahkami et al., 2014). Moreover, within this period, high
transcript abundance was observed for a plasma membrane H'-ATPase, which may
energize nutrient uptake. These findings highlight the ability of the cuttings to specifically
regulate nutrient uptake and emphasize an increased demand for certain mineral elements
in the stem base, suggesting that AR formation may be improved by application of certain
nutrients.

Taken together, mineral nutrition appears to be the most unexplored subject in the
topic of AR formation. From the function of essential minerals, it can be assumed, that
various crucial processes for AR formation, such as energy production, photosynthesis,
synthesis of structural components, buildup or loosening of the cell walls, maintenance of
the cell turgor, etc. depend on sufficient availability of such elements. On the other hand,
knowledge acquired from the studies on PR and LR, suggests that availability of the
nutrients significantly affect the morphology of roots, thus highlighting a possible cross-talk
with phytohormones. Therefore, a thorough investigation is needed to reveal the limiting
elements, essential for the formation of ARs and to understand the mechanisms of their

action.
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1.4 Commercial importance of adventitious rooting

Industrial cultivation of plants often relies on multiplication of a unique genotype that
possesses certain desired traits. In this regard, maintenance of the genotypic identity of
the propagated plant material is of outstanding importance (Davis & Haissig, 1994;
Hartmann et al., 2011). Together with other techniques used for clonal reproduction, such
as natural multiplication by tubers or bulbs, fragmentation of rhizomes or stolons, grafting,
and more recently developed apomictic seed production, propagation by cuttings remains
a common practice in horticulture, agriculture and forestry for multiplication of various
important plants (Davis & Haissig, 1994).

AR formation is a major prerequisite for successful propagation by cuttings
(Hartmann et al., 2011). Although, modern propagation industry has greatly advanced the
control of environmental factors such as humidity, temperature, and light conditions,
insufficient rooting is still a major issue resulting in significant economic losses. In addition,
an empirical conditioning of the environment cannot overcome the phenomenon of
recalcitrant to rooting genotypes occasionally found within the same species. Furthermore,
introduction of the inert substrate as soil substitute and increasing attractiveness of tissue
culture incites optimization and standardization of the media composition.

With increasing environmental concern in developed countries, application of several
synthetic growth stimulating substances may become more restricted. For instance, the
highly efficient synthetic auxin, a-naphthaleneacetic acid, used for stimulation of AR
formation in stem and leaf cutting as well as in tissue culture, is a derivative of
naphthalene, which has been classified by EPA as a possible human carcinogen (Agency
for Toxic Substances and Disease Registry, 2005).

Therefore, a deeper understanding of the physiological and molecular mechanisms
of AR formation is essential for the improvement of existing propagation protocols, and will
allow avoiding financial losses and introduction of new species for commercial propagation

and tissue culture.
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1.5 Petunia as a model

From its introduction as an ornamental plant approximately two centuries ago,
petunia has become a highly important crop in world-wide horticulture. Intense commercial
breeding resulted in outstanding diversity of the shape and color of flowers that brings
petunia to the top of the list of the best-selling garden plants. Only in the US, the wholesale
value in 2015 has reached 133 million for petunia, which makes approximately 10% of
total sales in category “annual bedding and garden plants” (Fig. 7, National Agricultural
Statistics Service, USDA, 2016).
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To date an expanding set of forward and reverse genetic tools has been developed
for petunia, such as set of interspecific RIL populations developed in the groups of Dr.
Ryan Warner (Dept. of Horticulture, Michigan State University) and Prof. Dr. Cris
Kuhlemeier (Institute of Plant Sciences, University of Bern) as well as dTPH1 transposon
insertion-mutant collection of the group of Dr. Michiel Vandenbussche (Group of evolution
& development of the flower, University of Lyon). Moreover, very recently the genomes of
parental species of P. hybrida, P. axillaris (Lam.) Britton, Stern & Poggenb. and P. inflata
R.E. Fr. (Bombarely et al., 2016) were published, which opened an opportunity for deep
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transcriptome studies by RNAseq and implementation of novel approaches for targeted
genome editing, such as CRISPR/Cas9 technology.

The described features make petunia a convenient model organism for studies of AR
formation compared to Arabidopsis (Ahkami et al., 2009, 2014; Druege et al., 2014).
Although a large number of studies on AR formation have been performed in Arabidopsis,
this system possesses several drawbacks. Unlike petunia, the stem of Arabidopsis is short
and organized in a rosette, thus to achieve stem elongation seedlings are grown in the
darkness and the root system is usually not removed (Sorin et al., 2005; Gutierrez et al.,
2009, 2012). Furthermore, the anatomical structure of the hypocotyl resembles that of the
radicle, retaining the pericycle as a rhizogenous layer, which is different to the stem
structures derived from the epicotyl (Scheres et al., 1994; Bennett & Scheres, 2010).
Therefore, petunia appears to be an attractive model for a wide spectrum of studies, and in
particular studies on AR formation, and provides an appealing opportunity to transfer the

obtained knowledge for industrial application.
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1.6 Aims and approaches of the current work

Based on previous transcriptome studies, emphasizing an increasing demand for
certain mineral elements during adventitious root formation in petunia cuttings (Ahkami et
al., 2014), it has been hypothesized that a limitation of certain mineral elements in the
stem base may pose a physiological bottleneck that restricts the development of ARs.
Therefore, the primary aim of this study was to investigate which mineral elements might
have a promotive effect on the formation of ARs and how specific elements exert their
physiological function during this process. Considering that nutrient application may affect
different physiological processes, such as the compensation of nutrient deficiency, the
modulation of carbon metabolism in the basal stem zone or changes in the balance of
phytohormones, combined morphological, anatomical, biochemical and molecular
approaches were employed in order to characterize the influence of selected nutrients
throughout AR formation and to investigate their mode of action.

Initially, in order to determine the most limiting nutrients for AR formation, the effect
of the withdrawal of nutrient components from the full mineral medium on rooting of
petunia cuttings was evaluated in hydroponic culture (see Subchapter 3.1.1). Subsequent
experiments were carried out to define the optimal concentration and a period of
application for the selected nutrients. Histological examination was performed to assess
the dynamics of AR development in response to nutrient supply (see Subchapter 3.1.2).

In order to characterize the nutritional status of the cuttings and to assess the
changes in the nutrient demand, a comprehensive elemental analysis was supplemented
by analysis of transcript levels of nutrient-deficiency markers (see Subchapters 3.2.1. -
3.2.2).

To investigate the role of nutrient application on metabolic activity and sugar supply
of the rooting zone, a metabolite profiling was carried out for the soluble carbohydrates,
the primary intermediates of sugar metabolism and proteinogenic amino acids (see
Subchapters 3.2.3. - 3.2.5).

In order to elucidate the involvement of phytohormones in nutrient-mediated AR
formation, the balance of major phytohormones was analyzed. As auxin is a major factor
regulating AR induction and further root growth, expression of auxin-related genes was
assessed to deeper analyze the involvement of auxin in nutrient-mediated AR formation.
Furthermore, an analysis of auxin responses was carried out in a transgenic petunia line

expressing the auxin reporter DR5::GFP/GUS (see Subchapter 3.3).
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As the first experiments identified Fe as the major limiting nutrient, the following work
has attempted to investigate the mechanisms underlying Fe-mediated promotion of AR
formation (Subchapter 3.4). To distinguish whether the positive effect of Fe application on
AR formation was achieved by maintenance of the Fe pool in leaves or performance of a
specific function in the rooting zone, foliar application of Fe was compared to the
application of Fe to the rooting medium. Furthermore, to assess the dynamics of local
distribution of Fe during development of AR primordia, a histochemical approach was used
to stain Fe in a dissected rooting zone of the cuttings at different developmental stages.

Finally, to evaluate the genotype-dependent variation in Fe-mediated AR formation,
rooting performance was assessed in several commercial cultivars derived from different

breeding programs (see Subchapter 3.5).
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2. Materials and methods

2.1 Plant material, growth conditions and sampling

2.1.1 Plant growth conditions

Leafy stem cuttings of Petunia hybrida cv. Mitchell were used in all experiments,
unless otherwise specified. For analysis of genotypic variation in AR formation,
8 commercial cultivars kindly provided by Selecta Klemm GmbH&Co (Stuttgart, Germany)
were used. Stock plants were grown in the greenhouse at 22°C and approx. 85 % relative
humidity during 10 h of insolation (250 pmol x m?x s™), and 20°C and 60 % relative
humidity during 14 h of darkness. Excised leafy cuttings with 4-5 leaves were transferred
to hydroponic medium with permanent aeration under equal light and temperature
condition. The full mineral solution contained 0.1 mM KH,PO,4, 0.1 mM MgSO,, 0.25 mM
CaCl,, 2 mM NH4NO3;, 0.01 mM Fe-ethylenediamine-N,N'-bis(2-hydroxyphenylacetic acid)
(FeEDDHA), 0.05 mM H3BO3, 0.005 mM MnSQO,, 0.001 mM ZnSQO,, 0.001 mM CuSO, and
0.0007 mM NaMoOQO,. The pH of the medium was adjusted by addition of 1.5 mM 2-(N-
morpholino)-ethanesulfonic acid (MES). The standard pH of the medium was maintained
at 5.8, unless specifically adjusted to the experimental conditions. Hydroponic solutions
were replaced every 5 days.

Influence of individual nutrients was studied by their addition to a nutrient-free
solution consisting of 1 mM CaSO, and 1.5 mM MES (pH 5.8). Ammonium (NH4") and
nitrate (NO3") were supplied in the form of (NH;),SO,4 and Ca(NO;), respectively. Iron was
supplied as a FeEDDHA. For the foliar application, 20uM FeEDDHA was sprayed on the

leaf surface twice, immediately after excision and 3 days post excision (dpe).
2.1.2 Sample collection

Samples from 5 mm of the cutting base and 9-mm leaf discs were harvested 0; 0.25
(6 h); 1; 3; 5; and 7 dpe, immediately frozen in liquid nitrogen and stored at -80°C. To
collect the phloem exudates, 5-mm fragment above the base of the cutting stem was
removed with the razor blade, and cut area was washed with distilled water. The cuttings
were incubated in the tubes containing 0.5 ml of 20 mM Na,-EDTA (pH 7) for 2 h in the
plexiglass container at high humidity under standard growth conditions described in the
Subchapter 2.1.1. Samples were collected 0; 1; 3; 5 and 7 dpe, vacuum-dried at 40°C and
stored at -80°C.
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2.1.3 Application of auxin regulators

Foliar spraying of the cuttings with 80 uM N-1-naphthylphthalamic acid (NPA,
Duchefa) was used to inhibit polar auxin transport in the cuttings according to (Ahkami et
al., 2013). In order to inhibit basal auxin biosynthesis 1 uM L-kynurenine (Kyn, Sigma-
Aldrich) was added to the hydroponic solution (He et al., 2011). For auxin treatment, 3 uM
1-naphthaleneacetic acid (NAA, Sigma-Aldrich) was applied to the rooting medium during
0-2 dpe.

2.2 Morphological assessment of AR formation

The performance of AR formation was evaluated according to Agullo-Antén et al.
(2011). Two days after appearance of the first ARs under control conditions (12-14 dpe)
the roots of each cutting (3 replicates, each consisting of 10 cuttings) were counted and
assigned to different length classes of 5-mm intervals. The rooting parameters were

calculated for each replication as follows:

Percentage of rooted cuttings = N x 100/10
Mean root number per rooted cutting = Zn/N

Mean root length per rooted cutting = Y.[Y.(n,L,)];/ > n;

where N is the number of rooted cuttings, n is the number of roots, i is each of the 10
cuttings of each replication, L, is the assigned length of each root length interval, and n, is
the number of roots in each length interval. Each experiment was performed in at least two

replications.

2.3 Histological and histochemical analyses

2.3.1 Histological examination

For histological examination 1-mm thick cross-sections of petunia stem cuttings were
used for combined conventional and microwave-proceeded fixation, dehydration and resin
embedding in a microwave processor (PELCO BioWave34700-230, Ted Pella Inc.) as
described in Appendix Table 1.

Semi-thin sectioning and light microscopy was performed according to (Ahkami et
al., 2013). 6-um sections were cut using a microtome (Jung CM 1800, Leica Instruments).

Sections were mounted on slides and stained with 0.05 % toluidine blue-O (Serva)
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dissolved in 1 % sodium tetraborate decahydrate buffer (Hutchinson et al., 1996).
Microscopic analyses were performed using an Axio Imager A1 (Carl Zeiss) microscope in

combination with an Axio Cam MRc 5 camera (Carl Zeiss).
2.3.2 Quantitative analysis of AR formation

For visualization and calculation of the dynamics of AR formation, fresh 5-mm
segments of the cutting base were fixed in a solution containing 1 % (w/v) formaldehyde,
4 % (v/v) glutaraldehyde, in 25 mM phosphate buffer (pH 7). After embedding in 4 %
agarose, 100-um-thick transverse sections were made at three different levels using a
vibratome (VT-1000S, Leica Microsystems). Obtained sections were mounted on slides
and stained for two minutes with 1 % (w/v) methylene blue and 1 % (w/v) azure Il before

light microscopic examination, using a digital system (VHX-5000, Keyence Deutschland

GmbH).
Developing AR initials were divided into 5 classes — |, meristemoids; II, globular
meristems; Ill, AR primordia with dome-shaped meristems; IV, AR primordia with

elongated cells and developing vasculature; V, emerged AR. The average number of the
defined AR initials was calculated in twelve independent replicates 5, 6, 7, and 9 dpe in

control cuttings and cuttings supplied with NH,*, NO5™ or Fe.
2.3.3 Histochemical detection of Fe

For visualization of Fe deposition the stem bases of cuttings were fixed as described
in the Subchapter 2.3.2, followed by dehydration in graded series of ethanol. Embedding
was performed using Steedman’s polyester wax (Steedman, 1957) consisting of a 9:1
(w/w) mixture of polyethylene glycol 400 distearate (Sigma-Aldrich) and 1-hexadecanol
(Sigma-Aldrich). Embedding was carried out at 45°C with graded wax/ethanol series (1:2,
1:1, 2:1, v/v) for 4 h each, followed by incubation in pure wax overnight and transfer into
the embedding molds. Specimens were then cut into 20-um sections using a rotary
microtome (Jung CM 1800 Leica Instruments). Sections were mounted on poly-L-lysine
covered slides (Sigma-Aldrich) and dried overnight at room temperature. Prior to staining
procedure, slides were dewaxed in 100 % ethanol and rehydrated in decreasing
concentrations of ethanol in Milli-Q water.

The histochemical detection of Fe was carried out by Perls' Prussian blue staining
with DAB/H,0, intensification according to Roschzttardtz et al. (2009). Briefly, rehydrated

samples were incubated in Perls’ stain solution consisting of 4 % (v/v) HCl and 4 % (w/v)
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K-ferrocyanide (Merk) for 2 h at room temperature. After washing for one minute with
Milli-Q water, the samples were incubated in preparation solution, consisting of 0.01 M
NaNj; (Sigma-Aldrich) and 0.3 % H,O; in methanol for one hour, followed by washing three
times with 0.1 M phosphate buffer (pH 7.2). Sections were then incubated at room
temperature for 10-15 min in the intensification solution containing 0.025 % (w/v) 3,3'-
Diaminobenzidine (DAB; Sigma-Aldrich), 0.005 % (v/v) H,O,, and 0.005 % (w/v) CoCl; in
0.1 M phosphate buffer (pH 7.2), followed by washing with Milli-Q water. To control the
effect of intensification solution, similar procedure was applied to the sections without

Perls’ staining.
2.3.4 Confocal microscopy

For detection of green fluorescent protein (GFP), hand-cut transverse sections of
petunia stem base were first stained in solution consisting of 5 mg I propidium iodide (P!,
Sigma-Aldrich) in 100 mM phosphate buffer (pH 7.0). Sections were analyzed using a
laser scanning microscope (LSM780, Carl Zeiss). Fluorescence of GFP was probed with a
488 nm laser line (2.5 % intensity) and fluorescence was recorded between 491 — 535 nm.
Combined fluorescence of Pl and GFP was visualized by 488 nm laser line (2.5 %
intensity) over the range 491-597 nm.

For visualization of nuclei, 20-um sections, prepared and stained as described in the
Subchapter 2.3.3 were additionally stained with 4',6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich). Photospectrometric analysis of sections was performed with a 405 nm
laser line (1.8 % intensity) over the range 411-482 nm, after which DAPI-specific
fluorescence, corresponding to 461 nm was unmixed. Bright field recordings were taken

with a 633 nm laser line using dark field settings.

2.4 Biochemical analyses

2.4.1 Analysis of chlorophyll concentration in leaves

Concentrations of chlorophyll a and b were analyzed in methanol extracts of leaf
samples according to Warren (2008). Chlorophylls were extracted from approximately
50 mg frozen and ground leaf samples by adding 1 ml of methanol and shaking for two
minutes at 30 Hz. Samples were centrifuged for two minutes at 15 000 rom and the
supernatant was transferred to a new microcentrifuge tube. The pellet was re-extracted by

adding 1 ml of methanol to the pellet, shaking for another two minutes, centrifuging and
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removing the supernatant. The pellet was discarded while the two supernatants were
pooled and used for measurement of chlorophylls.
Microplate measurements were made by transferring 200 yl of sample (or pure
methanol as a blank) into a 96-well flat bottom polystyrol plate (Corning Costar).
Absorbance at 652 and 665 nm was measured using a microplate reader
(Infinite 200, Tecan). Chlorophyll concentration was calculated based on conversion of the
measured absorbance of 200 pl of sample (Aesz, piate; Asss, piate) INtO @ 1-cm pathlength

corrected absorbance (Ags2, 1cm: Asss, 1cm) @S described by Warren (2008):

A652, 1cm = (A652‘ plate — Ablank)/0-51
A665, 1cm = (A665, plate — Ablank)/0-51

Concentrations of chlorophyll a and b were calculated according to Ritchie (2006):

Chlorophyll a (ug/ml) = -8.0962 Ags2, 1cm + 16.5169 Agss, 1cm
Chlorophyll b (ug/ml) = 27.4405 Ags2, 1cm + 12.1688 Ases, 1om

2.4.2 Quantitative measurement of GUS activity

B-Glucuronidase (GUS) activity was studied in the cutting base of DR5::GUS/GFP
line of Petunia hybrida cv. Mitchell as described by Jefferson et al. (1987). Approximately
100 mg of homogenized frozen samples of the cutting base was mixed thoroughly with
100 pl extraction buffer containing 10 mM B-mercaptoethanol, 10 mM Na,EDTA, 0.1 %
(w/v) sodium lauryl sarcosine, 0.1 % (v/v) Triton X100 and 140 uM phenylmethylsulfonyl
fluoride (Sigma-Aldrich) in 50 mM phosphate buffer, pH 7.0. After centrifugation for 10 min
at 4°C at 15 000 rpm, supernatant was transferred into a new microcentrifuge tube and
used for the fluorometric assay and protein quantification.

For the fluorometric assay, 10ul of sample extract was mixed with 130 ul extraction
buffer containing 1.2 mM 4-methylumbelliferyl B-D-glucuronide (MUG, Sigma-Aldrich).
After 20 min of incubation in the darkness at 37°C, 10 pl of the reaction was mixed with
190 ul of 0.2M Na,COj Fluorescence was measured with a microplate reader
(Infinite 200, Tecan) at 460 nm when excited at 355 nm. A standard curve corresponding
to 50, 25, 5, 2.5, 0.5, 0.25, and 0 uM 4-Methylumbelliferone (MU) was used to calculate

the amount of MU produced by each sample.
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Protein concentrations were determined in Bio-Rad Bradford Protein Assay (Bio-
Rad) according to the manufacturer’'s instructions. Briefly, 10 yl of the sample was
transferred to the 190 ul of Bradford Reagent in 96-well flat bottom polystyrene plate
(Corning Costar). A series of BSA dilutions (0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 mg ml'1)
were used to build a standard curve. Absorbance was measured at 595 nm with a
microplate reader (Synergy HT, BioTEK). Values from the fluorescence GUS assay were
standardized by protein concentration and final GUS activity was calculated as

pmol MU min™ mg protein™.
2.4.3 Measurement of phytohormones

Extraction of auxin, abscisic acid, cytokinins and their intermediates was performed
using Oasis-HLB (30 mg) and Oasis-MCX columns (30 mg, Waters) as described in
Kojima et al. (2009). Approximately 300 mg of homogenized frozen samples of the cutting
base was extracted overnight at -20°C with 1 ml of buffer, consisting of methanol, formic
acid and water in a ratio of 15:1:4 (all solutions used throughout analysis were LC-MS
grade). After centrifugation at 4°C for 20 min, the supernatant was transferred to a new
2 ml tube and the pellet was washed with 300 pl of extraction buffer. Samples were
vacuum-dried at 38°C and resolved in 1 ml of 0.1 % formic acid. HLB-columns were
conditioned with changes of 1 ml acetonitrile and 1 ml methanol, equilibrated with 1 ml of
0.1 % (v/v) formic acid and loaded with the samples, followed by washing with 1 ml of
0.1 % (v/v) formic acid and elution with 1 ml of a solution containing 90 % (v/v) acetonitrile
and 1 ml of 0.1 % (v/v) formic acid. Eluted samples were then vacuum-dried at 38°C and
resolved in 0.9 ml of 1 M formic acid. MCX-columns were conditioned with changes of 1 ml
acetonitrile and 1 ml methanol, and then equilibrated with 1 ml of 1 M formic acid and 1 ml
of 0.1 M HCI. Equilibrated columns were loaded with the samples and washed with 1 ml of
1 M formic acid. Elution of the auxins and ABA was performed with 1 ml of methanol,
followed by elution of cytokinins with 1 ml of 0.35 M ammonia dissolved in 60 % (v/v)
methanol. Samples were then vacuum-dried at 38°C and resolved in 50 pl of methanol.

LC-MS/MS analyses were carried out using the Agilent 1290 Infinity LC system
coupled to an Agilent 6490 Triple Quadrupole LC/MS with iFunnel Technology (Agilent).
Chromatographic separation was done using an Agilent’'s ZORBAX Rapid Resolution High
Definition (RRHD) analytical column (Eclipse Plus C18, 1.8 ym, 2.1x50 mm). Column

temperature was kept at 40°C. The mobile phase consisted of water (A) and methanol (B)
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containing both 0.1 % formic acid. The flow rate was kept constant at 0.4 ml min™.
Separation of the compounds was achieved by varying mobile phase composition of
solvent B from 13.5 % to 70 % in 6 min. Prior to injection of each sample, the column was
washed (99 % B) and re-equilibrated (13.5 % B) for another 1 and 2 min, respectively. All
solvents used for chromatographic procedures were LC-MS grade (Th. Geyer GmbH).

Mass-spectrometry measurements were performed in an Agilent 6490 Triple
Quadrupole LC/MS system at unit resolution in a multiple reaction monitoring (MRM)
mode. Both positive and negative ion electrospray modes were used for sample ionization.
CKs were analyzed in positive ion mode and ABA in negative ion mode. Parameters for
the Agilent Jet Stream ionization source were set as follows: capillary voltage 2000 V (+ve)
and 3000 V (-ve), drying gas flow rate 12 I min” and sheath gas temperature of 250°C.
The dwell times were set between 20 and 200 s. Collision energies were optimized for
each compound (Appendix Table 2). Compounds ['°N4]-cis-zeatin, [*H5]-trans-zeatin
riboside, [?H6]-ABA and 3-[2H5]-indolylacetic acid were used as internal standards and
also for testing the stability of the LC-MS instruments by following in time reproducibility of
detector’s response and retention times. The data were acquired and processed using
Agilent MassHunter Workstation and MassHunter Quantitative Analysis software (version
B.07.01).

2.4.4 Carbohydrate and amino acid analysis

Carbohydrates and amino acids were extracted with 80 % ethanol at 80°C for 60 min
followed by vacuum-evaporation of the supernatant at 50°C and resolving in 250 pl of
deionized water.

For analysis of soluble amino acids 20 pl of resolved extract was derivatized by
incubation with 20 yl 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC, Sigma-
Aldrich) in 160 pl of 0.2 M boric acid (pH 8.8) at 50°C for 10 min. Separation of amino
acids was performed by ultra-high performance liquid chromatography (AcQuity H-Class,
Waters GmbH) using fluorescence detection at 473 nm with excitation at 266 nm (PDA eA
Detector). The separation was carried out on a C18 reversed phase column (ACCQ Tag
Ultra C18, 1.7 pm, 2.1x100 mm) with a flow rate of 0.7 ml min™ and duration of 10.2 min at
50°C. The gradient was accomplished with four solutions prepared from two different
buffers purchased from Waters GmbH (eluent A and eluent B for amino acid analysis,

Germany). Eluent A was pure concentrate, eluent B was a mixture of 90 % LCMS water
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and 10 % eluent B concentrate, eluent C was LCMS water (Th. Geyer GmbH) and eluent
D was pure concentrate (eluent B for amino acid analysis). The column was equilibrated
with eluent A (10 %) and eluent C (90 %).

Concentrations of glucose, fructose and sucrose were determined in the samples by

enzymatic assays according to Ahkami et al. (2013).
2.4.5 Analysis of primary metabolites

Primary metabolites were extracted according to Gullberg et al., 2004 with
modifications. Approximately 100 mg of the fresh stem base samples were added to the
1 ml extraction buffer consisting of equal volumes of chloroform and methanol (both
solutes were LC-MS grade) and mixed on a vortex at 4°C for 20 min. Subsequently 300 pl
of water (HPLC grade) was added to each sample and thoroughly mixed on a vortex for
1 min, followed by centrifugation at 14 000 rpm at 4°C for 10 min. Supernatant was
transferred in a new tube, vacuum-dried at 40°C and resolved 200 yl of water (HPLC
grade) prior to analysis by ion chromatography coupled to mass spectrometry (IC-MS/MS).

IC-MS/MS analyses were carried out using ICS-5000 system (Dionex) coupled to an
Agilent 6490 Triple Quadrupole LC/MS with iFunnel Technology (Agilent).
Chromatographic separation was performed using a 250x2 mm AS11-HC column
connected to a 10x2 mm AG11-HC guard column and an ATC-1 anion trap column (all
columns produced by Dionex). The column was equilibrated with a mixture of 96 % water
(HPLC grade) and 4 % KOH, generated by an EGCIIl KOH Eluent Generator Cartridge
(Dionex) at a flow rate of 0.38 ml min™. The gradient was produced by changes of KOH
concentration as follows: 4 % for 4 min; 15 % for 11 min; 25 % for 10 min; 50 % for 3 min;
80 % for 3 min and 4 % for 9 min. The temperature of the column was maintained at 37°C.

Mass-spectrometry measurements were performed in an Agilent 6490 Triple
Quadrupole LC/MS system at unit resolution in a multiple reaction monitoring (MRM) mode
(Appendix Table 3). Negative ion electrospray modes were used for sample ionization.
Electron spray ionization (ESI)-MS/MS condition was as follows: gas temperature 350°C,
drying gas flow rate 12 I min™', nebulizer pressure 35 psi, capillary voltage + 3.5 kV. The
fragmentor voltage and collision energies were optimized for each compound. The data
were acquired and processed using Agilent MassHunter Workstation and MassHunter
Quantitative Analysis software (version B.07.01). *C-pyruvate was used to normalize the

data and was added to each sample as internal standard before analysis.
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2.4.6 Mineral element analysis

To analyze major macro- and micronutrients, freeze-dried material was digested in
HNO; under pressure using a microwave digester (Ultraclave-4; MILESTONE). Elemental
analysis was performed using a sector field high-resolution inductively coupled plasma -
mass spectrometry (HR-ICP-MS, ELEMENT-2, Thermo Fisher Scientific). Macro elements
were analyzed using inductively coupled plasma optical emission spectroscopy technique
(ICP-OES, iCAP 6500 dual OES spectrometer; Thermo Fischer Scientific). Total N and C

were determined using an elemental analyzer (Euro-EA; HEKAtech).

2.5 Analysis of transcript abundance
2.5.1 RNA isolation and cDNA synthesis

Total RNA was isolated from the stem base or from mature leaves of at least
8 cuttings according to Logemann et al., (1987). Approximately 100 mg of frozen ground
material was extracted with 0.6 ul of Z6-buffer consisting of 8 M guanidine chloride, 20 mM
EDTA, 50 mM R-mercaptoethanol, and 20 mM MES (pH 7.5) followed by addition of 500 pl
of phenol/chloroform/isoamyl alcohol mixture (w/w/w, 25:1:24, respectively) and incubation
on ice for 10 min. Samples were centrifuged at 13 000 rpm for 10 min at 4°C, and the
supernatant was transferred into the new tube containing 40 ul of 1 N acetic acid and
500 pl 96 % (v/v) ethanol, mixed thoroughly and incubated over night at -20°C. After
incubation, the samples were centrifuged at 13 000 rpm for 10 min at 4°C, and the pellet
was washed twice with 500 ul of 3 M sodium acetate and 500 ul of 80 % ethanol. After
each wash the supernatant was discarded. The air-dry pellet was resuspended in for
15 min at 65°C 20-30 ul of RNase-free water.

Purified RNA was treated with DNAsel (Qiagen). The first-strand cDNA synthesis
was performed using M-MLV reverse transcriptase (Promega) with 1 ug total RNA and
1 pmol poly-A primer at 42°C for 50 min.

2.5.2 q(RT)-PCR

Gene expression was analyzed by quantitative real-time (RT)-PCR on a CFX384™
Real-Time System (BioRad) using the SYBR Green Master Mix Kit (BioRad). Gene-
specific primers (Appendix Table 4, synthesized by Metabion) were designed to have a
melting temperature of 58°C and to result in a PCR product between 150 and 250 bp. The

2—AACt

relative transcript abundance of time-course values were determined by the method

36



Materials and methods

and related to the initial transcript level (0 dpe). The abundance of ACTIN7 mRNA was
selected as a suitable internal reference based on previous studies (Ahkami et al., 2013,
2014) and a stable expression under all studied conditions throughout the course of
experiment compared to EF7a suggested by Mallona et al. (2010) as a suitable
housekeeping gene for petunia (Appendix Fig. 1). All assays were performed on at least

three biological and two technical replicates. Each analysis was repeated at least twice.

2.6 Generation of DR5::GFP/GUS auxin reporter petunia plants

2.6.1 Standard molecular techniques and bacterial strains

The standard molecular techniques such as polymerase chain reaction, agarose gel
electrophoresis and transformation of Escherichia coli and Agrobacterium tumefaciens
strains, were carried out according to Sambrook et al. (1989). Digestion with restriction
endonucleases and ligation was performed according to the producer’s protocol (Thermo
Fisher Scientific). Elution and purification of DNA fragments from the gel was carried out
using the QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer’s protocol.
Plasmid DNA purification from E. coli and A. tumefaciens was carried out using the
QIAprep Miniprep Kit (Qiagen) according to the producer’s protocol. Oligonucleotides were
synthesized and purified by Metabion. All cloning steps were performed using Escherichia
coli XL1 Blue MRF strain, and transformation of petunia plants was Agrobacterium
tumefaciens C58C1 pGV2260 (Deblaere et al., 1985).

2.6.2 Generation of p9N-DR5-GFP-GUSi construct

Auxin-inducible synthetic promoter DR5 was amplified from pS001:DR5-GFP vector
using specific primers containing sites for Spel (forward) and BamHI (reverse) restriction
endonucleses (DR5-TVM-5'Spel: 5-AAACTAGTGGAATTCGTCGACGGTATCGCAG-3’
and DR5-TVM-3'BamHI: 5-AAGGATCCTGTAATTGTAATTGTAAATAG-3’). The resulting
308-bp fragment was inserted into a multiple cloning site of the intermediate vector
pGH183 upstream of EGFP-GUS (kindly provided by Dr. Gétz Hensel, IPK; Appendix
Fig. 2) subsequent to digestion with BamHI and Spel restriction endonucleses and ligation
with T4 ligase. Selected pGH183 vector, with confirmed insertion of DR5 fragment, was
fused using T4 ligase with pONdoi-TOCS vector (Appendix Fig. 3) after digestion with Sfil
restriction endonucleses. Resulting chimeric vector designated as p9N-DR5-GFP-GUSI

(Appendix Fig. 4) was used for the subsequent cloning in petunia plants.
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2.6.3 Plant transformation

Petunia plants used to collect the explants were grown in tissue culture at 21°C
under a 16 h-light/ 8 h-dark period (200 pmol m?s™ light; light intensity and photoperiod
were unchanged for the following manipulations) on maintenance medium, consisting of
Murashige and Skoog basal medium (MS-medium, Duchefa) containing 3 % (w/v) sucrose
and 0.9 % (w/v) Phyto agar (Duchefa). Leaf explants approx. 4 x 4 mm in size were
cultivated at 24°C for two days on filter paper, immersed in pre-culture medium, consisting
of MS-medium (pH 5.7) supplemented with 3 % (w/v) sucrose and 0.1 % (v/v) Gamborg’s
vitamins (Sigma-Aldrich). Subsequently, explants were inoculated with Agrobacterium
culture resuspended in pre-culture medium (OD600 approx. 0.5) for 20 min at room
temperature with periodic swirling and co-cultivated at 24°C for three days after decanting
excess liquid. Following co-cultivation explants were immersed in 5 ml of wash solution
consisting of 1/4 strength MS-medium (pH 5.8) and 1 mg L™ of ticarcillin (Duchefa) for
15 min at room temperature. Blotted dry explants were then transferred on selection
medium, consisting of MS-medium (pH 5.7) supplemented with 3 % (w/v) sucrose, 0.9 %
(w/v) Phyto agar (Duchefa), 0.1 % (v/v) Gamborg’s vitamins (Sigma-Aldrich), 1 ug " 6-
Benzylaminopurine (Sigma-Aldrich), 0.01 ygI" NAA (Sigma-Aldrich), 1 mg " ticarcillin
(Duchefa) and 0.2 mg I'" kanamycin. The explants with developing calli were subcultured
on the fresh selection medium for three times with a period of three weeks. Regenerating
shoots were transferred on rooting medium, consisting of MS-medium (pH 5.7)
supplemented with 3 % (w/v) sucrose, 0.9 % (w/v) Phyto agar (Duchefa), 0.1 % (v/v)
Gamborg’s vitamins (Sigma-Aldrich), 1mg | fticarcillin (Duchefa) and 0.2 mgl’
kanamycin. The presence of the construct in the regenerants has been confirmed by PCR
and Southern blot. Selected lines were transferred to the glasshouse with the standard

conditions described in Subchapter 2.1.

2.7 Statistical analyses

Analysis of variance (ANOVA) provided by the InfoStat® software was used for
statistical analysis of data. In case of significant impact of the factor, Fisher's LSD or
Tukey's HSD were conducted at P <0.05. Comparison between the treatments and

controls was carried out by use of the Student’s t-test at P < 0.05.
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3. Results

3.1 The role of individual nutrients in AR formation

3.1.1 Determination of mineral nutrients essential for AR formation

Rooting has been frequently observed in inert media without any external nutrient
supply in leafy cuttings of chrysanthemum, zonal geranium and petunia (Druege et al., 2000;
2004; Ahkami et al., 2009), indicating that the cuttings themselves contain sufficient amounts
of nutrients to develop ARs. In the present study, cultivation in full mineral medium
significantly improved rooting (Fig. 8), emphasizing the importance and potential role of

externally supplied nutrients in AR formation.
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Fig. 8 Effect of the withdrawal of components from full mineral solution on adventitious root (AR) formation
in Petunia hybrida. (a) Representative image of rooted cuttings in nutrient-free solution (control), full mineral
solution or full mineral solution lacking the indicated nutrients. (b) Percentage of rooted cuttings, (c)
average root length and (d) average number of ARs were assessed 14 days post excision. Bars represent
means of three independent replicates, each consisting of 10 cuttings + SE. Significant differences
between nutrient supplies are indicated by different letters (Fisher's LSD. P < 0.05). Bar, 1 cm.
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To first determine which nutrients limit AR formation, individual elements were
withdrawn from the full mineral medium before rooting performance was assessed (Fig. 8).
Withdrawal of CuSQO,4, HsBO3;, MnSO, or NaMoO, from the full mineral medium had no
significant effect on the rooting. The average number and the length of ARs decreased
significantly in cuttings deprived from KH,PO, MgSO, CaCl, and ZnSO,, however all
cuttings still rooted. Omitting NH4,NO; decreased the average root length by eight times
and the average root number by five times compared to the full medium (Fig. 8c,d), which
pointed to a potential role of nitrogen in AR formation. The most negative effect on rooting
performance was observed by withdrawal of Fe that resulted in poor rooting similar to the
control conditions, suggesting that the major promotive effect of the full nutrient supply on
AR formation was mainly caused by the presence of Fe (Fig. 8). Based on these results,
further investigations of this work were focused on the influence of Fe and N on AR
formation.

Initial experiments identified the optimum concentration of Fe supply that leads to
significant increase in rooting parameters between 8 and 12 yM (Table 1). The sole
application of 10 yM Fe had a positive effect on AR formation, resulting in 100 % rooting
that occurred 2-3 days earlier compared to control solution (Fig. 9). The average root
length increased three times (Fig. 9¢), and thus to a similar level as in full mineral medium,
whereas the average AR number increased ten times compared to the control and was

approximately 65 % of the values observed in the full medium (Fig. 9d).

Table 1 Effect of different concentrations of Fe and of N supply on adventitious root
(AR) formation in Petunia hybrida cuttings

Rooting Fe EDTA (uM) NH,NO, (mM)

1
parameters 4 8 12 16 0.1 0.2 0.5 1.0
Rooting 16+0 16+0 17+00* 17+00° 11+00 17%02* 15+01* 15+01*
percentage
Average AR
number per 15403 21+07* 7.4+10% 60+09* 12+02 29+02% 25+03° 2703
rooted cutting
@‘%ﬁge AR 14+01 34+02% 93+13™ 90+14™ 11+02 14+01* 13401 1300

! Values represent a relative increase in rooting parameters under nutrient application in
relation to the control conditions (nutrient application / control). Each value represents the
mean of three independent replicates consisting of 8 cuttings + SE. Significant differences to
control conditions are indicated by asterisks (t-test; *, P < 0.05; **, P < 0.01)
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The positive effect on the rooting performance of N supplied as NH;NO; was most
pronounced at a concentration of 0.2 mM (Table 1). In order to distinguish between the
influence of different N forms, NOs;” and NH,* were supplied separately at a concentration
of 0.4 mM. NH,4*-supplied cuttings developed 80 % of ARs compared to 43.3 % or 46.7 %
in the case of NO3; application or control conditions, respectively (Fig. 9d). The average
number of ARs increased three times in NH,"- supplied cuttings compared to control
conditions, whereas application of NO3™ resulted in values similar to control. However, the
number of ARs detected under NH," application increased to a lesser extent compared to
Fe application and reached only 25 % of the maximal values observed in the full medium
(Fig. 9d).

o
® a a a a
o 100 - b
°R
w2
o c c
1)
[ONNe)) 50 -
o)
SE
c 5
O O
o 0
)
o
() £ 15
. 2 ab ab @
Control Fullmineral ko) b
— 1
5 ~
o £
= o
©~ 05 - cd €
T d
©
—
g 0-
<

d 25
EC a
SE 60 b b
to
88
g 8 20

NH,* NO,+Fe NH,£+Fe gg o e

< Control Full Fe NO,” NH,"” Fe+ Fe+

mineral NO,” NH,*

Fig. 9 Effect of the application of individual elements and their combinations on rooting performance
of leafy cuttings of Petunia hybrida (a) Representative image of the rooting of the cuttings supplied
with iron, nitrate, ammonium and combinations of nitrate with iron and ammonium with iron
compared to nutrient free conditions or full mineral supply. (b) Percentage of rooted cuttings, (c)
average root length and (d) average number of adventitious roots were assessed 14 days post
excision. Bars represent means of three independent replicates, each consisting of 10 cuttings
+ SE. Significant differences among nutrient supplies are indicated by different letters (Fisher's LSD,
P <0.05). Bar, 1 cm
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Additionally, the influence of a combined application of either NH,* or NOs™ together
with Fe (Fig. 9) was evaluated. The average number of ARs was significantly higher when
either of the two N forms was supplied together with Fe than in the sole application of Fe
(Fig. 9d), whereas combined application of NH," and Fe resulted in 1-day earlier
emergence of ARs. To determine the critical developmental stage for nutrient application,
Fe, NOs or NH," were supplied for a period of three days within the first 9 dpe (Fig. 10).
Application of Fe during 0-3 and 3-6 dpe significantly improved the rooting, with the higher
number and length of ARs being detected in cuttings supplied during 3-6 dpe.
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Fig. 10 Effect of a “pulse application” of individual nutrients on adventitious root (AR) formation in
Petunia hybrida. (a) Representative image of rooted cuttings in response to a supply of nutrients for
a period of three days compared to continuous application of nutrients. (b) Percentage of rooted
cuttings, (c) average root length and (d) average number of ARs were assessed 14 days post
excision. Bars represent means of three independent replicates, each consisting of 10 cuttings
+ SE. Significant differences between nutrient supplies and time points are indicated by different letters
(Tukey's HSD, P < 0.05). Bar, 1 cm.
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However, root traits still reached highest values in the case of full-time application of
Fe. As seen before, AR formation under NO; application remained poor (Fig. 10).
Application of NH," only within 3-6 dpe improved the rooting performance to a similar level
as in cuttings supplied with NH," during the entire period of cultivation (Fig. 10). Thus, the
developmental period between 3-6 dpe appeared to be the most effective to stimulate AR

formation.
3.1.2 Anatomy of AR formation in response to nutrient application

To investigate whether promotion of AR formation by Fe and NH," application is
accompanied by histological changes in the stem base, a structural analysis using light
microscopy was performed.

In this study, the first anatomical structures that were indisputably associated with
AR formation were detected in 3 dpe (Fig. 11a-d). The first groups of meristematic cells,
characterized by large central nucleus and dense cytoplasm, were observed from 4 dpe in
the cambial layer in the rooting zone of the cuttings supplied with Fe and NH,* (Fig. 11f,h).
Moreover, in Fe-supplied cuttings described meristematic cells formed already early
meristemoids (Fig. 11f), whereas under control conditions and NOj only single dividing
cells were detected (Fig. 11e,g). Differences among nutrient applications became more
distinct following the progress of AR primordia formation. In the cuttings supplied with Fe
and NH," the first globular ARs meristems were observed from 5 dpe (Fig. 11j,1), and early
AR primordia with dome-shaped meristems were detected in 6 dpe (Fig. 11n,p), whereas
in control and NOgj-supplied cuttings similar formations appeared one day later
(Fig. 11m,0,q,s). The first AR primordia with defined elongation zone and developing
vasculature were observed in 7 dpe only in the cuttings supplied with Fe and NH,"
(Fig. 11r,t), and one day later in control and NO3-supplied cuttings (Fig. 11u,w). The first
protrusion of ARs out of the stem cortex occurred in 8 dpe in the cuttings supplied with Fe
and NH," (Fig. 11v,x).

Fig. 11 (Right) Anatomy of adventitious root (AR) formation in Petunia hybrida cuttings in response
to nutrient application. Cross sections from 1-4 mm of the stem base are shown in 3-8 days post
excision (dpe) in cuttings grown without nutrients or with iron, nitrate or ammonium. Developmental
stages of AR initials are indicated in roman numbers — |. meristemoids; Il. globular meristems; llI.
AR primordia with dome-shaped meristems; IV. AR primordia with elongated cells and developing
vasculature; V. emerged AR; co. cortex; pp. pith parenchyma; vr. vascular ring. Bar, 100 ym.
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To assess the dynamics of AR formation, the number of AR primordia at the above-
defined stages was calculated during 5-9 dpe (Fig. 12). The number of total detectable AR
initials observed in 5 dpe was higher in the rooting zone of the cuttings supplied with Fe
and NH,", as compared to control conditions. Moreover, under Fe supply the total number
of AR primordia increased gradually during the course of observation. Relative to control
conditions, application of NO3 resulted in a similar number of total AR primordia in 9 dpe,
whereas the highest values were observed in the cuttings supplied with Fe, and to a lesser
extent with NH," (Fig. 12).

The number of meristemoids (Fig. 12) was comparable under all conditions in 5 dpe,
followed by a significant decrease at later stages, observed especially upon application of
Fe and to a lesser degree NH,", which indicated an acceleration of progression through

the subsequent stages of AR primordia development in response to supplied nutrients.

— == — = ov \
AT sl \
= . . - .- av )

: *
L
al
- i

-
(&)}

iT

< 1 X 1 = +

Average number of AR
(¢)]

per stem base section
=

Control Fe NO,- NH,* Control Fe NO,- NH,* Control Fe NO;- NH,* Control Fe NO;- NH,*

5 6 7 9
Time after excision (days)

5 [} 7 9
Control  Fe NO;- NH,* [ Control Fe NO;- NH,* |Control Fe NO;- NH,* [Control Fe NO. NH,*

Total B A AB A B A AB A B A B AB C A o] B
v nd nd nd nd nd nd nd nd nd nd nd nd B A B B
v nd nd nd nd B A B B C A C B C A B C
mn nd nd nd nd B A B A C AB B A C A BC AB
1] BC AB C A B A A A B A AB B B A AB AB

| ns ns ns ns A B B B A B B B A Cc B B

Fig. 12 Quantitative assessment of the dynamics of adventitious root (AR) formation in Petunia
hybrida cuttings in response to nutrient application. Developing AR initials were divided into 5
classes — |. meristemoids; II. globular meristems; Ill. AR primordia with dome-shaped meristems;
IV. AR primordia with elongated cells and developing vasculature; V. emerged AR. The average
number of the defined AR initials was calculated 5, 6, 7 and 9 days post excision in 100 ym cross
sections of the rooting zone at three different levels in cuttings grown without nutrients, with
ammonium, nitrate or iron. Bars represent means of twelve independent replicates - SE. The total
number of AR initials is represented by the size of the stacked columns + SE. Significant
differences between numbers of defined AR initials at specific time point are indicated by different
letters (Fisher's LSD. P < 0.05). nd, structures not detected; ns, difference is not significant.
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Taken together, application of Fe resulted in the most distinctive promotion of AR
formation in petunia cuttings by enhancing the rate of primordia differentiation and
increasing the number of total AR initials. Similar to Fe, application of NH,", but not NOs',
stimulated the development of AR primordia, however the stimulatory effect was less

pronounced.

3.2 The effect of iron and ammonium on mineral homeostasis and

metabolic activity during AR formation
3.2.1 Mineral status during AR formation in response to nutrient application

In order to assess the status of mineral nutrients within the stem base and leaves of
petunia cuttings in response to nutrient application, a comprehensive analysis was
conducted (Fig. 13). A gradual decline in the concentration of N has been detected in the
stem base throughout the period of measurements (Fig. 13a). However, NH, -supplied
cuttings maintained a significantly higher level of total N compared to the control and to
NO; application. In mature leaves the concentration of N slightly declined and was not
affected by nutrient application (Fig. 13a).

Under control conditions, the concentration of Fe in the stem base increased ten
times already from 1 dpe, whereas application of Fe resulted in a 30-fold increase from the
first day post excision (Fig. 13b). The stem base of NH,"-supplied cuttings accumulated
significantly higher levels of Fe in 3 dpe. Within 5 dpe the concentrations of Fe in mature
leaves decreased in the control cuttings, while remaining stable under Fe supply. This
indicated that an enhanced N level in the stem base was unlikely to explain improved AR
formation, whereas enhanced Fe concentrations as observed after Fe and after NH,"
supply coincided with improved AR formation.

To assess the possible effect of N and Fe on the uptake and assimilation of each
other, the concentrations of N and Fe were additionally studied in the combined supply of
these elements (shown for N and Fe only). In the case of combined application of Fe and
NH,", N concentrations in the stem base increased similar to application of NH," only,
whereas application of Fe and NO;™ did not affect the level of N as compared to individual
application of these elements (Fig. 13a). Furthermore, combined application of either of
the studied N forms with Fe did not alter Fe concentrations in the stem base or in mature

leaves, compared to single application of Fe (Fig. 13b).
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The concentrations of Ca, K, Mg, and P (Fig. 13c,d,e,g) declined significantly in the
stem base and in mature leaves of the cuttings throughout the period of AR formation. The
concentrations of Na, Mn and Zn (Fig. 13e,g,i,j) gradually increased in the stem base and
decreased in mature leaves of the cuttings. The level of S (Fig. 13e), however, increased
slightly in both leaves and stem base samples, which can be explained by the assimilation
of possible degradation products of MES, containing a sulfonic group in its structure. The
concentration of B did not change significantly in the stem base and decreased four times
in mature leaves (Fig. 13i). The mineral status of the described elements (Fig. 13c-l) did
not change in response to application of Fe or N. The level of Mg in the stem base
remained significantly lower in the N-supplied cuttings, however, despite this change
appeared to be specific to N, it did not differ between NO3™ and application. Remarkably, in
control conditions the concentration of Cu (Fig. 13I) started to increase from 1 dpe and
reached a sixty-fold increase in 3 dpe compared to Fe-supplied cuttings, where the
maximum level of Cu was only five-times higher. Additional studies are required in order to
investigate the relevance of this element for Fe-mediated improvement of AR formation.

Therefore, the major changes in mineral status of the cuttings in response to nutrient
application involved an increase in the level of total N in response to application of NH,",
whereas Fe accumulated in the rooting zone of the cuttings under all studied conditions

already from 1 dpe, and was additionally increased by application of Fe.

3.2.2 Effect of nutrient application on iron acquisition and homeostasis genes

As dicotyledonous plant species, petunia acquires Fe via strategy |, which involves
the reduction of Fe" to Fe" by the ferric-chelate reductase FRO2 (FERRIC REDUCTION
OXIDASE 2) and subsequent Fe®* uptake by IRT1 (/IRON-REGULATED
TRANSPORTER 1; Vert et al., 2002). Under Fe-free conditions, mRNA levels of the
petunia IRT1 homolog increased by five-fold from 3 dpe onwards, whereas in Fe-supplied
samples transcripts remained at a basal level (Fig. 14c). Similar patterns of transcript

accumulation were recorded for FROZ2 (Fig. 14d).

Fig. 13 (Left) Mineral balance in the stem base and mature leaves of Petunia hybrida cuttings
during adventitious root formation in response to nutrient application. Concentrations of (a) nitrogen,
(b) iron, (f) calcium, (c) potassium, (d) magnesium, (g) sodium, (e) phosphorus, (f) sulfur, (h) boron,
() copper, (j) manganese, and zink (k). Bars represent means of five independent replicates + SE.
Significant differences to control treatments at specified time points after excision are indicated by
asterisks (t-test; *, P < 0.05; **, P < 0.01).

48



Results

Transcript levels of the Fe storage protein FERRITIN was significantly
downregulated in control and NOj-supplied cuttings within 7 dpe, whereas Fe application
led to a significant increase from 1 dpe, reaching a peak in 3 dpe (Fig. 14f). Interestingly,
transcript accumulation of FERRITIN under NH," application was less pronounced but
resembled that observed in Fe-supplied cuttings. Transcript concentration of NAS
(NICOTIANAMINE SYNTHASE), responsible for the synthesis of the intracellular Fe
chelator nicotianamine (von Wirén et al., 1999), showed an immediate 10-fold decrease
after excision in all studied conditions, followed by a significantly higher accumulation in 3
and 7 dpe in the case of Fe or NH," supply (Fig. 14g).

Thus, although only application of Fe prevented transcript accumulation of Fe-
acquisition genes, the levels of transcripts associated with Fe-homeostasis were affected

by NH," and Fe supply in a similar manner.
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Fig. 14 Transcript abundance of key Fe-related genes in the stem base of Petunia hybrida cuttings
during adventitious root formation in response to nutrient application. Transcript abundance of (a)
IRON-REGULATED TRANSPORTER1 (IRT1), (b) FERRIC REDUCTION OXIDASE 2 (FRO2), (c)
FERRITIN, and (d) NICOTIANAMINE SYNTHASE (NAS). Each data point represents the mean of
three independent replicates + SE of the fold-change related to the initial transcript level at the time
of excision. Significant differences to control treatments at specified time points after excision are
indicated by asterisks (t-test; *, P < 0.05; **, P < 0.01)
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3.2.3 The impact of nutrient application on carbohydrate distribution

The concentrations of soluble carbohydrates, reflecting the status of the carbon sink
in the stem base (Fig. 15a-c) underwent a significant decrease during 1 dpe followed by a
return to the initial levels in 3 dpe. These results were in agreement with the time-
dependent pattern of carbohydrate accumulation, previously described for AR formation in
petunia (Ahkami et al., 2009).

[Jcontrol M Fe [ No, B NH,
(a) Glucose (b) Fructose (c) Sucrose
c 10 A
S= 3 30 A
= L
g8 2
S ot _
852 20 5 1
s 1 10
o=2-= 1
0 - 0 - 0 -
ey @ (e) (f)
o © i
% E Q 30 A 60
s 2
C o3 40 1 5 1
S5 5 20 -
5 E
83 10- 20 A
0 - 0 - 0 -
=2 (9 (h) U]
cCc®
2= 3 03 15 - 4
oo X
s )
c 0.2 1 1.0 1
8o , |
S o=
S 0.1 1 0.5
cEs
= 00" 0.0 - 0 -
0o 1 3 5 7 0 1 3 5 7 0 1 3 5 7

Time after excision (days)

Fig. 15 Concentrations of soluble carbohydrates in the stem base (a-c), mature leaves (d-f) and
phloem exudates (g-h) of Petunia hybrida cuttings during adventitious formation in response to
nutrient application. Concentrations of (a, d, g) glucose, (b, e, h) fructose, (c, f, i) sucrose. Each
value is represented by the mean of five independent replicates + SD.

50



Results

In mature leaves the concentrations of glucose and fructose (Fig. 15d,c) increased
throughout the period of observation up to 40 times compared to the initial values. The
concentration of sucrose in the leaves remained unchanged during 1 dpe and increased
twofold from 3 dpe (Fig. 15f). Among the analyzed soluble carbohydrates no significant
differences in concentrations were detected in response to nutrient application, neither in
the stem base nor in mature leaves of the cuttings.

In order to additionally assess the assimilate translocation to the stem base, the
concentrations of soluble carbohydrates were analyzed in the phloem exudates of the
cutting. The concentration of glucose remained relatively stable within 7 dpe (Fig. 159).
The levels of fructose remained similar to those of glucose during 3 dpe followed by an
increase from 5 dpe, reaching approximately five times higher values compared to the
initial state (Fig. 15h). The concentration of sucrose increased twice already from 1 dpe,
additionally increasing up to three times in 3 dpe followed by return to the values recorded
in 1 dpe (Fig. 15i). Therefore, application of the studied nutrients neither affected the
carbohydrate translocation to the stem base, nor did it alter the accumulation of sugars in

mature leaves throughout the course of AR formation.

3.2.4 The effect of nutrient application on primary metabolites and organic acids

To assess the influence of nutrient application on primary carbon metabolism, a
profiling of the primary intermediates of sugar metabolism was carried out using IC-MS/MS
(Fig. 16).

The concentrations of glucose 6-phosphate and fructose 6-phosphate (Fig. 16a), 3-
phosphoglyceric acid (Fig. 16¢c) and UDP-glucose (Fig. 16f) underwent a moderate
increase throughout the course of analysis, whereas accumulation of glucose 1-phosphate
(Fig. 16b) and trehalose 6-phosphate (Fig. 16e) was more pronounced, reaching four- and
ten-fold increase in 7 dpe, respectively. The concentration of sucrose 6-phosphate
decreased up to 20% with the progress of AR formation (Fig. 16d).

Among the organic acids involved in tricarboxylic acid cycle, the concentration of
citrate increased twofold from 3 dpe (Fig. 16g), whereas the maximum levels of cis-

aconitate and succinate were detected in 1 dpe (Fig. 16h,k).
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The concentration of fumarate (Fig. 16i)

remained unchanged during

Results

the

measurements, and the levels of malate (Fig. 16j) and oxoglutarate (Fig. 16l) decreased

from 1 dpe and 3 dpe, respectively. No significant differences in the concentrations of

analyzed metabolites were detected in response to nutrient application.
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Fig. 16 Concentrations of primary intermediates of sugar metabolism in the stem base of Petunia
hybrida cuttings during adventitious
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3.2.5 The impact of nutrient application on concentrations of amino acids

With progressing AR formation the concentrations of the analyzed free amino acids
in the stem base of the cutting underwent a gradual increase (Fig. 17). A similar pattern in
the accumulation of free amino acids has been observed by Ahkami et al. (2009). Among
the prevailing amino acids, the levels of asparagine and glutamine in the stem base
decreased significantly from 3 dpe, followed by a recovery to the initial values in 5 dpe
(Fig. 17a,b). However, in the stem base of the cuttings supplied with NH," the
concentrations of asparagine and glutamine increased approximately two-fold from 3 dpe
and reached the initial values one day earlier (Fig. 17a,b). Furthermore, the concentrations
of aspartic and glutamic acid underwent a simultaneous decrease in the stem base of
NH,"-supplied cuttings starting from 3 dpe (Fig. 17c,d). The levels of alanine, leucine,
methionine, serine and threonine showed a significant decrease in 3 dpe in response to
the application of NH," (Fig. 17e,g,h,k,|).

In mature leaves at 120 hpe the concentrations of aspartic and glutamic acids and
valine (Fig. 17a,b,m) were below the initial values. The concentrations of alanine,
methionine, proline and serine (Fig. 17¢,h,j,k) remained stable in mature leaves of the
cuttings, whereas the concentrations of asparagine, glutamine, histidine, leucine,
phenylalanine and threonine (Fig. 17c,d,f,g,l,I) were significantly higher than at the time of
the cutting excision. The level of the analyzed amino acids in the leaves was not affected
by nutrient application.

Therefore, application of NH," resulted in an increase of the concentrations of
glutamine and asparagine, containing an additional N-atom in their structure compared to
their acidic precursors. However, despite an observed decrease in the levels of glutamic
and aspartic acid, as well as leucine, methionine, serine and threonine under NH,"-supply,
the concentrations of total analyzed amino acids remained unaffected by nutrient

application in the stem base as well as in mature leaves of the cuttings (Fig. 17n).

Fig. 17 (Right) Concentrations of proteinogenic amino acids in the stem base and in mature leaves
of Petunia hybrida cuttings during adventitious root formation in response to nutrient application.
Concentrations of (a) asparagine, (b) glutamine, (c) aspartic acid, (d) glutamic acid, (e) histidine, (f)
proline, (g) serine, (h) threonine, (i) alanine, (j) leucine, (k) methionine, (I) phenilalanine, (m) valine
and (n) total proteinogenic amino acid. Bars represent means of five independent replicates + SD.
Significant differences to control treatments at specified time points after excision are indicated by
asterisks (t-test; *, P < 0.05; **, P < 0.01).
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