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General introduction

Chapter 1

General introduction

Flooding is among the most frequent and extensive abiotic stresses for most terrestrial
plants. It occurs in a wide range of ecosystems including natural and agricultural systems, and determines the abundance and distribution of plant species. Flooding greatly
declines crop production since most plants, especially crops, are flood-sensitive (Jackson et al., 2009; Silvertown et al., 2015; Loreti et al., 2016). Moreover, the incidence
of flooding is predicted to increase globally this century due to the severe change in
climate (Voesenek et al., 2006; IPCC, 2013; Hirabayashi et al., 2013). Therefore, it is
highly relevant to understand plants’ responses to flooding and the traits that improve
flooding tolerance of plants.
When flooding happens, excess water quickly takes up the space which was previously occupied by gas. Gas diffusion rate is 104 fold slower in water compared with that
in air (Armstrong et al., 1991). In this condition, plants are restrained from accessing
atmospheric oxygen which is necessary to synthesize ATP to resume optimal plant
performance. Also, the presence of aerobic microbes in the soil further decreases the
underwater oxygen availability (Bailey-Serres et al., 2012a). Furthermore, flooding also
leads to the accumulation of ethylene (Voesenek and Sasidharan, 2013), toxic soil components (Bailey-Serres and Voesenek, 2008), reactive nitrogen and Reactive Oxygen
Species (ROS), and to the reduction of light availability when plants are completely
submerged (Voesenek et al., 2006). These factors together pose a great challenge for
plant growth and development.
During short term flooding, plants switch from aerobic respiration to a less efficient anaerobic respiration pathway, to maintain ATP production with limited oxygen
availability (Bailey-Serres and Voesenek, 2008). This shift involves the fermentation of
pyruvate into two major end products, ethanol via pyruvate decarboxylase (PDC) and
alcohol dehydrogenase (ADH), and lactate via lactate dehydrogenase (LDH), yielding
NAD+ for anaerobic metabolism (Bailey-Serres et al., 2012). Alternatively, pyruvate can
also be converted into alanine, providing a non-detrimental end product of anaerobic
metabolism in several plant species (Limami et al., 2008). However, although glycolysis
and fermentation pathways can sustain cell fuel requirements under oxygen deficient
condition, it is typically not sufficient for a prolonged period of flooding in the growing
season (Drew, 1997; Gibbs and Greenway, 2003). One reason is that overproduction of
lactate decreases cytosolic pH status, which can be detrimental to cells (Roberts et al.,
1984), and the other reason is that carbohydrate reserves in the plants may be limiting,
as these are far less efficient than aerobic metabolism (Bailey-Serres and Voesenek,
2008).
Alternatively, the metabolic rate can be diminished to an extremely low level in
some plant species during flooding, to a point that they enter a quiescent state. In this
process, plants minimize their carbohydrate consumption, and restore growth when
floods recede, thereby tolerating a long period of submergence (Perata and Voesenek,
13
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2007; Akman et al., 2012; Striker et al., 2012). Certain cultivars of rice, Rumex crispus
and Ranunculus repens have been described to adopt this quiescence strategy (Voesenek et al., 1990; Setter and Laureles, 1996; Lynn and Waldren, 2003).
Other species, as reviewed thoroughly by Voesenek and Bailey-Serres (2015), successfully survive flooding stress by adjusting morphological features, such as shoot
elongation, aerenchyma formation and leaf hyponasty, or by making new structures
such as adventitious roots (AR) on the submerged stem. Fast shoot elongation allows
the contact of a ‘‘snorkel’’ with the air, thereby reestablishing gas exchange between
plants and atmosphere (Kende et al., 1998). Aerenchyma, which is a tissue type that
contains longitudinally interconnected gas-filled channels, develops in stem, main
roots, or newly formed ARs to facilitate inter-organ gas diffusion, usually from aerial
shoots to O2-deprived stems and roots (Jackson and Armstrong, 1999; Takahashi et
al., 2014). Hyponastic growth of petioles is a phenotypic modification occurring in
complete submerged plants. It decreases the angle between the younger petioles and
the axis of stem, in this way decreasing the distance of the leaf to the water surface
and air (Voesenek and Blom, 1989). ARs, unlike primary roots, grow in a more horizontal
direction, therefore gaining easier access to oxygen, and are enriched in aerenchyma
(Gaxiola et al., 2010; Abiko et al., 2012; Ahmed et al., 2013; Sauter, 2013). Moreover,
ARs have higher hydraulic conductivity, and are able to supply plants with sufficient
water to sustain development when the original roots deteriorate (Calvo-Polanco et al.,
2012; Zhang et al., 2017). Altogether, these changes improve gas exchange and alleviate oxygen deficiency of submerged tissues, resulting in a better flooding tolerance in
plants.

The role of ethylene during flooding
The gaseous plant hormone ethylene is considered as a reliable indicator for flooding
stress due to its continuous biosynthesis and rapid accumulation in the submerged tissues (Voesenek et al., 2006; Sasidharan and Voesenek, 2015). The precursor of ethylene
in the biosynthesis pathway is S-adenosylmethionine (S-AdoMet), which is converted
into 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase (ACS), and ACC
is further oxidized by ACC oxidase (ACO) to form ethylene (reviewed by Wang et al.,
2002). The conversion from ACC to ethylene is an oxygen-dependent process, thus the
ethylene production in the oxygen-depleted submerged tissues will be suppressed
(Jackson, 2008). The accumulated ACC in hypoxic roots can be transported through the
xylem to the aerial shoots, where it is rapidly converted to ethylene (Bradford and Yang,
1980), and induces responses to flooding such as stomatal closure and leaf epinastic
movement (Jackson, 2002). In rice and Rumex palustris, transcript levels of ACO are
14
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upregulated during flooding, presumably leading to an increased ACO enzyme concentration, which counterbalances the effect of reduced ACO enzymatic activity under
oxygen deficient condition and thus may result in a continuous ethylene biosynthesis
(Vriezen et al., 1999; Voesenek et al., 2006; Fukao and Bailey-Serres, 2008a). The synthesized ethylene cannot diffuse to the environment due to water entrapment, thereby
accumulating within or around the submerged tissues rapidly and further inducing
flooding responses. Ethylene-induced and -mediated flooding adaptations have been
found in many plant species, as, for example, in tomato, deepwater rice, Rumex species
and Solanum dulcamara (Voesenek et al., 1993; Fukao and Bailey-Serres, 2008a; Vidoz
et al., 2010; Dawood et al., 2014).
The ethylene signal is perceived by a family of five membraned-localized receptors,
which in Arabidopsis are ETHYLENE RESISTANT1 (ETR1), ETR2, ETHYLENE RESPONSIVE
SENSOR1ERS1 (ERS1), ERS2 and ETHYLENE INSENSITIVE4 (EIN4), respectively (Guo and
Ecker, 2004). In the absence of ethylene, ethylene receptors activate a Raf-like kinase
CONSTITUTE TRIPLE RESPONSE1 (CTR1), which negatively regulates the downstream
ethylene response pathway, possibly through a MAP-kinase cascade. When ethylene is
present, binding of ethylene inactivates the receptors and CTR1, thereby allowing EIN2
to positively transmit signals to the EIN3 transcription factor located in the nucleus.
EIN3 then binds to and activates ETHYLENE RESPONSESIVE FACTOR1 (ERF1) gene, and
further induces ethylene responses by interacting with other ERFs (Wang et al., 2002)
(Figure 1A). Expression of the ERS homolog in R. palustris, and ERS2-Like (ERL1) in deepwater rice was greatly upregulated upon flooding (Vriezen et al., 1997; Watanabe et al.,
2004). Since ethylene receptors suppress downstream responses, upregulation of their
expression will correspondingly inhibit the ethylene signaling. However, as proposed
by Voesenek (2006), this probably has no effect on ethylene-induced responses during
flooding, since ethylene accumulates rapidly upon flooding to saturation levels of 2-10
µl L−1 in the submerged plant tissues (Banga et al., 1996; Visser et al., 1996b).
Ethylene is the primary signal that triggers plants to commence a cascade of reactions
resulting in morphological adaptations (Figure 1). The processes of either escaping submergence by shoot elongation or the quiescence strategy are both largely modulated
by ethylene (Figure 1B). In R. palustris, ethylene promotes cell wall loosening and cell
elongation, which lead to underwater shoot elongation (Vreeburg et al., 2005). In deepwater rice, ethylene controls the direction of shoot responses by activating different
sets of downstream Group VII ERF genes, viz., SNORKEL1 (SK1), SNORKEL2 (SK2) (Hattori
et al., 2009) and SUBMERGENCE1 (SUB1A). In the shoot elongation response to flooding,
ethylene induces the expression of SKs, and accumulated SKs trigger GA biosynthesis,
stimulating internode elongation through a GA-mediated pathway (Hattori et al., 2009;
Ayano et al., 2014). In the quiescence strategy adopted by submergence-tolerant rice
varieties, ethylene increases the transcript abundance of SUB1A, which in turn limits
15
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Finally, one major morphological adaptation to flooding, which is induced by ethylene, is the
development of newly formed ARs on the flooded stems (Figure 1E). This feature will be illustrated
separately Chapter
in the 1next paragraphs.

Figure 1. Ethylene signaling pathway and ethylene-mediated plant adaptations to flooding. The
regulatory pathways may vary depending on the species. A. Ethylene signaling pathway. In the presdepending onence
the species.
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Figure 1. Ethylene signaling pathway and ethylene-mediated plant adaptations to flooding. The regulatory pathways may vary

ethylene production. SUB1A restricts GA responses by increasing the accumulation of
Slender Rice-1 (SLR1) and SLR1 Like-1 (SLRL1), which are GA signaling repressors, and
concomitantly inhibits the expression of GA-inducible genes such as α-amylase. In this
way, the carbohydrate consumption is diminished to a minimum level and plant growth
is arrested (Fukao et al., 2006; Fukao and Bailey-Serres, 2008b).
Ethylene induces aerenchyma formation in response to oxygen deficiency in crop
species such as rice, wheat and maize (Haque et al., 2010; Rajhi et al., 2011; Yukiyoshi
and Karahara, 2014) (Figure 1C). In maize, blocking ethylene perception with a chemical inhibitor inhibits aerenchyma formation in the root (Drew et al., 1981; Rajhi et al.,
2011). In rice and wheat, ethylene controls the production of ROS, which is also an
16
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important component of cell death and lysis for aerenchyma formation under oxygendeficient conditions (Steffens et al., 2011; Yamauchi et al., 2014). Furthermore, ethylene promotes the activities of cell wall degrading enzymes, such as cellulase (He et al.,
1996; Qt et al., 2013) and xyloglucan endotransglycosylase (XET), to facilitate cell wall
degradation at the final stage of aerenchyma formation (Saab and Sachs, 1996).
Leaf hyponasty, as a result of the unequal growth rates between the adaxial and
abaxial sides of the petiole, is an architectural acclimation to flooding (Voesenek and
Bailey-Serres, 2015). Ethylene plays a central role in the regulatory mechanisms of
hyponastic response (Polko et al., 2011) (Figure 1D). In Arabidopsis and R. palustris,
hyponastic growth can be induced by exogenous ethylene application in the absence
of flooding (Millenaar, 2005; Heydarian et al., 2010). Accordingly, ethylene accumulation is necessary for the induction of hyponastic growth induced by flooding (Millenaar,
2005). When ethylene biosynthesis is defected, such as in Arabidopsis aco5 mutants, a
significantly reduced leaf movement in response to root flooding was found (Rauf et al.,
2013). The mechanisms underlying ethylene-controlled hyponastic growth are linked
to tissue specific cell expansion and elongation. Ethylene induces the local reorientation of cortical microtubules (CMTs) from longitudinal to transverse, coordinately with
the tissue specific expression of cell wall loosening proteins EXPANSINA11 (EXPA11),
thereby inducing cell expansion in the Arabidopsis proximal abaxial petiole epidermis
(Polko et al., 2012; Rauf et al., 2013). Furthermore, a dual role of ethylene was proposed
by Polko et al. (2015). On one hand, as demonstrated previously, ethylene enhanced
cell elongation along the abaxial side of the petiole in Arabidopsis, leading to the
hyponastic movement in the petiole. On the other hand, ethylene down-regulated cell
proliferation, partly by affecting CYCA2;1 expression in the same tissue. The reduced
cell division presumably counteracts the effects of cell elongation, thus weakening the
hyponastic response, in this way optimizing the degree of leaf hyponasty under stress
conditions (Polko et al., 2015).
Finally, one major morphological adaptation to flooding, which is induced by ethylene, is the development of newly formed ARs on the flooded stems (Figure 1E). This
feature will be illustrated separately in the next paragraphs.

Adventitious root formation as plant adaptation to flooding
Properties of ARs
Adventitious roots are arising from non-root tissues such as hypocotyls, stems and
leaves (Geiss et al., 2009; Verstraeten et al., 2013). They can be produced during normal
development of the plant, such as crown roots in cereals, or be induced by stresses such
as wounding (on cuttings) and flooding (Geiss et al., 2009). Vegetative propagation using
17
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(BRC1) and suppress branching. BRC1 is a TEOSINTE BRANCHED1/CYCLOIDEA/PCF (TCP) transcription
factor, involved in the maintenance of the stem cell niche, cell division, and lateral organ initiation (Dun
Chapter 1
et al., 2012).
Contrasting functions of SLs on AR formation were discovered in different species. For

example, in tomato, silencing of CCD8 resulted into excessive AR development, which can be inhibited
cuttings relies largely on the production of ARs, for example in crops like sugarcanes,
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2012). This evidence established a negative role of SLs in AR formation. However, in rice, the impairment
Adventitious roots, as well as lateral roots (LRs), are two types of post-embryoni-
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regulate AR formation differently in monocots and dicots (Rasmussen et al., 2013).

part of the vascular tissues (Bellini et al., 2014). AR development is initiated with cell
differentiation and division to form AR primordia. In plant species such as tomato and

Overall, AR formation is an orchestrated process, in which a series of hormones, including ethylene,
sunflower, the AR primordia are initiated upon flooding and directly develop into ARs,

auxin, GA, ABA,
and species
SLs, participate.
Molecularrice,
andthe
signaling
mechanisms
about the
AR emergence
and inJAplant
such as deepwater
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are continuously
formed
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regulatory mechanisms underlying the activation of primordia.

Figure 2. Hormonal regulation of adventitious root formation. A. Adventitious roots developed on
the stem of S. dulcamara after 7 days flooding. B.22
Adventitious roots formed on stem cuttings of Pelargonium after a rooting period of 17 days. Photo was adopted from Druege et al. (2007). Hormones
that promote AR formation are marked with red circles, and hormones that inhibit AR formation are
marked with blue circles. The light red shade indicates that ethylene, auxin and GA are positively
involved in processes leading to AR formation, and the light blue shade indicates ABA is negatively
involved in these processes.
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ter, 1999; Vidoz et al., 2010). However, in most vegetatively propagated species, there
are no cells specified to form ARs in cuttings before induction; dedifferentiation of cells
prior to induction to develop an AR is then required (Bellini et al., 2014). Since AR and
LR meristems are both covered with a few cell layers, they need to protrude through
the covering tissues before emergence. LR emergence involves an active crosstalk with
overlaying layers such as the endodermis and cortex (Swarup et al., 2008; Lucas et
al., 2013; Fernández-Marcos et al., 2017). In Arabidopsis, a set of cell-wall-remodeling
enzymes, including polygalacturonase (PG), xyloglucan:xyloglucosyl transferase (XTR6)
and pectate lyase, is induced by an auxin signal to promote cell separation in the tissues adjacent to the root meristem, thereby making way for the developing lateral root
tips (Swarup et al., 2008). PGs activity was also shown previously in Allium porrum during the outgrowth of lateral roots (Peretto et al., 1992). In the process of AR emergence,
it was observed that in deepwater rice, AR growth was preceded by ethylene-induced
epidermal cell death external to the tip of AR primordia, which led to opening of the
epidermis (Mergemann and Sauter, 2000). However, studies on cell wall remodeling in
tissues overlaying AR primordia are still lacking.
AR primordia activation and AR emergence are coordinately modulated by both
external environmental factors and internal hormonal signaling. In the following
paragraphs, the hormonal and molecular mechanisms underlying AR formation will be
presented (Figure 2).

Hormonal regulation of AR development
The way that ethylene regulates AR formation differs among species. In flooded R.
palustris plants, ethylene increases the sensitivity of the rooting tissues to auxin,
thereby facilitating AR formation at an unchanged auxin level (Visser et al., 1996c).
In deepwater rice, ethylene activates the expression of cell cycle-related genes at the
early developmental stage of AR formation (Lorbiecke and Sauter, 1999). Furthermore,
ethylene induces epidermal cell death to facilitate AR emergence (Mergemann and
Sauter, 2000). This programmed cell death is confined to cells with a distinct morphological and molecular identity, and a mechanical force generated by the emerging AR
is also implicated. Though ethylene alone does not lead to cell death, when applied
jointly with mechanical force, local cell death is elicited even in cells that do not have a
distinct identity (Steffens and Sauter, 2009; Steffens et al., 2012). Gibberellic acid (GA)
alone also does not induce AR formation; it functions in a synergistic manner together
with ethylene, promoting epidermal cell death and inducing AR growth (Steffens and
Sauter, 2005; Steffens et al., 2006). ROS are also involved in this ethylene-mediated
cell death, since in the presence of ethylene, the expression of a gene encoding
metallothionein-2b (MT2b), which possibly scavenges ROS signals, decreases in epidermal cells. Downregulation of MT2b promotes the force-induced cell death (Steffens
19
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and Sauter, 2009; Steffens et al., 2012). Furthermore, when the ethylene receptor ETR is
continuously active to repress ethylene signaling in transformed tobacco, these plants
produce less ARs during waterlogging compared to wild type plants (McDonald and
Visser, 2003).
Ethylene modulates the transport of auxin, which is another key hormone in
regulating AR development. In certain plant species, a flux of auxin toward the rooting
tissues is a prerequisite for flooding-induced AR formation, which can be modulated
by ethylene. For example, in tomato, ethylene is perceived by the NEVER RIPE (NR)
receptor, further stimulating auxin transport and promoting AR formation (Kim et al.,
2008; Negi et al., 2010; Vidoz et al., 2010). Mutation of NR leads to insensitivity to
ethylene and less AR production under flooded conditions or after ethylene treatment
(Clark et al., 1999; Vidoz et al., 2010). When polar auxin transport (PAT) is disrupted
by applying N-1-naphthylphtalamic acid (NPA) or in mutants that had defects in the
PAT carrier PIN-FORMED (PIN) genes, the AR formation was also impaired (Visser et al.,
1995, 1996c; Da-Xi et al., 2003; Liu et al., 2009). In turn, auxin accumulated in tomato
stems triggers additional ethylene biosynthesis. When auxin sensitivity is decreased in
DIAGEOTROPICA (dgt) mutants, flooding-induced ethylene production is abolished, and
less ARs are produced (Vidoz et al., 2010; Lombardi-Crestana et al., 2012; Ivanchenko
et al., 2015; Retzer and Luschnig, 2015).
Auxin thus plays a central role in AR formation, and disturbance of either auxin
transport or perception can alter adventitious rooting. Exogenous auxin is often used
to induce ARs on stem cuttings of difficult-rooting species. Particularly, a system of
segments of inflorescence stems was established to test the effect of different auxins.
NAA, IAA, and IBA stimulated adventitious rooting, while 2,4-D and picloram did not
(Verstraeten et al., 2013). In Arabidopsis hypocotyls, AR induction does not require
exogenous auxin, whereas it can be enhanced by auxin (Sukumar et al., 2013). Furthermore, overproducing auxin, such as in the superroot1, superroot2, or yucca1 mutants,
leads to an excessive AR development on the hypocotyl (Boerjan et al., 1995; Zhao,
2001; Pacurar et al., 2014). In rice, disruption of the auxin-inducible Crown RootLess1/
Adventitious RootLess1 (CRL1/ARL1) gene, encoding for a member of the plant-specific
LATERAL ORGAN BOUNDARY DOMAIN (LBD) protein family, can inhibit the initiation
of AR primordia (Inukai et al., 2005; Liu et al., 2005). The cis-regulatory elements in
the promoter of the CRL1/ARL1 gene can interact with AUXIN RESPONSIVE FACTOR16
(ARF16), suggesting the involvement of ARFs in AR formation (Inukai et al., 2005). This
was further demonstrated by studies in Arabidopsis which showed that ARF6 and ARF8
are positive regulators of adventitious rooting, whereas ARF17 is a negative regulator
(Gutierrez et al., 2009; Verstraeten et al., 2014).
Contrasting to the hormone action described above, abscisic acid (ABA), jasmonic
acid (JA) and strigolactones (SLs) are negatively involved in AR formation.
20
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ABA plays many key roles in regulating plant development and plant adaptation
to both biotic and abiotic stresses (Finkelstein, 2013; Sah et al., 2016). The ABA level
is controlled precisely by its biosynthesis and catabolism. ABA biosynthesis requires
enzymes including 9-cis-epoxycarotenoid dioxygenases (NCEDs), and its catabolism
depends on the activity of ABA 8’-hydroxylase (Mehrotra et al., 2014; Sah et al., 2016).
ABA is perceived by the receptor complex composed of PYRABACTIN RESISTANCE1
(PYR1)/PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR),
which binds to and inhibits Protein Phosphatase 2C (PP2C, a negative regulator). This
in turn releases the phosphorylated SUCROSE NONFERMENTING1-RELATED PROTEIN
KINASE2 (SNRK2, a positive regulator), which phosphorylates ABA RESPONSIVE ELEMENT BINDING FACTORS/ABA RESPONSIVE FACTORs (AREB/ABFs) and further regulates
the expression of downstream genes (Nakashima and Yamaguchi-Shinozaki, 2013;
Yoshida et al., 2014). In the ABA-deficient tomato mutants, flacca and notabilis, ARs are
produced abundantly on the stem. By contrast, overexpressing the ABA biosynthesis
gene NCEDs in notabilis inhibits the AR formation (Tal, 1966; Thompson et al., 2004). In
deepwater rice, ABA, acting as an antagonistic inhibitor of GA, represses the epidermal
cell death which is a crucial event for AR emergence (Steffens and Sauter, 2005), and
inhibits ethylene-induced and GA-promoted AR development (Steffens et al., 2006). It
is well studied that ABA can maintain the meristem at a dormant state for a long period
without damaging the meristem function, as, for example, in shoot apical meristems
(SAMs) and root apical meristems (RAMs) during seed germination, and in axillary buds
and newly formed lateral root meristems during vegetative growth (Shimizu-Sato and
Mori, 2001; de Smet et al., 2003, 2006; Zhang et al., 2010). ABFs such as ABA INSENSITIVE3 (ABI3), ABI4 and ABI5, are involved in seed and vegetative bud dormancy (Rohde
et al., 1999, 2002; Ruttink et al., 2007; Shu et al., 2013, 2016; Wang et al., 2013; Wu et
al., 2015). Due to the meristem characteristics of AR primordia, ABA is possibly also the
signal that keeps AR meristems dormant by means of ABFs, thus inhibiting AR primordia
activation, which, however, needs further investigation.
Jasmonic acid (JA) also negatively regulates AR formation. JA is perceived by its
receptor CORONATINE INSENSITIVE (COI1), and was shown to trigger downstream signaling to inhibit AR formation in Arabidopsis (Xie et al., 1998; Yan et al., 2009). In Arabidopsis JA deficient mutants, 12-0xophytodienoate Reductase3 (opr3/dde1) and Delayed
Dehiscence2 (dde2-2), more ARs were produced than in the wild type (Gutierrez et al.,
2012). The same study demonstrated that JA homeostasis was modulated by auxin
signaling. Auxin response factors ARF6, ARF8, and ARF17 regulated the expression
of auxin inducible Gretchen Hagen3 (GH3) genes, and the integrated signals further
controlled JA homeostasis and JA downstream signaling. Contrastingly, Lischweski et
al. (2015) showed that in petunia, cuttings of JA deficient mutants produced less ARs,
suggesting a positive role of Jasmonates in AR formation.
21
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Strigolactones (SLs) are a class of newly established plant hormones, derived from
the same precursor as ABA, β-carotene (Seto and Yamaguchi, 2014). This substrate
is subsequently catalyzed by Carotenoid Cleavage Dioxygenase7 (CCD7, or MAX3),
then processed by CCD8 (MAX4) and More Axillary Growth1 (MAX1), and eventually
converted into active SLs (Booker et al., 2005; Alder et al., 2012). SLs were initially
discovered as stimulants in seed germination of parasitic plants, and later work found
that SLs were required for maintaining plant architecture by regulating shoot and root
growth in response to various external stimuli (Pandey et al., 2016). SLs can also modulate cell division and meristem dormancy in specific tissues. For example, in axillary
buds, SLs promote the expression of BRANCHED1 (BRC1) and suppress branching. BRC1
is a TEOSINTE BRANCHED1/CYCLOIDEA/PCF (TCP) transcription factor, involved in the
maintenance of the stem cell niche, cell division, and lateral organ initiation (Dun et
al., 2012). Contrasting functions of SLs on AR formation were discovered in different
species. For example, in tomato, silencing of CCD8 resulted into excessive AR development, which can be inhibited by applying the synthetic SL GR24 (Kohlen et al., 2012).
Similarly, in Arabidopsis and pea SL-deficient (max1/3/4) and SL-response mutants
(max2), adventitious rooting was enhanced (Rasmussen et al., 2012). This evidence
established a negative role of SLs in AR formation. However, in rice, the impairment of
SL biosynthesis and perception reduced AR production. Application of GR24 restored
the number of ARs in SL-deficient but not in SL-insensitive mutants (Sun et al., 2015).
This suggests that SLs might regulate AR formation differently in monocots and dicots
(Rasmussen et al., 2013).
Overall, AR formation is an orchestrated process, in which a series of hormones,
including ethylene, auxin, GA, ABA, JA and SLs, participate. Molecular and signaling
mechanisms about the AR emergence have been found in different species as we
described above, whereas there are still gaps to fill in the regulatory mechanisms
underlying the activation of primordia.

Scope of this thesis
The overall objective of this thesis is to extend our understanding on how preformed
and dormant AR primordia are activated and develop into adventitious roots induced
by flooding. To study this, a wild plant species, Solanum dulcamara (bittersweet or
climbing nightshade) was used. This species occupies a wide range of habitats, from
wetlands to sandy dunes. S. dulcamara is characterized by the ability to produce adventitious root primordia on the stem as a natural occurring developmental process. These
preformed primordia usually stay dormant and never emerge as adventitious roots
unless being stimulated by environmental factors such as flooding. S. dulcamara is a
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close relative to important economic crops in the Solanaceae family, including tomato,
potato, eggplant and pepper, all of which are flood-sensitive. Therefore, the knowledge
we gained on S. dulcamara can lead to better understanding of the mechanisms underlying AR formation, and hopefully can be applied to improve flooding tolerance of
crops and to improve plant propagation.
In chapter 2, I investigated the hormonal processes occurring during AR primordia
activation and AR emergence in S. dulcamara. Results showed that ethylene alone could
induce AR outgrowth. Ethylene treatment suppressed the transcription of ABA biosynthesis genes NCEDs, and decreased ABA concentration in AR primordia. Contrasting to
ethylene, ABA inhibited AR formation. Blocking of ABA biosynthesis was sufficient to
activate dormant primordia in the absence of flooding or additional ethylene.
To emerge as an adventitious root from the preformed, dormant primordia, the AR
root tip has to protrude the covering tissues. This process requires cell wall modifications. Therefore, in chapter 3, I investigated how this process occurred in the primordia
of S. dulcamara upon flooding. Results showed that cell death of epidermal layer occurred along with the expansion of AR primordia in S. dulcamara, which led to a cracked
primordia surface. Cell wall remodeling enzymes were more active in primordia even
before flooding, and their expression was rapidly induced by flooding. Ethylene and
ABA antagonistically regulated cell wall remodeling gene expression.
Based on the knowledge we gained in chapter 2, and on the knowledge that ABI5
is the core regulator in ABA-promoted seed or bud dormancy maintenance, I further
investigated the role of ABI5 in the AR primordia activation (Chapter 4). The expression
patterns of ABI5 in various tissues and in response to different treatments were studied.
In addition, I generated transgenic plants in which ABI5 was silenced or overexpressed,
and studied the process of AR formation in these transgenic plants. A microarray
analysis was performed to study how transcripts were modulated in primordia in the
absence of ABI5. The results showed that ABI5 was negatively involved in AR formation
and revealed a potential role of ABI5 in hypoxia/anoxia responses.
We also studied AR formation under another type of flooding, i.e. complete submergence, in chapter 5. Results showed that the ability of AR formation in S. dulcamara was
impaired when plants were completely submerged. We elucidated this phenomenon
at the hormonal level. The concentration and signaling of auxin, ABA and JA were measured. The main conclusion was that a disturbed auxin polar transport and signaling,
or a disturbed JA signaling, possibly contributed to the defected AR formation under
complete submergence.
In chapter 6, a general discussion is provided of all the results we gained in this thesis. It presents a possible model of the interaction of hormones and genes in regulating
AR formation, and emphasizes perspectives for future research.
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Abstract
Soil flooding is a common stress factor affecting plants. To sustain root function in
the hypoxic environment, flooding-tolerant plants may form new, aerenchymatous
adventitious roots (ARs), originating from preformed, dormant primordia on the stem.
We investigated the signaling pathway behind AR primordium reactivation in the dicot
species Solanum dulcamara. Transcriptome analysis indicated that flooding imposes
a state of quiescence on the stem tissue, while increasing cellular activity in the AR
primordia. Flooding led to ethylene accumulation in the lower stem region and subsequently to a drop in ABA level in both, stem and AR primordia tissue. Whereas ABA
treatment prevented activation of AR primordia by flooding, inhibition of ABA synthesis
was sufficient to activate them in absence of flooding. Together, this reveals that there
is a highly tissue-specific response to reduced ABA levels. The central role for ABA
in the response differentiates the pathway identified here from the AR emergence
pathway known from rice. Flooding and ethylene treatment also induced expression
of the polar auxin transporter PIN2 and silencing of this gene or chemical inhibition of
auxin transport inhibited primordium activation, even though ABA levels were reduced.
Auxin treatment, however, was not sufficient for AR emergence, indicating that the
auxin pathway acts in parallel to the requirement for ABA reduction. In conclusion,
adaptation of S. dulcamara to wet habitats involved co-option of a hormonal signaling
cascade well known to regulate shoot growth responses, to direct a root developmental
program upon soil flooding.

This chapter has been published in
Dawood, T.*, Yang, X.*, Visser, E.J., Beek, T.A. te, Kensche, P.R., Cristescu, S.M., Lee, S.,
Floková, K., Nguyen, D., Mariani, C., and Rieu, I. (2016). A Co-Opted Hormonal Cascade
Activates Dormant Adventitious Root Primordia upon Flooding in Solanum dulcamara.
Plant Physiol. 170: 2351–64.
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Introduction
Flooding is among the most commonly occurring abiotic stress factors that affect plant
growth and performance (Bailey-Serres et al., 2012). The primary effect of this stressor
is a slower gas diffusion (about 104-fold less in water than in air; Armstrong et al., 1991)
which leads to reduced gas exchange between the plant and its environment, thereby
disturbing internal concentrations of oxygen, carbon dioxide and ethylene (BaileySerres and Voesenek, 2008). This results in detrimental effects on cellular metabolic
homeostasis, but at the same time these changes in gas concentrations are used as
cues to alter gene expression leading to acclimation. In many plant species, genes
involved in (hormonal) signaling, photosynthesis, anaerobic metabolism and secondary
metabolism are rapidly modulated in response to flooding (Zhang et al., 2006; Lee
et al., 2007; Christianson et al., 2010; Lee et al., 2011; Nanjo et al., 2011; Qi et al.,
2012). To prevent or shorten the imminent energy crisis, plant species from wetland
habitats show morphological adaptations such as elongation of the shoot, formation of
aerenchyma in existing tissues or development of new, aerenchymatous adventitious
roots (ARs), all of which are aimed at improving gas exchange between plant tissues
and the atmosphere (Bailey-Serres and Voesenek, 2008).
In flood-tolerant species like marsh dock (Rumex palustris), rice (Oriza sativa) and
bittersweet (Solanum dulcamara), new ARs emerge very rapidly upon flooding, as they
derive from preformed, dormant primordia (Visser et al., 1996b; Lorbiecke and Sauter,
1999; Dawood et al., 2014). Although AR primordia do not necessarily originate from
the pericycle, as lateral root (LR) primordia do, on the molecular and physiological
level, initiation of AR and LR primordia show considerable similarity, with auxin taking
a central role in both cases (Bellini et al., 2014). Mutants defective in the initiation of
ARs have been identified in rice and maize (Inukai et al., 2001; Taramino et al., 2007;
Kitomi et al., 2011) and the underlying genes of CORWN ROOTLESS1/ADVENTITIOUS
ROOTLESS1 (CRL1/ARL1; in rice) and rootless concerning crown and seminal roots
(RTCS; in maize), were shown to encode orthologous members of the LATERAL ORGAN
BOUNDARIES DOMAIN/ASYMMETRIC LEAVES2-LIKE (LBD/ASL) protein family involved
in LR initiation in Arabidopsis (Kitomi et al., 2011; Liu et al., 2005). As in the case of
the LBD/ASL genes, the expression of RTCS and CRL1 is rapidly induced by application
of auxin, and both genes are thought to be direct targets of AUXIN RESPONSE FACTOR
(ARF) transcription factors in the auxin signaling pathway.
The process of activation of dormant AR primordia has been studied to a much
lesser extent, in rice and R. palustris. In both species ethylene is a key regulator of the
process (Visser et al., 1996b, 1996c; Mergemann and Sauter, 2000). In rice, the ethylene that accumulates upon submergence induces formation of the Reactive Oxygen
Species (ROS) hydrogen peroxide, which in turn leads to cell death in the epidermal
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cell layer that covers the adventitious root primordia at the nodes, thereby facilitating
their emergence (Mergemann and Sauter, 2000). Treatment with the plant hormone
gibberellin (GA) alone had little effect on root emergence, while combined application
with ethylene, in the form of the ethylene releasing compound ethephon, increased
the number of emerging ARs rapidly. By contrast, abscisic acid (ABA) inhibited root
emergence, even when it was combined with ethephon and GA (Steffens et al., 2006).
The authors therefore suggested a hormonal model in which the balance between
the positive, synergistic action of ethylene and GA and the inhibitory action of ABA
regulates the process of epidermal cell death and AR emergence (Steffens et al., 2006).
Ethylene and hydrogen peroxide promote epidermal cell death by co-regulating a
small set of genes (Steffens and Sauter, 2009). Among these, metallothionein MT2b
was down-regulated and this was shown to be sufficient to induce cell death. As this
gene encodes a ROS scavenger, its down-regulation seems to be part of a positive
feedback loop that auto-amplifies ROS levels. In R. palustris, ethylene accumulation
was observed in roots following 24 hours of submergence and inhibition of ethylene
production decreased the number of ARs induced by flooding (Visser et al., 1996b).
While no change in the endogenous free auxin concentration was detected upon flooding (Visser et al., 1996c), blocking polar auxin transport with N-1-naphtylphtalamic acid
(NPA) decreased the number of ARs after flooding (Visser et al., 1996c). Reconciling
these findings, it was found that accumulation of ethylene leads to AR emergence by
increasing the sensitivity to auxin in the rooting zone (Visser et al., 1996c).
Although we have first clues about hormones involved in activation of preformed AR
primordia in mono- and dicot plants, the way in which they interact to form a signaling
pathway is still unclear. Moreover, to advance our understanding of the AR activation
process, there is a need to determine the molecular and physiological targets of the
hormone signaling pathways involved. We have recently shown that flooding rapidly
activates the dormant AR primordia on the stem of the dicot species S. dulcamara
(Dawood et al., 2014), and we generated the genomic tools necessary for using this
species as a model system (Golas et al., 2013; D’Agostino et al., 2013). To further our
understanding about the molecular and physiological mechanisms that enable dormant AR primordia to resume growth and develop into roots upon an environmental
trigger, we analyzed the transcriptomic response to flooding as well as the hormonal
regulation of the process in S. dulcamara.
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Materials and methods
Plant material and growth conditions
Solanum dulcamara (accession A54750008 from Wijchense Ven, Wijchen, The Netherlands) was obtained from the Experimental Garden and Genebank, Radboud University,
Nijmegen, The Netherlands. Seeds were sown in vermiculite in small round plastic pots
of 10 cm height and 13 cm diameter. These were kept in dark at 4°C for three days and
then grown under standardized greenhouse conditions, with a daily temperature regime
of 20-23°C (day) and 15-18°C (night) and additional light supplied by high pressure
sodium lamps (SON-T; 600W; Philips, Eindhoven, the Netherlands). Three-week-old
seedlings were individually transplanted into 12 x 11 x 11 cm (h x w x d) plastic pots
filled with potting soil and kept under the same conditions as above. The plants were
watered daily and fertilized once per two weeks up to 10 to 12 weeks. For flooding
experiments, individual plants were submerged up to 15 cm above the soil in glass
containers of 60 x 21 x 21 cm (h x w x d) filled with tap water one day before start of
the experiment. Emergence of the adventitious roots was scored by eye. All non-flooded
hormone and inhibitor treatments were carried out under high humidity conditions. For
the high humidity treatment, the inner walls of the glass containers were lined with wet
filter paper. Then, plants were placed individually into the containers and the open top
was wrapped with plastic foil in order to obtain high humid conditions inside the container. During this treatment, fresh air, humidified by passing it through a water column
using bubble stones, was flushed at 1.75 L min−1 through each glass container to prevent
atmospheric gas changes. Humidity was measured with a humidity detector (Testo AG
605-H1, Almere, The Netherlands), showing levels of 90-93% RH. Light and temperature
were kept at standard conditions. The control plants were treated with high humidity
only. To isolate the primordia samples, external excisions were made around a primordia, which was distinguishable by its white dome-shaped structure. This was followed
by peeling off of the primordium (separation occurred at the stem vascular cambium),
while minimizing contamination with surrounding stem tissue. To isolate stem samples,
a similar sections was taken from green stem tissue in which no primordium was present.

RNA sequencing and data processing
For RNAseq analysis, 12 plants were used, of which six were flooded while the rest was
kept drained. From these plants, the primordia and stem explants were dissected 24
hours after the onset of partial submergence. Samples were collected in three biological
replicas and each sample was a pool from two plants to minimize plant-level biological
variation. Control samples were taken at the same time of the day to avoid effects of
the circadian rhythm. The samples were frozen directly in liquid nitrogen. Total RNA was
using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Genomic DNA was removed
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from the RNA samples using the Ambion TURBO DNA-free kit (Life Technologies, Carlsbad, CA). mRNA isolation, cDNA synthesis with random primers and sequencing on the
Illumina HiSeq2000 platform (100 bp, single end, 4 samples/lane) was performed by
Fasteris SA (Switserland) according to standard protocols. The RNAseq read data quality
was assessed using fastqc (version 0.10.0) (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). All reads were aligned to the contigs of a transcript-based assembly of
the S. dulcamara genome (D’Agostino et al., 2013) using bowtie (Ver. 0.12.7) (Langmead
et al., 2009). Only uniquely mapping reads were considered further (bowtie parameters:
tryhard, best, strata, k=1, m=1). Because contigs represented estimated transcription
units, we quantified the expression by the number of reads aligning to each contig.
These counts were further normalized by the contig length in kilobases to obtain expression values that are comparable between contigs, and by a factor that represents
the effective library size to make the values comparable between samples. The library
size factors were determined by first calculating the sample’s trimmed-means (Robinson and Oshlack, 2010) and rescaling them to an average off 1. The rescaling made the
library size factors directly usable for calling differentially expressed genes with DESeq
(method=per-condition, sharingMode=maximum, fitType=parametric). Adjusted pvalues were calculated according to Benjamini and Hochberg (Benjamini and Hochberg,
1995). Transcripts were considered to be expressed if the average normalised reads per
kilobase per million reads was equal to or larger than 1 for at least one sample type. GO
enrichment analysis was done using Blast2Go (Götz et al., 2008). S. dulcamara orthologs of selected Arabidopsis genes were identified via analysis of Arabidopsis-tomato
phylogenetic relationships on the Ensemble Plants platform (http://plants.ensembl.
org/index.html) and subsequent determination of the tomato-S. dulcamara orthologous
relationship as the bidirectional best hit (D’Agostino et al., 2013).

qPCR analysis
Total DNA-free RNA was reverse-transcribed using a cDNA synthesis kit (iScript cDNA
synthesis kit, Bio-Rad, Veenendaal, The Netherlands). The real-time quantitative PCR
was carried using cDNA corresponding to 8 ng (RNAseq conformation experiment) or
15 ng (hormone treatment experiment) of total RNA in a 25 µL PCR reaction containing 400 nM of each primer and 12.5 µL iQ SYBER Green Supermix (Bio-Rad). The PCR
reactions were performed in a 96 well thermocycler (Bio-Rad iCycler) by starting with
3 min at 95°C followed by 45 cycles consisting of 15 s at 95°C and 60 s at 60°C, and
a melt curve from 65°C to 95°C in 0.5°C increments per 10 s to verify the presence of
a specific product. TIP41, SAND, CAC, and Expressed (Expósito-Rodríguez et al., 2008)
were used as reference genes. Reference gene stability was confirmed with geNorm
software. The quantification of the transcripts level was done as described in Rieu and
Powers (2009). Sequences of primers used for qPCR analyses are provided in Table 1.
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Table 1. Primers used for q-PCR in this chapter
GeneID

Gene
name

Primer Sequence (5’-3’)(forward/reverse)

comp10185_c0_seq1 TIP41

AGTCATGCCTAGTGGTTGGTTCC

TGAGCACTCCATCAACCCTAAGC

comp6973_c0_seq1

TGCTTACACATGTCTTCCACTTGC

AAACAGGACCCCTGAGTCAGTTA

comp12933_c0_seq1 EXP

CTAAGAACGCTGGACCTAATGACAAG

AAACAGGACCCCTGAGTCAGTTA

comp3969_c0_seq1

AGTTTGTTGTTGAGGCTGTTACAC

ACCGGACACCTTCCTGAGTAATG

SAND

CAC

2

comp22982_c0_seq1 DOG1

TTAGATCGGGTAGTTGAGTTTACATACG CCAATACTTGAAACCGCAATAACATTAC

comp26185_c0_seq1 LYK2

TGACATGGAATCAGAGGCTAAGGATC

GCAAGGCAGTGGCTACATCTAAAC

comp23352_c0_seq1 bZIP

CACCTAATTCACTAACATTGTCCTTGC

TTAATGGATTGAAATGTGGGTGTGTAAC

comp18980_c0_seq1 IAA-GH3

ATCAAGCTTAGTAGTCTTGTTAGTGTGG TTCAACATCCAACAGCAGATCAGATAC

comp23247_c0_seq1 PUCHI

ACCACCACCACCTTCTTCTTCG

TCATCATCATGGCTGATAACTCACAAG

comp21347_c0_seq1 CDC6

CGTGGCTCCCTTATCATACTTTTAGTTC

GAGAATGAGCATCTGGTAATAACACAAC

comp20702_c0_seq1 LBD16

ATTGGGCTAATGGCATCATCTTTCC

TTGGTCTAATCGGCTTTGTATCTCTTG

comp28330_c0_seq1 PIN2

TGCTGTTATTGCTGCTACTTCTATCG

GCGGTGCTAAGAATATCAGGATGG

comp8885_c0_seq1

ADH1

AGACAACCTTAACACGAATC

GGAACAGGAGAACCAATG

comp353_c0_seq1

PDC

GCATCCTCTAAGTTATTCA

ATCCTTCATCATACTATTGG

comp925_c0_seq2

PDC

AGCATAATCCGACTTCTT

CTCACCAGACAACATATTC

comp11832_c0_seq1 CycA1

TTCAGTTGCTTGGAGTAG

AAGTAAGTGTTGTCTGTTATG

comp13112_c0_seq1 CycA2

ATGGATGTAGAGGTGGTAAT

TGCCTACTATGCGAATCA

comp20121_c0_seq1 CycA3

GAGTTAAGCATATTGGATTATAG

CCTGAGTATTGTTGAAGAG

comp13111_c0_seq1 CycB1

AACTGTAATTCTCTTCTTGATGA

TCTGATTGATTGGTTGATTGA

comp9665_c0_seq1

CCTCTCATCCTCTCATTA

GACATCTATGCTTACTACAA

comp18768_c0_seq1 CDC7

CycB2

TTGAGATTCTTGGTGAGTT

CAGTAGCAGTAGCAGTAG

comp7608_c0_seq2

ACACAACAACAGTCTTCT

TCCTACAATGAGCATACG

comp15359_c0_seq1 E2F

GAGTTGACACCAGAGTTG

TGATGATGAGGATGATAGAGA

comp414_c0_seq1

TTCCATAACAGGTTCAGT

TGCTACATTCATCCAGAG

comp16169_c0_seq1 ERF.E.2

TACTTCCTCTTCCTTAAC

ACATATCATCTTCTCTACC

comp3755_c1_seq1

RPA70B

ERF.E.1

CTAATCAAGTTCAACCTCAA

CAATTCCATCTCCATCCT

comp22080_c0_seq1 PP2C

RAV

CATATCACATACGGCTTCA

GGTGGCAGAGTAATCTAC

comp2228_c0_seq1

RD29B

ATCAAGGAACAGAACATAG

TGGATTCATACTCTTAGGA

comp2953_c0_seq1

LEA4

TAGTCATCTTCTCTGTCT

AGTGAGTTGATTGATTAGT

comp2766_c0_seq5

AUX/IAA3

GTGAATCTAAGTCCAGTT

ATGTTGTTCTTCCTGTTA

comp3482_c0_seq1

AUX/IAA14 GCCATTACATTCTTCCTA

AATACTCCTACTACTACCA

comp20702_c0_seq1 LBD16

CTGTTGTTACTATTGCTTATGAA

GTATGCTACCTGTTGTTGT

comp21996_c0_seq1 LBD18

GGCTTGTAAGTATGAGAGTTCT

GTCTATGGTTGCGTTGCT

comp23651_c0_seq1 LBD29

GCTATGGTTCTGCCTACAA

ACAGTGGTAATAAGGTCTATGATT
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Ethylene analysis
The side branches and leaves located on the 15 cm stem segment above the soil were
removed to be able to fix a cuvette around the stem at 3 days prior to the start of an experiment to eliminate potential effects of wound/touch-induced ethylene production.
Cuvettes consisted of an upright glass cylinder that was vertically cut into two, containing inlets and outlets for gas flow, and that could be fixed around a 10 cm segment
stem above the soil using Terostat Butyl–IX putty (Imbema Rhiwa B.V., Nieuwerkerk
aan den IJssel, The Netherlands). One day before the onset of flooding, the cuvettes
were fixed around the stem segment. The first internode, reaching to about 2 cm above
the soil, was not included in the cuvette. Plants were kept in a growth chamber (16/8
h photoperiod at 22°C /20°C, 60% RH) and flooded individually, with the water level
reaching to 8 cm above the soil. The inlet and outlet of the cuvette were connected to
a laser-based ethylene detector system (ETD-300, Sensor Sense B.V., Nijmegen, The
Netherlands). Ethylene measurement was essentially done as described before (Nitsch
et al., 2012). The ethylene evolution was corrected for flow, weight and background
ethylene in the air. Similar results were obtained with and without water inside the
cuvette (half filled), and data were therefore combined. In total, six biological replicas
(separate plants) were used per treatment and line.

ABA analysis
The sample preparation for ABA quantitation analysis was performed according to
Priest et al. (2006) with some modifications. Powder of lyophilized tissue (approximately 5 mg) was extracted with 2 mL of acetone:water (80:20, v/v) in the presence of
antioxidant—2,6-di-tert-butyl-4-methylphenol (0.1 mg mL−1) and 100 pmol of isotopelabelled internal standard [2H6]-ABA. After centrifugation (15 min, 3000 rpm, 4°C) the
supernatant was collected and the pellet was re-extracted with 2 mL of extraction solvent. Pooled supernatants were evaporated to dryness under the vacuum. The extracts
were suspended in 1 mL of isopropanol:formic acid (99:1, v/v, pH 3.3), and dried under
the vacuum. Reconstitutes in 1 mL of 10% methanol containing 0.1% formic acid (pH
2.6) were partitioned twice with 1 mL of n-hexane each time. Dried samples were dissolved in 1 mL of 10% methanol, containing 0.1% formic acid (pH 2.6) and purified
using Oasis-HLB cartridge (150 mg/6 cc, Waters, Milford, MA). The sorbent was preconditioned with 3 mL of methanol and equilibrated with 3 ml of methanol, containing
0.1% formic acid. After loading the sample, the column was washed, and ABA was
eluted with two series of eluents; 1 mL of acetonitrile:water:formic acid (50:49.9:0.1,
v/v/v) and 2.5 mL of acetonitrile:water:formic acid (90:9.9:0.1, v/v/v), respectively. Both
eluates were combined and dried under vacuum. Quantification of ABA metabolites
was achieved by LC-MS/MS using an Acquity UPLC System (Waters) coupled with a
Xevo TQ-S (Waters) triple quadrupole mass spectrometer as described by Floková et al.
32

A co-opted hormonal cascade activates dormant adventitious root primordia

(2014), with modifications. Purified samples were reconstructed in 200 µL of mobile
phase, filtered with 0.45 µm PTFE membrane filter (Phenomenex, Torrence, CA) and
injected onto Acquity UPLC CSH C18 column (100 x 2.1 mm, 1.7 µm; Waters). Analytes
were eluted using a binary gradient, consisting of 15 mM formic acid in water (A) and
acetonitrile (B), for 7 min at a flow rate 0.7 mL min−1 and constant column temperature
at 45°C. The linear gradient elution was performed as follows: 0-0.5 min, 15% eluent B;
0.5-3.5 min, 15-60% eluent B; 3.5-4.5 min, 60-80% eluent B; 4.5-5.75 min, 80-100%
eluent B. At the end of gradient the column was equilibrated to initial conditions for
1.25 min. The effluent was introduced in electrospray ion source of mass spectrometer
with optimized operating parameters: capillary voltage 3 kV, cone voltage 25 V, source/
desolvation temperature 150°C/ 600°C, cone/ desolvation gas flow 150/ 600 L h−1 and
collision energy 10 V. Compound was quantified in negative mode as [M-H]− and two
diagnostic transition were used to perform multiple reaction monitoring (MRM) detection (263.15 > 153.1; 263.15 > 219.1). Data were processed by MassLynx Software,
version 4.1 (Waters).

Hormone and inhibitor treatments
For ethylene treatment, air was enriched with 4.4-5 µl L−1 ethylene, by means of a
gas mixer (Bronckhorst High Tech BV, Ruurlo, The Netherlands). The concentrations in
the glass containers were checked before starting the treatments by measuring gas
samples with gas chromatography. Treatment was continued for up to one day (for
gene expression analysis) or for seven days (for phenotypic analysis).
For MCP treatment, plants were either pre-treated with 5 µL L−1 1-MCP or with air in
an inflatable glove chamber with a size of approximately 600 L (type 108D-X-37-37,
Instruments for Research and Industry, Cheltenham, PA) over night before submergence. This concentration of 1-MCP was obtained by dissolving 4.82 g of Ethylbloc
(Floralife, Walterboro, SC) in 100 mL water, which was placed in an open petridish in
the glove bag. Subsequently, plants were flooded individually in glass containers, and
the emergence of ARs was daily scored up to one week after flooding.
For ABA treatment, ABA ((+)-cis, trans-abscisic acid) (Duchefa Biochemie, Haarlem,
The Netherlands) was dissolved in absolute ethanol to 1 M, diluted with distilled water
to 10−3 M and further diluted with 0.1% ethanol to maintain equal ethanol concentrations. 13-week-old plants were treated locally with ABA or a control ethanol solution
using a 5 mL cuvette fixed onto the stem (5-15 cm high above the soil) with terostat
and then flooded to 15 cm above soil level. For pre-treatment, stems with primordia
were sprayed with 10−3 M ABA or control solution the day before flooding. ARs were
analyzed seven days after the onset of flooding.
For fluridone treatment, fluridone (Duchefa Biochemie) was dissolved in absolute
ethanol and diluted to working solutions in 10% ethanol. Stems of 12-week-old plants
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were wetted with fluridone or control solution for seven consecutive days before
analysis of AR emergence.
Auxin treatment was performed for three consecutive days, using 1-NAA (1-naphthalene acetic acid; Duchefa Biochemie) dissolved in a small volume of 1 N NaOH,
diluted with water to a final concentration of 25 µM and then sprayed on the lower 15
cm of stem using a spray bottle. Emergence of ARs was scored daily for one week after
start of the treatment.
For NPA treatment, the main stem, branches, apical meristems were sprayed with
0 or 1 mM NPA (naphthylphthalamic acid; Duchefa Biochemie), with the lowest 15 cm
stem portion of the main stem remaining untreated. NPA solutions were prepared by
dissolving NPA in a small volume of 1 N NaOH and then further diluting with water.
Control plants were sprayed with a similar concentration of NaOH. Spraying was done
daily from one day before until one day after the onset of flooding. AR emergence was
scored daily up to one week after flooding.
For the decapitation experiment, plants were decapitated by removing the shoot
from 20 cm above soil level. 1-NAA (1 mM) or a control solution in 1% (w:v) micro-agar
(Duchefa Biochemie) was applied to decapitated shoots one day before flooding. AR
growth was scored daily for seven days.

Generation and functional analysis of SdPIN2-RNAi lines
To generate transgenic RNA interference (RNAi) Sd-PIN2 lines, a fragment of 281 bp
3’-UTR region of the comp28330_c0_seq1 of S. dulcamara was amplified using forward
primer 5’-CATGGGGAACAGAGACAGAT-3’, and reverse primer 5’-GACTGAAACAATATGAAGGC-3’ and cloned into the destination vector pk7GWIWG2(I) under control of
CaMv35S promoter (Karimi et al., 2002). The construct was transformed to Agrobacterium tumefaciens strain GV3101 using freeze-thaw transformation (Chen et al., 1994).
Transgenic plants were made by the leaf disc method. In short, leaves were harvested
from 3-4 weeks old S. dulcamara plants, sterilized for 10 minutes in a solution of 1.5%
bleach and 0.01% Tween, and washed four times for 5 minutes with sterilized demineralized water. The leaf explants were cut without the veins and incubated in a 1:100
diluted bacterial culture (OD600 0.4-0.6) with liquid co-cultivation medium of MS20
(20 g L−1 sucrose, 4.4 g L−1 MS with Gamborg B5, 0.5 g L−1 MES monohydrate pH 5.8)
with growth regulators (2 mg L−1 BAP, 0.1 mg L−1 NAA, and 10 mg L−1 acetosyringone)
and kept in dark for 3 days under climate chamber growth conditions. Thereafter, leaf
explants were transferred to selective medium of MS20 supplemented with growth
regulators (2 mg L−1 BAP, 0.1 mg L−1 NAA, 300 mg L−1 cefotaxime, 300 mg L−1 vancomycin,
and 25 mg L−1 kanamycin). The plates were covered with three layers of filter paper and
kept for a week in the climate chamber. The filter papers were removed gradually (one
per week). Every two and half weeks, the explants were transferred on to new fresh
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selective medium. After approximately 7 weeks, the appeared shoots were excised
and transferred to MS20 medium supplemented with 300 mg L−1 cefotaxime, 300 mg
L−1 vancomycin, 10 mg L−1 kanamycin, and 0.25 mg L−1 IBA. When roots had formed,
the transgenic plants were transferred to the greenhouse and kept under standardized
greenhouse conditions. For qPCR analysis of Sd-PIN2 expression, six propagated plants
for each independent transgenic line were used. Six wild type plants were used as
control plants. The primordia were dissected from all the plants at 0 and 24 hours
after the onset of partial submergence. The total RNA was isolated, DNase treated, and
converted to cDNA as described in the previous paragraphs. Relative gene expression
was normalized with two reference genes, namely, CAC and SAND.

Statistical analysis
Fisher’s Exact and Chi-square test were used to analyze categorical data, as indicated.
A two-tailed Student’s t-test or univariate ANOVA with uncorrected LSD was used to
assess significance of differences between phenotypes under submergence and the
control condition and between transgenic lines and the wild-type as indicated. PASW
Statistics for Windows (version 18; SPSS Inc., Chicago, IL) was used for all analyses.
qPCR data were log transformed before analysis to correct for heterogeneity of variance (Rieu and Powers, 2009).

Accession numbers
Raw sequence reads obtained from Illumina sequencing were submitted to the NCBI
Short Read Archive (SRA, http://www.ncbi.nlm.nih.gov/sra) under accession SRP020226.
The S. dulcamara contigs are available from the Sol Genomics Network website (ftp://ftp.
solgenomics.net/unigene_builds/single_species_assemblies/Solanum_dulcamara/).

Results
Submergence causes extensive transcriptomic reprogramming
The well described mechanism for flooding-induced breaking of AR primordia dormancy in rice involves hydrogen-peroxide dependent epidermal cell death, resulting
in removal of the physical restriction to primordium growth (Steffens and Sauter,
2009). In S. dulcamara, the mechanism is fundamentally different, as AR primordia
are not only located much deeper, covered by several layers of cortex cells (Figure
1A, inset; Dawood et al., 2014), but importantly, the epidermis at the site of the AR
primordia already contains numerous cracks surrounded by dead cells before flooding (Supplemental Figure 1). In order to characterize the molecular changes occurring
during activation of dormant AR primordia in S. dulcamara, plants were flooded to 15
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cm above soil level and submerged AR primordia and bordering stem tissues were dissected separately from plants partially flooded for 24 hours and control plants (Fig. 1A).
The reads obtained from RNA-sequencing of the samples were subsequently mapped
to the S. dulcamara transcriptome assembly (D’Agostino et al., 2013). In this way, we
detected expression of 28,035 transcripts, corresponding to 87% of all transcripts in
the assembly. After correcting for multiple testing, a total of 3354 genes showed dif-

Figure 1. Flooding leads to extensive transcriptomic reprogramming in stem and AR primordia of S. dulcamara. A, Analysis
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ferential expression (fold change ≥ 2, false discovery rate ≤ 0.05) in ARs, stem or both
tissues upon flooding (Supplemental Data Set S1). Principal component (PC) analysis
indicated that the main difference between the samples, i.e. PC1, closely correlated to
flooding treatment (Figure 1B). The second largest source of variation, PC2, separated
the tissue types, primordium and stem, but only after the flooding treatment, indicating a differential response of the two tissues to flooding. Slightly more genes were
up-regulated than down-regulated (1932 vs. 1454 genes; Chi-square, P<0.001; Figure
1C) and the overall transcriptomic response was stronger in primordia than in stem
tissue (2566 vs. 1608 genes; Chi-square, P<0.001). Only a small number of genes (32)
showed opposite regulation in the two tissues. To validate these RNAseq results we
looked at six genes whose behavior upon flooding was characterized before (Dawood
et al., 2014) and found that five showed the expected direction of change in expression, while one was below detection level (Supplemental Data Set S2). Furthermore, we
selected eight genes from the current data set that appeared up-regulated specifically
in the primordia (Supplemental Data Set S2) and tested their expression in a set of
samples obtained from a new submergence experiment. All eight genes were significantly up-regulated by flooding in primordia and only one of them was slightly, but
significantly induced also in the stem after 24 hours of submergence (Supplemental
Figure 2). Together, these results confirm the validity of the RNA-sequencing data.

Submergence results in tissue-specific changes to basic cytological
processes
To understand what kind of processes take place in the AR primordia and surrounding stem upon flooding, we first applied enrichment analysis of gene ontology (GO)
categories. For obtaining a broad overview, these were subsequently merged to
reduced-GOSlim categories (Supplemental Figure 3). The analysis showed that stressresponse-related genes were both up- and down-regulated, but with a bias towards
down-regulation, especially in the AR primordia. An example of the latter are genes
related to the response to water deprivation (GO:0009414). Commonly up-regulated
stress-response genes included, as expected, those related to reduced oxygen levels
(GO:0070482, 0036293, 0001666, 0034059), such as alcohol dehydrogenase (ADH)
and pyruvate decarboxylase (PDC) (Supplemental Data Set S3). Analysis of earlier
time-points indicated that the hypoxic response, i.e. ADH1 and PDC induction, could
be detected already three hours after the onset of submergence (Supplemental Figure
4). Similar to above, the broad category of metabolism-related genes was both up- and
down-regulated, but with a bias towards down-regulation in the AR primordia. This included genes functioning in photosynthesis, secondary metabolism and lipid metabolism. Clear tissue differentiation was seen concerning genes involved in cellular activity
(e.g. translation, protein metabolism and cellular component organization), which were
37

2

Chapter 2

highly significantly up-regulated in the AR primordia specifically, and genes involved in
cell division, growth and differentiation, which were strongly over-represented among
down-regulated genes in the stem specifically. For example, cyclin genes showed a
clear trend towards up-regulation in the primordia and down-regulation in the stem.
Seven of the nine identified mitosis-associated CycB orthologs were significantly
down-regulated in the latter tissue and none in the primordia. And whereas two of
the five CycA orthologs were down-regulated in the stem, one was up-regulated in the
primordia, with a similar trend for another CycA and a CycD4 gene (Supplemental Data
Set S3). Notably, 18 of 32 oppositely regulated genes (i.e. primordia up and stem down)
have a function in DNA replication. Time-series analysis showed that the cell cycle and
DNA replication processes started to be affected after 12 to 18 hours of submergence,
mostly (Supplemental Figure 4).
Together, these results show that the reaction of primordia and stem tissue to
flooding is differentiated at the level of gene functions, especially regarding cellular
activity and cell cycle progression. While the stem is reducing its cellular activity, the
AR primordia have clearly started reactivating 24 hours after the onset of flooding.

Hormone synthesis and signaling pathways are affected by submergence
To identify what kind of signaling processes underpin AR primordia activation upon
flooding, we looked in detail at hormone-related genes. GO categories concerning
signaling by various hormones were significantly affected (Supplemental Figure 3). This
included a slight up-regulation of the brassinosteroid biosynthesis-related category in
the primordia and cytokinin-biosynthesis and gibberellin-response categories in the
stem. A more significant over-representation was seen of salicylic acid and jasmonic
acid-related genes among the up-regulated genes in the stem, while, in contrast, the
latter type was mostly down-regulated in the primordia. Ethylene synthesis and
response-related genes were strongly over-represented among stem- and, to a lesser
extent, primordia-up-regulated genes. This included one 1-aminocyclopropane-1carboxylate (ACC) synthase (ACS), two ACC oxidases (ACO), and orthologs of eight of
the 13 ETHYLENE RESPONSE FACTOR-type ERF/AP2 genes from tomato that were shown
to be ethylene responsive (Pirrello et al., 2012; Supplemental Data Set S3). Analysis of
earlier time-points after onset of flooding indicated that induction of three ethylene
signaling-associated genes was fast, within 3 hours, and peaked earlier in the primordia
(after 3 to 6 hours) than in the stem (after 12 to 18 hours; Supplemental Figure 3). The
ABA response was down-regulated significantly in the primordia, among which the key
ABA-responsive genes identified by Fujita et al. (2009) such as the orthologues of the
ABA-regulated PP2CA, ABF, RD26 and RD29B genes (Supplemental Data Set S3) and six
of the 13 identified ABA-responsive LATE EMBRYOGENESIS ABUNDANT (LEA) genes (Cao
and Li, 2015; Supplemental Data Set S3). Down-regulation was detected already after 3
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hours of flooding (Supplemental Figure 4). Furthermore, auxin biosynthesis genes were
up-regulated in the primordia, while the category of auxin response genes was overrepresented among stem-up- and primordia-down-regulated genes. Closer inspection
of the differentially-expressed-gene list, however, revealed that a number of auxinresponsive AUX/IAA genes and orthologues of the auxin-dependent LBD genes that
function during lateral root development in Arabidopsis (i.e., LBD16, LBD29, and the
same trend for LBD18; Lavenus et al., 2013; Supplemental Data Set S3) were specifically up-regulated in the primordia. We noticed upregulation of this auxin-responsive
gene expression in the primordia from 6 hours of flooding onwards (Supplemental
Figure 4). Auxin transport was enriched among stem-down-regulated genes.
Taken together, these results indicate that multiple hormone signaling pathways
are likely to be affected by flooding and may thus mediate the response to this environmental cue.

Ethylene is necessary and sufficient for activation of AR primordia
According to the transcript profiling, ethylene, abscisic acid and auxin signaling were
enhanced upon submergence (Figure 1D). As these hormones have been identified
as major regulators of flooding-induced shoot-growth responses, we set out to test
their role in the signaling pathway regulating root primordium activation. Ethylene
emission from the stem and AR primordia was measured by mounting a small cuvette
around the lower section of the stem. After partial submergence (including the part of
the stem carrying the cuvette), the rate of ethylene release into the cuvette increased
significantly (Figure 2A). To examine the function of ethylene in the activation of AR
primordia, the process was studied after treating plants with an ethylene-perception
inhibitor, 1-methylcyclopropene (1-MCP), for 20 hours directly prior to submergence.
AR outgrowth was significantly delayed in the ethylene-desensitized plants as compared to control plants (Figure 2B). To determine to what extend ethylene mediates the
submergence cue, we studied the effect of ethylene application on AR emergence and
expression of flooding-induced genes in AR primordia. Using high humidity conditions,
which facilitate AR emergence (Dawood et al., 2014), root emergence was analyzed
seven days after the start of the hormone treatment. On average, less than 30% of the
ARs emerged in control plants and treatment with ethylene increased AR outgrowth to
~90%, thus being nearly as effective as the partial flooding treatment (Figure 2C). The
accumulation of seven transcripts that were primordia-specifically induced by flooding
(see Supplemental Figure 2) was analyzed 24 hours after ethylene treatment. Four of
the seven flooding-induced genes were responsive to the hormone in this time frame,
while after 48 hours two more genes responded to the treatment (Supplemental Figure
5). Only one gene responded to flooding, but was not responsive to ethylene.

39

2

responded to the treatment (Supplemental Figure 5). Only one gene responded to flooding, but was not
responsive to ethylene.
In conclusion, the ethylene concentration in the submerged stem parts increases during flooding and
ethylene
Chapter
2 signaling is necessary and sufficient for emergence of ARs, and for a considerable part of the
flooding-dependent gene expression changes.

Figure 2. Ethylene is a major regulator of flooding-induced
AR primordium activation. A, Release of
41
ethylene from the stem of S. dulcamara after 24 of submergence. Data are means ± SE for control
(N=4) and partially flooded plants (N=6). **, significantly different from control (Student’s t-test,
P<0.01). B, Effect of inhibition of ethylene perception by 1-MCP. The visible growth of adventitious
roots was scored daily from 20 primordia per plant. Plants were treated with 0 (control) or 5 µL L−1
1-MCP for 16 hours. Data are means ± SE (N=7). ***, average time to AR emergence 3.3 ± 0.23 [SE]
and 4.9 ± 0.23 days for control and 1-MCP treatment, respectively (Student’s t-test, P<0.001). C,
Effect of treatment with ethylene. Per plant, 15 primordia located on the stem segment up to 15
cm above the soil were analysed. Plants were kept under high humidity conditions and received no
additional treatment (control), partial submergence (flooding) or 4 ppm ethylene (ethylene). Data
are means ± SE (N=8). Different letters above the bars indicate significant difference between the
treatments (ANOVA with Tukey post-hoc, P<0.05).

In conclusion, the ethylene concentration in the submerged stem parts increases
during flooding and ethylene signaling is necessary and sufficient for emergence of
ARs, and for a considerable part of the flooding-dependent gene expression changes.

Reduction of ABA levels acts down-stream of ethylene in the AR activation
pathway
Contrary to the case of ethylene, ABA responses seemed to be down-regulated upon
submergence according to the transcriptome analysis. Indeed, ABA levels in the AR
primordia and surrounding stem were significantly reduced 24 hours after the onset
of flooding (Figure 3A). Consistent with a primary role for ethylene accumulation in
the flooding response, a reduction in ABA level in the primordia was also seen upon
treatment with this hormone (Figure 3A). Treatment with ABA prevented AR primordium
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emergence under flooded conditions (Figure 3B), while treatment with the carotenoid
biosynthesis inhibitor fluridone, which also blocks ABA synthesis (Gamble and Mullet,
1986), showed to be sufficient for AR primordium activation (Figure 3C). To determine
at what stage AR development is blocked by ABA, we made sections seven days after
the start of the flooding plus ABA treatment. AR primordia were developed slightly
further than in the non-flooded control situation, but additional pre-treatment of
the primordia with ABA one day before flooding resulted in a near-complete growth
inhibition (Supplemental Figure 6). To determine the cause of the flooding-induced
drop in ABA concentration, expression of ABA metabolism genes was studied. ABA accumulation is commonly controlled at the level of synthesis, at the step catalyzed by

Figure 3. ABA maintains AR dormancy and is reduced by flooding and ethylene treatment. A, ABA concentration in primordia

Figure 3. ABA maintains AR dormancy and is reduced by flooding and ethylene treatment. A, ABA
and stem of 13-week-old plants after 24 hours of various treatments. Around 20 primordia were collected per plant. Data are
concentration in primordia and stem of 13-week-old plants after 24 hours of various treatments.
means ± SE (N=5, each a pool of two plants). Different letters above the bars indicate significant difference between the
Around 20 primordia were collected per plant. Data are means ± SE (N=5, each a pool of two plants).
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To examine the role of auxin in AR activation, basipetal polar auxin transport was blocked in the stem
above the submerged plant parts by local application of N-1-naphthylphthalamic acid (NPA). After 7 41
days only 60% of the ARs had grown out and their emergence was significantly delayed (Figure 4A).
Basipetal auxin transport can also be inhibited by removing the main auxin source from the plant shoot

2

Chapter 2

9-cis-epoxycarotenoid dioxygenase (NCED)-type enzymes (Schwartz et al., 1997). Both
of the identified ABA-synthesis-related NCED orthologs were strongly down-regulated
24 hours after the start of flooding or ethylene treatment (Fig. 3D; Supplemental Figure
7). ABA levels may also be regulated at the level of catabolism, at the step catalyzed by
ABA 8’-hydroxylases (Kushiro et al., 2004). One of three identified ABA 8’-hydroxylase
orthologs was up-regulated in the AR primordia 24 hours after the start of flooding.
Additional qPCR analysis, however, showed that this effect could not be mimicked by a
24 hour ethylene treatment (Figure 3E). Also shorter ethylene treatments did not lead
to induction of this gene in the primordia (Supplemental Figure 7).

Polar auxin transport is required for AR emergence
To examine the role of auxin in AR activation, basipetal polar auxin transport was
blocked in the stem above the submerged plant parts by local application of N-1naphthylphthalamic acid (NPA). After 7 days only 60% of the ARs had grown out and
their emergence was significantly delayed (Figure 4A). Basipetal auxin transport can
also be inhibited by removing the main auxin source from the plant shoot by decapitation. On decapitated plants, ARs did not emerge upon flooding. Complementing the
decapitated shoots with the synthetic auxin 1-naphthylacetic acid (1-NAA; applied to the shoot stump)

decapitated shoots with the synthetic auxin 1-naphthylacetic acid (1-NAA; applied to
partially rescued the outgrowth of ARs (Figure 4B). Together, these results support a requirement for

the shoot stump) partially rescued the outgrowth of ARs (Figure 4B). Together, these
shoot-derived auxin to activate the primordia. Direct application of auxin to primordia, however, was

results support a requirement for shoot-derived auxin to activate the primordia. Direct
not enough to activate AR primordia (AR emergence 25 ± 8 [SE] % in control, and 23 ± 11 % with 25 μM

application of auxin to primordia, however, was not enough to activate AR primordia
1-NAA).

(AR emergence 25 ± 8 [SE] % in control, and 23 ± 11% with 25 μM 1-NAA).
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Interestingly, one of the flooding-induced genes, also shown to be responsive to ethylene, was
annotated as auxin efflux carrier PIN2: the predicted protein clusters with tomato and Arabidopsis PIN2
in phylogenetic analysis and shows 97% and 89% similarity to these proteins, respectively (Supplemental
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Data Set S3; Supplemental Figure 5). Having found an important role for polar auxin transport in AR
activation, we analyzed the function of this gene in submergence-induced activation of the AR primordia.
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Interestingly, one of the flooding-induced genes, also shown to be responsive to
ethylene, was annotated as auxin efflux carrier PIN2: the predicted protein clusters
with tomato and Arabidopsis PIN2 in phylogenetic analysis and shows 97% and 89%
similarity to these proteins, respectively (Supplemental Data Set S3; Supplemental
Figure 5). Having found an important role for polar auxin transport in AR activation,
we analyzed the function of this gene in submergence-induced activation of the AR
primordia. RNA interference (RNAi) S. dulcamara lines were generated by Agrobacterium
tumefaciens-mediated transformation using a 281-bp 3’-UTR fragment of Sd-PIN2 in a
hair-pin construct. We selected eight independent RNAi lines and designated them as
PIN2-RNAi-1 to -8. The transcript level of Sd-PIN2 was reduced in six of the lines (Figure
5A). Emergence of ARs was significantly delayed in all these six RNAi lines, although
the delay was limited in absolute terms (up to 0.7 days; Figure 5B). No delay was found

Figure 5. PIN2 silencing delays activation of AR primordia by flooding. A, Relative expression of Sd-PIN2 in the AR primordia in

Figure 5. PIN2 silencing delays activation of AR primordia by flooding. A, Relative expression of
control and 24 hours submerged plants in the wild type (WT) and PIN2-RNAi lines. Order of lines according to significance of
Sd-PIN2 in the AR primordia in control and 24 hours submerged plants in the wild type (WT) and
difference with the wild type. Data are means ±SE (N=2-4). **, line significantly different from the wild-type, two-way ANOVA,
PIN2-RNAi lines. Order of lines according to significance of difference with the wild type. Data are
P<0.01,
P<0.001.
B, Time
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for the two lines that did not show reduced Sd-PIN2 expression. Thus, flooding- and
ethylene-dependent induction of Sd-PIN2 expression supports the activation of AR
primordia upon flooding.

Discussion
Plasticity, or environmental responsiveness, is an universal property of life, needed to
optimize fitness under local circumstances. Here we uncovered the molecular physiological processes that underlie plastic development of the root system in response
to flooding in S. dulcamara. Partial flooding has a severe impact on plant physiology,
which explains why the abundance of around 15% of all detected transcripts was
modulated by this stress after 24 hours in two examined tissues. One of the responses
of this plant species to flooding is the reactivation of dormant AR primordia that are
constitutively present on the stem (Terras, 1897; Dawood et al., 2014). By comparing
the transcriptomic adjustments of AR primordia and regular stem tissue upon flooding,
followed up by targeted physiological experiments, insight was gained into the regulatory mechanism behind this morphological acclimation.

Increased cellular activity of AR primordia and quiescence of stem tissue
upon flooding
About a quarter of all observed flooding-induced transcriptomic changes occurred in
both the AR primordia and stem (Figure 1). An example of this is up-regulation of genes
involved in hypoxia acclimation, which suggests that the metabolic readjustments to
cope with decreased oxygen availability are highly similar in the different types of cells.
By contrast, genes involved in cell division and cell growth are regulated more differentially. For example, a significant number of cell wall modifying enzymes is up-regulated
only in the primordia. These genes could have a function in the growth of the primordia
that is about to start after 24 hours of flooding, and requires weakening of existing cell
walls to allow for cell enlargement as well as synthesis of new wall material after cell
division (Cosgrove, 2005). Also, like in the process of LR emergence, the cortex cells
that cover the root primordia will need to separate from each other, and in Arabidopsis
this has been shown to require wall modification (Péret et al., 2009). Although we did
not detect up-regulation of cyclin B genes in the primordia at the 24-hour time point
yet, there is already a specific induction of many DNA replication-related genes, such
as CDC6, a key regulator of DNA replication in eukaryotes (Castellano et al., 2001).
In contrast to the situation in the primordia, a large group of genes encoding cell
wall modifying- and cell cycle-related genes is specifically downregulated in the stem.
These findings suggest that cell division and growth are suppressed in the stem upon
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flooding, such that this tissue enters a state of quiescence. Adhering to a quiescent
strategy regarding shoot growth has been shown to be beneficial for plant survival under long-term flooding conditions, potentially because more energy may be available
for basal cellular functions and physiological acclimation (Bailey-Serres et al., 2012b).
The increased cell growth- and division-related activity of AR primordia after 24 hours
of flooding precedes visual growth of the primordia, but is in accordance to the finding
that AR activation is triggered within 24-48 hours, after which outgrowth occurs even if
the water level is lowered (Dawood et al., 2014). The finding that two CycA3 orthologs
and a CycD4 are induced, suggests that the dormancy involved cell cycle arrest at the
G1 to S phase, as has been described for other dormant organs (Horvath et al., 2003).

Ethylene as a conserved trigger for adaptive responses to flooding
Upon flooding, diffusion of the gaseous hormone ethylene out of the plant will be
reduced due to physical entrapment by the surrounding water layer (Armstrong et al.,
1991), and together with sustained ethylene production, as indicated by increased expression of the ethylene biosynthesis genes ACS and ACO, this then leads to increased
accumulation of ethylene, shown by the about threefold stronger ethylene release
from the flooded S. dulcamara stem after 24 hours of partial submergence (Figure
2A). Ethylene and ethylene-perception inhibitor treatments showed that this ethylene
signal is necessary and sufficient for timely AR primordium activation (Figure 2B, 2C), as
it is in rice and R. palustris (Visser et al., 1996b; Lorbiecke and Sauter, 1999). Ethylene
functions as the cue for activation of flooding responses in various species and tissues,
including positive and negative shoot-growth responses and aerenchyma formation
(Bailey-Serres and Voesenek, 2008). While ARs may develop from preformed primordia
upon flooding, in some species they are formed de-novo during the flood period (Negi
et al., 2010; Vidoz et al., 2010). Interestingly, this stress-induced AR initiation, too, is
stimulated by ethylene, while initiation of LRs, which is highly similar to that of ARs
from a developmental point of view, is usually inhibited by ethylene (Negi et al., 2008;
Ivanchenko et al., 2008). This highlights the repeated linking of the ethylene pathway
to adaptive growth responses during evolution.

Removal of the ABA dormancy signal activates AR primordia
Ethylene then acts on AR primordium activation through restriction of ABA accumulation (Figure 3A). This is accomplished via the down-regulation of NCED-type ABA-biosynthesis genes (Figure 3D). In our experiments, flooding, but not ethylene treatment,
also lead to higher expression of an ABA 8’-hydroxylase gene in the primordia (Figure
3E). This thus represents a non-essential, ethylene-independent response, which might
for example depend on hypoxia as a signal. Fluridone treatment showed that reduction
of carotene-derived compounds is sufficient for AR primordium activation (Figure 3B).
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Although this may include compounds other than ABA, such as strigolactones, the fact
that ABA treatments then prevented AR emergence confirms that reduction of the ABA
signal is involved in AR primordium activation (Figure 3C). A similar negative relation
between ethylene and ABA accumulation has been described earlier in shoot-growth
responses to flooding in R. palustris and rice (Saika et al., 2007; van Veen et al., 2013)
and in germinating seeds and seedlings in Arabidopsis (Ghassemian, 2000; Cheng et
al., 2009; Dong et al., 2011). The negative effect of ethylene on ABA accumulation in
Arabidopsis seedlings was accompanied by lower NCED expression and higher ABA
8’-hydroxylase gene expression, as in the signaling cascade described here (Cheng et
al., 2009). In rice, ABA treatment hampers flooding-induced AR emergence by preventing epidermal cell death (Steffens and Sauter, 2005), but it has not been reported
whether ABA levels actually go down at the site of the preformed AR primordia and
whether this is sufficient to mimic the flooding and ethylene responses. ABA also has a
prominent role in dormancy initiation and maintenance in seeds and vegetative organ
buds (Arend et al., 2009; Nambara et al., 2010; Reddy et al., 2013). Interestingly, a
(transient) dormancy phenotype has been reported for LR primordia in Arabidopsis and
is thought to occur in situations where LR emergence is not required (e.g. high plant
nitrate status; Zhang and Forde, 1998) or unfavorable (e.g. dry or salty environments;
Duan et al., 2013). Nitrate- and salt-induced LR dormancy has been shown to be mediated by high ABA levels and to become established around the stage of root apical
meristem activation, similar to the stage at which S. dulcamara ARs are kept dormant
(Signora et al., 2001; de Smet et al., 2003; Duan et al., 2013; Dawood et al., 2014). It
should be noted that upon flooding, ABA levels also drop in stem tissue of S. dulcamara,
although this tissue becomes less active according to cell cycle-related gene expression. Thus, the response differentiates between the primordia and stem tissues at this
point, with additional factors imposing a quiescent state on the stem.

An essential role for auxin in controlling AR activation
During submergence, polar auxin transport is required for adventitious root growth in
various species (Visser et al., 1996c; Wample and Reid, 1979; McDonald and Visser,
2003; Xu et al., 2005; Vidoz et al., 2010), including S. dulcamara. According to the gene
set enrichment analysis, signaling by auxin was stronger in flooded stem tissue, but not
significantly induced in primordia. Auxin, however, is a hormone with many cell-type
specific effects, making it difficult to define a set of generally-auxin-responsive genes
(Wang and Estelle, 2014). Looking at the set of transcripts responding positively to
flooding in the primordia, a number of genes which are regarded as auxin-responsive
could be identified, such as the LBD genes. Various members of this transcription factor family function in de-novo formation of lateral and adventitious roots, downstream
of auxin (Inukai et al., 2001; Péret et al., 2009; Benková and Bielach, 2010). During
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LR development in Arabidopsis, LBD16 and LBD29 activate the cell cycle and induce
primordium development (Péret et al., 2009; Lee et al., 2013) and similarly, the rice
LBD29 ortholog CRL1/ARL1 is necessary for AR initiation (Liu et al., 2005; Inukai et
al., 2005). Furthermore, the Arabidopsis LBD18 protein activates the expression of the
EXPANSIN14 gene to facilitate emergence of the lateral root (Péret et al., 2009; Lee
et al., 2013). We found that expression of LBD16, -18 and -29 orthologs was induced
by flooding, specifically in the primordia. Another auxin-responsive gene, PUCHI, is
thought to act in parallel to the LBD genes during LR formation in Arabidopsis (Kang et
al., 2013) and also this gene is induced in AR primordia of S. dulcamara upon flooding.
Taken together, these results reveal considerable similarity between transcriptional
programs underlying de-novo lateral/adventitious root formation in Arabidopsis and
rice and reactivation of dormant AR primordia in S. dulcamara. The reason for this is
not clear, as root identity is already evident in the dormant S. dulcamara AR primordia
(Dawood et al., 2014) and suggests either that cellular patterning of the AR primordia
is not yet fully completed and is reinforced upon reactivation or that the auxin/LBD
module has functions beyond the initial developmental steps of lateral/adventitious
roots as identified in Arabidopsis and rice. It would be interesting to investigate if the
same happens in reactivated AR primordia of rice.
In agreement with a role for auxin, treatment with NPA, a polar auxin transport
inhibitor, significantly reduced the number of adventitious roots induced by flooding
and delayed their emergence (Figure 4A). In Arabidopsis seedlings, emergence of the
LR primordia was dependent on the auxin derived from the first two leaves and the
process was inhibited when they were removed (Bhalerao et al., 2002). Likewise, in
S. dulcamara, removing the main source of auxin by decapitating the shoot abolished
adventitious root growth, while application of the synthetic auxin 1-NAA on top of the
cut stem partially restored it (Figure 4B). Although the process of auxin transport as a
whole was slightly enriched among the flooding-down-regulated genes in the stem, resembling results from tomato (Negi et al., 2010), we observed a specific up-regulation
of PIN2 in the AR primordia by flooding and ethylene treatment. This effect was of
physiological relevance, as PIN2-silenced lines showed delayed AR emergence (Figure
5). This may be due to the fact that PIN2 acts, redundantly with PIN1, as the major contributor to basipetal auxin transport to the root meristem and thereby promotes root
growth (Blilou et al., 2005). Furthermore, PIN2 is involved in re-distribution of auxin
from the root tip to the elongation zone, and in this role acts downstream of ethylene.
Although primary root growth in Arabidopsis is suppressed by ethylene as a result of
elevated, supra-optimal levels of auxin in the elongation zone, due to enhanced PIN2
activity (Luschnig et al., 1998), it is possible that in S. dulcamara, enhanced PIN2 activity is necessary for auxin concentrations proximal to the adventitious root tip becoming
optimal for growth. The limited phenotypic effect of PIN2-silencing and NPA treatment,
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compared to decapitation, may be due to partial silencing/inhibition or, in case of the
silenced lines, to functional redundancy between the members of the PIN family, as
has been demonstrated in primary and lateral root development in Arabidopsis (Blilou
et al., 2005). Indeed, there is considerable expression of several related PINs in the
primordia (Supplemental Data Set S1, S3). As basipetal auxin transport is negatively
affected by low oxygen levels and low light conditions (Wample and Reid, 1979; Keuskamp et al., 2010), this pathway may mediate integration of additional environmental
signals into the flooding response such as the observed suppression of AR emergence
upon complete submergence and shading.

A model for hormonal regulation of AR activation
Based on our observations we present a model in which the flooding-dependent
ethylene response pathway that activates AR primordia controls two downstream
branches, one suppressing signaling by the hormone ABA and one enhancing signaling
by auxin. This model fits with the timing of reactivation-related gene expression, as
changes in ethylene-, ABA- and auxin-associated gene expression were observed after
3 to 6 hours of flooding, while effects on cell cycle and DNA replication genes were
first detected after 12 to 18 hours. The finding that ABA reduction is not sufficient to
activate primordia in the absence of basipetal auxin transport, as in the decapitated
plants (Figure 4B) and high auxin concentrations by themselves are also not sufficient
to activate the primordia, indicates that these two pathways act at least partially in parallel. This situation is similar to rice, in which polar auxin transport is also necessary for
AR emergence, but not sufficient (Lorbiecke and Sauter, 1999; Xu et al., 2005). Future
transcript profiling studies into the effect of modifying ABA and auxin signal strength,
alone and combined, should shed light on the non-additive interaction between
these two hormones. Additional factors, such as hypoxia, might feed into the model
presented here, but are not essential for reactivation of the primordia. An important
distinction between the S. dulcamara and rice models for AR reactivation is the target
tissue: while in rice, the epidermal cells are the main target of the ethylene-dependent
activation pathway (Steffens and Sauter, 2009), AR dormancy does not seem to depend
on mechanical restriction by the epidermis in S. dulcamara. (Supplemental Figure 1).
Cell-type specific modifications will be necessary to determine target tissues in the
latter system. In addition, it is currently unclear whether in rice, too, ABA reduction has
a central role in mediating the ethylene signal.
The aquatic habit of plants evolved more than 200 times independently, suggesting
that flood-adaptive traits can evolve relatively easily (Jackson et al., 2009). The initiation and then reactivation of dormant adventitious root primordia in S. dulcamara is an
adaptive novelty within the Solanum genus. One path for such an evolutionary process
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is the redeployment of pre-existing developmental and signaling pathways (True and
Carroll, 2002; Bento et al., 2010). This study supports this hypothesis, by showing that
a hormone cascade known to operate in seeds and seedlings, and direct shoot-growth
responses to flooding in various plant species has been co-opted to control root growth
upon flooding in S. dulcamara. Future studies employing detailed comparative genomic
analyses may shed light on the molecular basis of this evolutionary process. Also, it will
be interesting to study the putative involvement of other hormones in the dormancy
breaking process, such as brassinosteroids and jasmonic acid, as these compounds
have not been implicated in dormancy breaking processes before. The same applies to
strigolactones, which are known to influence lateral root and AR initiation (Ruyter-Spira
et al., 2011; Rasmussen et al., 2012), but might well have an extended function, as
suggested for the LBD genes.
There is an urgent need to increase crop production. A generally adopted strategy
in this regard is to manipulate traits in crop plants, such that they better suit their
environment, which will increasingly often include regularly soil-flooded areas. A deep
and broad understanding of mechanisms that can potentially contribute to flooding
tolerance, including the adaptive mechanisms that have evolved under natural selection, is imperative to the necessary advancements in crop breeding.
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Abstract
Flooding, which occurs more and more frequently and affects increasingly large areas
due to climate change, has seriously negative effects on functioning of plants. Some
plant species are able to alter their development to adapt to such stress factors. Induction of adventitious roots (ARs) is an important trait in plant response to flooding. In
this study, the mechanism of AR emergence from the stem tissue was investigated in a
terrestrial plant, Solanum dulcamara. In this species, the epidermal cells covering the
primordia died gradually in the dormant period before flooding, leading to lenticel
formation. Upon flooding, ARs penetrated through the cortical cells to emerge from the
lenticels. We found that genes encoding cell wall remodeling enzymes were expressed
at higher level in primordia than in stem before flooding, and that their expression was
increased in primordia after flooding. This suggests that cell wall remodeling happened
both during the development of primordia, possibly contributing to lenticel formation,
and during AR emergence after flooding to allow cortical cell separation. ABA and ethylene were found to regulate most of the gene activities of cell wall remodeling enzymes
antagonistically, although not all responses to flooding could be recapitulated by the
hormone treatments. Ethylene treatment markedly increased the transcription level of
polygalacturonases (PG). ABA treatment, on the contrary, inhibited the expression of
polygalacturonases, in particular PG4, while repression of ABA biosynthesis increased
PG4 expression. We conclude that cell walls of tissues overlaying AR primordia may
be modified by cell wall remodeling enzymes before and during flooding to facilitate
emergence of the new roots and that this process largely depends on the floodinginduced ethylene-ABA pathway.
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Introduction
Flooding is one of the most common abiotic stresses, posing a great threat to the
growth and survival of many terrestrial plant species (Hirabayashi et al., 2013). During
flooding, excess water rapidly interferes with the gas exchange between plants and
atmosphere, thereby leading to a hypoxic or even anoxic environment for submerged
tissues (Armstrong et al., 1991). Some aquatic plants and terrestrial plants growing in
flooding prone areas have morphological and physiological adaptations to function
under flooding. While some adaptations are constitutive, others are only activated
upon submergence. The latter often depend on a signaling pathway that involves the
plant hormones ethylene and abscisic acid (ABA) (Vidoz et al., 2010; Chapter 2).
The ability to form adventitious roots (AR) is one of the characteristic flooding adaptations. In contrast to the original roots, which deteriorate during flooding, ARs remain
physiological active because they contain aerenchyma, which improves the shoot-root
gas diffusion (Colmer, 2003; Sauter, 2013). ARs develop either from AR primordia, which
are formed de-novo upon flooding, as for example in sun flower and tomato, or from
AR primordia that are pre-formed on the stem, such as in deepwater rice and Solanum
dulcamara (Wample and Reid, 1975; Lorbiecke, 1999; Vidoz et al., 2010; Dawood et
al., 2014). In the latter case, AR primordia are produced continuously on the stem as a
natural process during plant development. The pre-formed AR primordia bear all the
characteristics of lateral root (LR) primordia, but unless being stimulated by flooding,
they remain dormant and do not emerge through the covering tissues (Mergemann
and Sauter, 2000; Chapter 2). Lenticels are also structures that develop on the woody
stems of vascular plants, providing gas exchange passage between the internal tissues
and exterior atmosphere (Shimamura et al., 2010; Purnobasuki, 2011). This structure
is found more often in wet-habituated or flooding-tolerant species, too (Pankhurst and
Sprent, 1975; Havens, 1994).
The AR tips are buried by several cell layers including cortex and epidermis in the
stem tissues, and they have to protrude through them before emergence. In some plant
species, such as swamp tupelo, Ulmus americana, and Fraxinus pennsylvanica, lenticels
are situated on top of AR primordia. During flooding, ARs protrude through cortex
and emerge from the lenticels, where the epidermis is already fractured as a result of
the lenticel formation (Hook et al., 1970; Gomes and Kozlowski, 1980; Angeles et al.,
1986). In other plant species, such as deepwater rice, the epidermal cells that cover the
primordia undergo programmed cell death to make way for the ARs beneath (Mergemann and Sauter, 2000). This process is controlled by ethylene with the coordination
of Reactive Oxygen Species (ROS) and hydrogen peroxide (Steffens and Sauter, 2009;
Steffens et al., 2012).
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AR emergence also bears similarity to that of LRs, which represents yet a different way of outgrowth (Laskowski et al., 2006; Bellini et al., 2014). LR primordia are
initiated from pericycle cells or from the endodermis, which are both deep within
the parental roots, and have to protrude the overlaying tissues before emergence. In
Arabidopsis, the overlaying layers are composed of single layers of endodermis, cortex,
and epidermis, whereas in rice, the tissues overlaying LR primordia consist of up to
20 cell layers (Péret et al., 2009). In Arabidopsis, genes encoding cell wall remodeling
enzymes (CWREs), including subtilisin-like protease, polygalacturonases (PGs), pectate
lyase (PL) and xyloglucan:xyloglucosyl transferase are locally induced in the overlaying
tissues by auxin derived from LR primordia. Also endo-1, 4-β-glucanase (GL) genes are
expressed around the LR primordia. These CWREs degrade the middle lamella between
the cells and thereby lessen cell-cell adhesion and facilitate LR emergence (Laskowski
et al., 2006; González-Carranza et al., 2007; Swarup et al., 2008).
In the present study, the mechanism of AR emergence was investigated in S. dulcamara. This terrestrial plant species has a wide habitat range, including both dry areas
and permanently flooded river banks and lake shores (Zhang et al., 2016). The mature
stem of S. dulcamara carries numerous AR primordia, usually accompanied with one
or more lenticels (Terras, 1897; Dawood et al., 2014). The primordia are derived from
the parenchyma of the ray, and the young roots remain in a state of quiescence when
the primordia are fully developed. After flooding, AR tips from the activated primordia
protrude the surrounding stem tissues and give origin to new roots (Dawood et al.,
2014). In this study, we investigated the process of AR emergence and transcriptional
changes that occur in primordia before and after flooding that are associated with cell
wall modification. The effects of ethylene and ABA on cell wall remodeling during AR
formation were also explored.

Materials and methods
Plant materials and growth conditions
A seed batch of S. dulcamara collected from a wet habitat near Wychense Ven, Wijchen,
the Netherlands, and supplied by the Experimental Garden and Genebank, Radboud
University, the Netherlands, was used for this study. Seeds (accession no. A54750008)
were sown in round plastic pots of 10 cm height and 13 cm diameter, containing
standard sowing soil, and then covered with a thin layer of vermiculite. Seeds in pots
were kept in a cold chamber (~4°C) for 3 weeks and then moved to greenhouse with
normal growth conditions (16 h photoperiod and 25/19°C, day/night). After 3 weeks,
individual seedlings were transferred to 12 x 11 x 11 cm (h x w x d) plastic pots filled
with potting soil, and kept in the same growth condition until they were experimentally
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treated. Plants were watered daily and supplied with a standard plant fertilizer once
every 2 weeks.

Submergence experiment set up
Submergence experiments were conducted in glass aquaria (60 x 21 x 21 cm) in the
greenhouse. One day before start of the experiment, the glass aquaria were filled with
tap water to the level at which plants were submerged to 15 cm of stem above the
soil in the pot. Treatments started at 11.00 am. Plants were submerged for 0 to 72 h,
according to the different experimental purposes.

Evans blue staining
Stems with primordia were cut from 12 weeks old plants and stained in 2% (w/v) Evans
blue in water for 3 min and subsequently washed in water. Evans blue only stains
dead cells blue (Gaff, 1971; Kanai and Edwards, 1973). Microscopic analysis of staining
patterns was performed immediately under a microscope (Leica MZFLIII binocular) with
an attached camera (Leica DFC420 C).

Scanning Electron Microscopy (SEM)
The material was fixed on a holder with a layer of carbon-rich conductive glue and then
rapidly frozen with liquid nitrogen. The holder with frozen material was held under
liquid nitrogen to be coupled to a rod and pulled back into a small cylindrical container,
and finally, the entire or fractioned material was further inserted with a rod into the observation chamber of a Cryo Field Emission Scanning Electron Microscope (JEOL 6330).

Ethylene and fluridone treatment
To set up a high humidity treatment, glass containers were lined with wet filter paper
(Schleicher and Schuell GmbH, Dassel, Germany), according to the method described
by Dawood et al (2014). Then plants were placed individually in the containers and the
open top was covered with plastic film. During this treatment, air was flushed at 1.75 L
min−1 through each glass container to prevent accumulation of plant derived gases such
as CO2 and ethylene. The flushing air was first humidified by directing it through a water
column. Relative humidity in the containers was measured with a thermo-hygrometer
(type 605-H1, Testo AG, Lenzkirch, Germany) and showed levels of around 90%. Light
and temperature were kept at standard conditions (see above).
Ethylene treatment was performed in the high humidity condition described above.
The flushing air was enriched with ethylene at a concentration of 4.4-5 μl L−1 by means
of a gas mixer (Bronckhorst High Tech BV, Ruurlo, the Netherlands). Ethylene concentrations in the glass containers were checked before starting the treatments by measuring
gas samples with gas chromatography.
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Fluridone treatment was done also in high humidity conditions. Fluridone (Duchefa
Biochemie, Haarlem, the Netherlands) was dissolved in absolute ethanol and diluted
to working solutions (100 mM) in 10% ethanol (v:v). Stems of 12-week-old plants were
wetted with fluridone or control solution (10% ethanol) one time per day. Primordia
were dissected for analysis after one day or two days of treatment.

ABA treatment
ABA ((+)-cis,trans-abscisic acid; Duchefa Biochemie, Haarlem, the Netherlands) was dissolved in absolute ethanol and diluted to working solutions (1 mM) in 0.1% ethanol.
Local ABA treatment was conducted in a 5 mL cuvette which was fixed onto the stem at
5-15 cm above the soil, sealed with terostat (Henkel, Dusseldorf, Germany) and filled
with ABA solution or control solution.

Sample collection, RNA isolation and real-time PCR analysis
For the time series of transcript analysis, plants of 12 weeks old were randomly divided
into groups, and each group was then subjected to between 0 and 24 h of submergence.
From each submerged plant, 10 to 15 mature primordia of similar size and pieces of
stem of about the same size were collected, and explants from 2 plants were pooled
as one sample. In this way, 3 biological replicates were obtained for each time point.
Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. RNA quality was confirmed by agarose
gel electrophoresis and spectrophotometric analysis (Nanodrop 1000, Thermo fisher
Scientific, Wilmington, Delaware, USA). Genomic DNA was removed by DNase I (Promega, Madison, USA) treatment. For cDNA synthesis, 500 µg RNA was used for reverse
transcription with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) following the manufacture’s instruction. q-PCR was performed with 25 µL reaction volume
containing 20-50 ng cDNA, 200 nM of each primer and 12.5 µL iQ SYBR Green Super
Mix (Bio-Rad) according to the manufacture’s protocol. All the reactions were carried
out in a Bio-Rad iCycler CFX96 Real-Time System, following a 2 step standard protocol
(45 cycles of 15 s at 95°C and 30 s at 60°C) with melt curve analysis. EXP, SAND, CAC,
and TIP4 were used as reference genes, and the corresponding primers were designed
by Beacon Designer 8 (PREMIER Biosoft International, Palo Alto CA, USA) (Table 1).
Quantification of expression was performed as described in Rieu & Powers (2009).

Statistical analysis
Statistical analysis of the gene expression data was done on the log2-transformed data.
Student’s t-test, one-way ANOVA followed by the LSD post hoc multiple comparisons
test and two-way ANOVA were applied. P≤0.05 was considered significant. The analysis
was performed using the SPSS v21.0 software package (SPSS Inc., USA).
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Table 1. Primers used for q-PCR in this chapter.
Gene ID

Gene
name

Primer Sequence (5’ - 3’) (forward/reverse)

comp10185_c0_seq4 TIP41

AGTCATGCCT
 AGTGGTTGG
TTCC

TGAGCACTCCATCAACCCTAAGC

comp3969_c0_seq3

AGTTT
 GTTGTT
 GAGGCT
 GTT
ACAC

ACCGGACACCTTCCTGAGTAATG

comp12933_c0_seq1 Expressed

CTAAGA
 ACGC
 TGG
 ACCT
 AAT
GACA
 AG

AAAGTCGATTTAGCTTTCTCTGC
ATATTT
 C

comp6973_c0_seq1

TGCT
 TACACA
 TGTCT
 TCCA
 C
TTGC

AAACAGGACCCCTGAGTCAG
TTAC

comp21401_c0_seq1 PG1

ATGAAGAATCTAATGGCAAT

GAGAAGAATGGTGGAATC

comp14295_c0_seq1 PG2

CATCTTCAAGTGTTATTCC

TGTCCTAATCAGAGTTCT

comp14927_c0_seq1 PG3

TGTAGTGATGAACGATGT

CTAATCTTGATGCCTGAAC

comp24903_c0_seq1 PG4

AATGGTGATGACTGTATT

GAATCTTCAACTGTAATGT

comp8699_c0_seq1

GL1

CTTCCAGTTGCTATTCCT

CTTCAAGTTCTTCAATGTCT

GL2

CACT
 TCT
 TATCT
 TGCTT
 ATAT
CCA


TTCCAGGTCTCTTGTCATC

comp22315_c0_seq1 PL1

CCAGCAATCGTCAATAGGA

GCATTCGGAATAGTACAGAGA

comp21718_c0_seq1 PL2

TAGGATACAACACTTCAAC

TCACCAGCAAGATACATA

comp2836_c0_seq1

CAC

SAND

Results
Epidermal cell death causes fractures on primordia in Solanum dulcamara
To understand emergence of adventitious roots (AR) from the primordia upon flooding, first the development of primordia on the stem was studied. Primordia initially
appeared on the basal part of the stem, near the soil, and gradually on the upper part
and even on branches (Fig 1A). We observed that the shape of primordia changed
during growth, for example, newly formed primordia were dome-shaped with none or
only a few epidermal fractures (Fig 1B, C), while over time epidermal cell death and
separation increased (see chapter 2, Supplementary figure 1). Eventually, this led to
the formation of cracks on the surface, usually one or two situated either on the flanks
or on the apex of primordium (Fig 1G). These cracks were not observed on the stem (Fig
1D). The cracks in S. dulcamara were first observed by Terras (1897) who designated
them as lenticel (Fig 1F, G). As reported before, upon flooding, ARs were produced from
the preformed primordia on the submerged stem in S. dulcamara after 1 to 3 days (Fig
1E; Dawood et al., 2014). Although the epidermal layer was already broken, emergence
still involved protrusion through multiple layers of cortex cells.
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and protrusion of the root tip through the cortex layers upon flooding suggested that

The formation of cracks on the AR primordia of S. dulcamara during their development and protrusion
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this possibility,
from the S. dulcamara transcriptome database, we identified a list of gene candidates
Among these genes, the ones that were significantly regulated after 24 hours floodencoding the main CWREs including polygalaturonase (PG), pectate lyase (PL) and endoglucanase (GL).
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Figure 2. Expression of cell wall remodeling genes in primordia before flooding. Data are means ±
SE. n=3. All expression values are relative to the value of the stem. *, significantly different between
stem and primordia (Student’s t-test), P≤ 0.05.
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induced at 24 hours. GL1 and GL2 were less affected by exogenous ethylene, and their expression level
was similar to that in control conditions. Both PL1 and PL2 were highly induced over time in high
humidity control condition and additional ethylene treatment did not have a significant effect on their
expression (Figure 4).
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to ethylene treatment within 3 hours, and was most strongly induced at 24 hours. GL1
and GL2 were less affected by exogenous ethylene, and their expression level was
similar to that in control conditions. Both PL1 and PL2 were highly induced over time
in high humidity control condition and additional ethylene treatment did not have a
significant effect on their expression (Figure 4).
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Discussion
74 pre-formed primordia on the stem as a
In S. dulcamara, ARs are developed from the

response to flooding. In this study, we investigated the mechanism underlying the
emergence of the AR tip from the stem tissue and a possible involvement of enzymes
are required in cell wall modification.
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Epidermal cell death leads to the formation of lenticels covering AR
primordia
In S. dulcamara, the AR primordia are composed of an inner root meristematic region
covered by several layers of cortex cells and an epidermis. The large cracks that appear
in the epidermis of mature primordia were designated as lenticel by Terras (1897). By
histological analysis, we found that the structure of fractures shared great similarities
with that of the typical lenticel, consisting of the characteristic complementary cells
which are derived from cork cambium and bearing large intercellular spaces at the
site of lenticel (Figure 1F, G). Lenticels provide a gaseous channel between internal
tissues and atmosphere and in some cases they are connected with aerenchyma, which
facilitates O2 exchange (Shimamura et al., 2010). When lenticels were rendered dysfunctional by applying petroleum jelly to the hypocotyl surface of soybean, the growth
of roots was sharply inhibited under fully submerged conditions, implying that the
proper function of lenticel was important for the diffusion of oxygen to the submerged
tissues (Shimamura et al., 2003). Similarly, when primordia on the stem of S. dulcamara
were covered with petroleum jelly, the emergence of ARs upon submergence was
inhibited (Zhang et al., 2017). This indicates that lenticels covering the root meristem
play a critical role in AR emergence during flooding.
Lenticels may derive from different sources, viz. stomata, as, for example, in mango,
or epidermal breaks, as in apple and, shown here, in S. dulcamara (Clements, 1935;
Bally, 1999; Purnobasuki, 2011; Rymbai et al., 2012). Local fracturing of the epidermis
has been reported to be caused by pressure from inner tissues. In case of lenticel
formation in apple, the breakage was suggested to be caused directly by the inability
of the epidermis to keep pace with the expansion of the inner tissues (Clements, 1935).
In case of AR emergence in deepwater rice, however, the internal pressure from the
AR activates a local signal in the epidermis leading to active cell death (Steffens and
Sauter, 2005; Steffens et al., 2012; Steffens and Sauter, 2009). Indeed, inhibiting the
cell death pathway prevented epidermal fracturing and AR emergence (Steffens et al.,
2012). We found that, in S. dulcamara, the maturation of AR primordia and lenticel
formation were accompanied by epidermal cell death (Figure 1). However, it is unclear
whether this represents active cell death. We found that genes encoding the cell wall
remodeling enzymes (CWREs) polygalacturonase (PG), pectate lyase (PL) and endoglucanase (GL) were expressed at a relatively high level in developing primordia compared
with stem (Figure 2). Programmed cell death has been studied extensively in context of
aerenchyma formation (Campbell and Drew, 1983; Jones, 2001) and cell wall changes
and activity of CWREs are an integral part of this process, already at a very early stage,
before actual cell death (Evans, 2004). Thus, lenticel formation in S. dulcamara may be
analogous to the AR emergence system in deepwater rice. However, PG, PL and GL activities have also been implicated in cell expansion (Babu and Bayer, 2014; Anderson,
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2016; Cosgrove, 2016). The AR primordium is in a sort of dormant stage in non-flooded
plants, but it might be growing very slowly or be prepared for rapid growth (Dawood
et al., 2014). Thus, the high CWRE gene activity could also be related to cell expansion
and/or proliferation in this tissue. In-situ localization of CWRE gene or enzyme activity
would enable differentiation between these two possibilities.

Cell wall remodeling of tissues overlaying primordia is involved in AR
emergence upon flooding
Although the epidermis is already fractured, multiple layers of living cortex cells still
need to be protruded by the AR tip during emergence upon flooding. In this respect,
the process resembles lateral root development in Arabidopsis. Here, the developing
lateral roots produce an auxin signal which activates CWRE gene expression in the cortical and epidermal cells overlaying the root tip, which leads to cell separation to allow
emergence (González-Carranza et al., 2007; Swarup et al., 2008). PGs, PLs and GLs have
also been implicated in cell separation events in many other processes (Roberts, 2000;
Sun and van Nocker, 2010; Babu and Bayer, 2014). We found that the transcriptional
activity of all eight studied PG, PL and GL genes in primordia was induced in a fast
manner, starting after 3 to 12 hours of flooding (Figure 3). This activation of CWRE
genes did not occur in adjacent stem tissue, indicating that a differential transcriptional
reprogramming on cell wall modification takes place specifically in primordia tissue
upon flooding. Considering the above, we propose that, during AR outgrowth in S. dulcamara, cell adhesion is reduced in the cortical tissue overlaying primordia as a result
of CWREs activities to reduce the resistance for the growing root tip.

Cell wall remodeling during AR emergence is regulated by an ABA-ethylene
antagonism
Ethylene and ABA antagonistically regulate AR emergence in plant species such
as deepwater rice, tomato and Arabidopsis (Steffens et al., 2006; Vidoz et al., 2010;
Poornima Sukumar et al., 2010). The same is true for S. dulcamara, where flooding
causes an increase in ethylene and subsequent reduction in ABA levels (Chapter 2).
These changes are not only necessary for flooding-induced AR emergence, but also
sufficient to induce the process in the absence of flooding. It may thus be hypothesized
that ethylene and ABA also act upstream of the process of modifying cell walls of the
tissues overlaying primordia. In the present work, we showed that ethylene treatment
under high humidity conditions induced expression of the four investigated floodingresponsive PGs within hours (Figure 4). Indeed, PGs are stimulated by ethylene in many
biological processes where ethylene concentration is increased due to either active
biosynthesis or physical entrapment, such as flooding-induced aerenchyma formation,
fruit maturation, and organ abscission (Bonghi et al., 1992; Sitrit and Bennett, 1998;
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Bragina et al., 2003; Takahashi et al., 2015). PGs hydrolyze the α-1,4-glycosidic bonds
in the pectin polygalacturonan network, thereby softening or degrading the cell wall
and middle lamella and weakening the cell adhesion. Unexpectedly, however, the high
humidity control treatment also induced PG1 gene expression. It is possible that the
high humidity setup led to a slight accumulation of ethylene around the plants. Alternatively, high humidity could have an unknown physical effect on the primordia. The
effect of ethylene on the studied PL and GL genes was less clear, either because here,
too, expression of the gene increased in the humidity control (in case of GL1, PL1, PL2)
or because expression was unaffected (GL2).
Expression of PGs, and to a lesser extent PLs and GL1, was also sensitive to modification of the ABA level. In particular, the expression of PG4 upon flooding was strongly
suppressed by ABA and induced by application of the ABA biosynthesis inhibitor
fluridone in the absence of flooding (Figure 5). By contrast, although being induced
by flooding, GL2 shows no sign of acting downstream of the ethylene-ABA pathway.
Generally, ABA is positively involved in cell separation, such as leaf abscission and fruit
ripening, in which ABA promotes CWREs including cellulase and PGs in an ethylene
dependent manner (Sagee et al., 1980; Lohani et al., 2004). However, in our study,
we found an opposite effect. An inhibitory role of ABA in modulating cell separation
has been demonstrated in seed germination. Weakening of the endosperm cap was
a prerequisite for radicle emergence during germination. ABA inhibited this process
by suppressing activities of CWREs, for example, β-1,3-glucanases, whereas ethylene
stimulated this process (Linkies et al., 2009).
Taken together, ethylene promoted while ABA inhibited the transcript abundance of
several CRWEs thought to degrade cell walls of the tissues covering the emerging root
tips. Additional flooding and/or humidity-derived signals seem to exist, although these
may only have a minor role in the flooding response.
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Abstract
A key step in plant adaptation to flooding is the initiation of adventitious root (AR)
formation, which may occur de-novo or from constitutively present, dormant primordia.
In Solanum dulcamara, which bears pre-formed primordia, flooding, via accumulation
of ethylene, results in reduction of the ABA concentration and thereby activation of
the AR primordia. Here, we showed that the transcription factor ABSCISIC ACID INSENSITIVE5 (ABI5) plays a core role in this inhibition of AR formation by ABA. SdABI5 is
expressed highly in dormant AR primordia, induced by ABA and repressed by flooding
and ethylene treatment. Silencing of ABI5 by RNA-interfering led to an early induction of primordia and AR emergence upon flooding. Contrastingly, overexpressing
ABI5 delayed this response. Transcriptome analysis showed that biological processes
related to hormone biosynthesis and signaling pathways were extensively modulated
in ABI5-silenced plants, particularly for ethylene and jasmonic acid. Genes involved
in the response to hypoxia were upregulated in primordia from SdABI5-RNAi plants,
confirming the relation between ABI5 and responses to low oxygen during flooding.
Furthermore, by comparing the transcriptome of primordia from SdABI5-RNAi plants
under control condition and from wild type plants treated with 24 hours flooding, a
subset of flooding-induced hormonal and stress responses were found to be commonly
regulated, and therefore was possibly to be ABI5-dependent.
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Introduction
Organ dormancy is an important component of plant fitness to survive adverse environment. It can be used either to protect new organs until favorable growth conditions
arrive, e.g. in case of seeds and vegetative buds of perennial plants, or to keep specific
organs ready to withstand unfavorable conditions, e.g. in case of adventitious root primordia of flooding tolerant plants. In rice, Solanum dulcamara, and Rumex palustris, root
primordia are formed on the stem or on the nodes during regular growth and development. These primordia remain developmentally arrested, unless they are stimulated by
external factors, like flooding, that relieve the primordia from the dormant state and
result in adventitious root (AR) emergence (Visser et al., 1995; Lorbiecke and Sauter,
1999; Dawood et al., 2014). Release of an organ from dormancy leads to increased cell
division and many changes in the developmental programs during the process of seed
germination, bud dormancy break, or AR formation. Internal signals such as hormones
and sugars, and external signals such as light and humidity coordinately regulate this
process (Martinez et al., 1992; Lorbiecke and Sauter, 1999; Masubelele et al., 2005;
Dawood et al., 2014; Zhang et al., 2017). Abscisic acid (ABA) and its signaling pathways
are essential for both the induction and the maintenance of dormancy of seeds and
vegetative meristems (Nambara et al., 2010; Zheng et al., 2015). Consistent with this,
ABA acts as a negative regulator of AR primordia activation (Chapter 2).
The endogenous ABA level is precisely controlled by the balance between active
biosynthesis and catabolism. ABA biosynthesis requires enzymes including 9-cisepoxycarotenoid dioxygenases (NCEDs) and its catabolism depends on the activity
of ABA 8’-hydroxylase (Mehrotra et al., 2014; Sah et al., 2016). The hormone ABA is
perceived by the PYRABACTIN RESISTANCE1 (PYR1)/PYR1-LIKE (PYL)/REGULATORY
COMPONENTS OF ABA RECEPTORS (RCAR) receptor proteins, which bind to and inhibit
specific protein phosphatase 2Cs (PP2Cs). This in turn releases the phosphorylated
SUCROSE NONFERMENTING1-RELATED PROTEIN KINASE2 (SNRK2), which phosphorylates a sub-class of bZIP transcription factors, including ABA RESPONSIVE ELEMENT
BINDING FACTORS (AREB/ABFs) and ABA-INSENSITIVE5 (ABI5) to further regulate the
expression of downstream genes (Nakashima and Yamaguchi-Shinozaki, 2013; Yoshida
et al., 2014).
In 1994, Finkelstein first characterized the Arabidopsis abi5 mutants in terms of
ABA sensitivity of seed germination and dormancy (Finkelstein, 1994), and this group
subsequently found that ABI5 encodes a bZIP transcription factor (Finkelstein and
Lynch, 2000). The abundance of ABI5 transcript and protein, and ABI5 activities are
highly regulated by ABA (Lopez-Molina et al., 2001). The transactivation domain of the
ABI5 protein is phosphorylated by SnRK2.2, SnRK2.3 and SnRK2.6, and interacts with
the ABFs to modulate plant embryo maturation, germination, lateral root development
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and dark-induced leaf senescence (Signora et al., 2001; Brocard et al., 2002; LopezMolina et al., 2003; Wang et al., 2015; Su et al., 2016). Many of ABI5 target genes are
embryo maturation-related, such as genes encoding LATE EMBRYOGENESIS ABUNDANT
(LEA) proteins (Finkelstein and Lynch, 2000; Delseny et al., 2001), or seed germinationrelated, e.g. POLYGALACTURONASE INHIBITING PROTEIN1 (PGIP1) and PGIP2 genes (Kanai et al., 2010). During seed maturation, the activation by ABI5 of LEA genes confers
desiccation tolerance to seeds (Hoekstra et al., 2001). Seed dormancy is also controlled
by ABI5 via inhibition of polygalacturonases (PGs), which delays seed coat rupture and
thus germination (Kanai et al., 2010). During seed germination process in Arabidopsis,
ABI5 is suppressed at the transcriptional and posttranslational level. The accumulation
of nitric oxide (NO) in the incubated seeds removes group VII ETHYLENE RESPONSE
FACTORs (ERF-VIIs) which induce ABI5 expression, thereby reducing ABI5 transcript
level. NO also nitrosylates ABI5 protein in the seeds, after which ABI5 binds to E3 ligase
and is directed to the proteasome for degradation (Gibbs et al., 2014; Albertos et al.,
2015). In addition to controlling seed germination, ABI5 also delays the transition from
vegetative growth to flowering by binding to the promoter and promoting the expression of a floral repressor, FLOWERING LOCUS C (FLC) (Wang et al., 2013). Furthermore,
lateral root development is inhibited by ABI5 in the presence of osmotic stress or high
nitrate supply (Signora et al., 2001; Brocard et al., 2002; de Smet et al., 2003). Expression of ABI5 is induced by ABA in lateral root tips (Signora et al., 2001), and the ABI5
protein represses the glucose-mediated PIN1 accumulation, resulting in a reduced
lateral root meristem size. When ABI5 is absent, the ABA inhibition is weakened, and
lateral roots restore growth (Yuan et al., 2014).
More recent work has revealed relations between ABI5 and Reactive Oxygen Species (ROS). During seed germination, ABI5 affects ROS homeostasis by activating the
expression and activity of catalase, which catalyzes the decomposition of hydrogen
peroxide to water and oxygen (Bi et al., 2017). In the process of heat stress adaptation,
FCA (a flowering time control protein) interplays with ABI5 to regulate the expression of
genes encoding antioxidants, including 1-CYSTEINE PEROXIREDOXIN1 (PER1), thereby
triggering ROS detoxification (Lee et al., 2015).
S. dulcamara can develop adventitious roots from preformed AR primordia during
flooding. These AR primordia are continuously produced on the stem after 5 to 6 weeks
of plant growth, and can be kept in a “dormant” or “quiescent” state for a long time
before being activated by external stimuli (Dawood et al., 2014). We have previously
shown that ABA inhibits the AR primordia activation and AR emergence and that expression of ABI5 was greatly decreased after 24 hours flooding, suggesting a role in
primordia activation (Chapter 2). In this study, we investigated the expression of ABI5
in various plant tissues and in response to hormones involved in the flooding response.
To understand the function of ABI5, we modulated the transcript abundance via RNA
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interference and over-expression and studied the effects on the transcriptome of AR
primordia and AR formation during flooding.

Materials and methods
Plant materials and growth conditions
A seed batch of S. dulcamara (accession no. A54750008) collected from a wet habitat
near Wychense Ven, Wijchen, The Netherlands, supplied by the Experimental Garden
and Genebank, Radboud University, The Netherlands, was used for this study. Seeds
were sown in round plastic pots of 10 cm height and 13 cm diameter, containing
standard sowing soil, and then covered with a thin layer of vermiculite. Seeds in pots
were kept in a cold chamber (4°C) for 3 weeks and then moved to greenhouse with
normal growth conditions (16 h photoperiod and 25/19°C, day/night). After 3 weeks,
individual seedlings were transferred to 12 x 11 x 11 cm (h x w x d) plastic pots filled
with potting soil, and kept in the same growth condition until they were experimentally
treated. Plants were watered daily and supplied with a standard plant fertilizer once
every 2 weeks.
Samples were dissected from 7 weeks old S. dulcamara plants grown in the standard
greenhouse condition to check the expression pattern of SdABI5 in various tissues,
including primordia and their surrounding stem tissues from the stem 5-15 cm above
the soil, the first and second leaves from the top of shoots (young leaves), leaves most
close to soil (old leaves), flower buds at the length of 5 mm ( young flower buds) and 1
cm (flower buds), fully open flowers, and mature fruits.

Flooding and hormone treatments
Flooding experiments were conducted in glass aquaria (60 x 21 x 21 cm) in the greenhouse. One day before start of the experiment, the aquaria were filled with tap water to
the level at which plants were to be submerged up to 15 cm of stem above the soil in
the pot. The hormone and flooding treatments were done in the same way as described
in chapter 2. Ethylene (ca. 5 ppm) and fluridone treatments (100 mM) were conducted
in high humidity conditions, and ABA treatment (1 mM) was conducted locally in a small
cuvette around the stem.

Production of RNAi and overexpression constructs
To generate the SdABI5-overexpression construct, the coding sequence of SdABI5
(accession number: comp9977_c0_seq3) was cloned into the entry vector pDONR221
(Invitrogen, Carlsbad, CA, USA) via the BP clonase (Invitrogen) recombination reaction
and then recombined with the gateway binary vector pK2GW7 via the LR clonase
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(Invitrogen) recombination reaction following the manufacturer’s instructions, thereby
generating the 35Spro::SdABI5 vector.
To generate the RNA interference (RNAi) SdABI5 construct, a 300 bp fragment (base
pairs 664 to 963 bp of the coding sequence) of SdABI5 (Supplementary Figure 1) was
amplified using forward primer 5’-GG ACTAGTGGCGCGCCATCGGCCTAGGTGGAGTCGC-3’
and reverse primer 5’-TAGGATCCATTTAAAT TATGTCCAATCCGTATTGGC-3’, thereby introducing the restriction sites SpeI and AscI on the 5’ end, and BamHI and SwaI on the
3’ end of the PCR product. Digestion of the SdABI5 PCR product with SpeI and BamHI
produced the antisense arm of the hairpin, which was then cloned into the pGSA1165
SpeI and BamHI sites. The sense arm of the hairpin was produced by digestion of
SdABI5 product with SwaI and AscI, followed by ligation into the SwaI and AscI sites on
pGSA1165 carrying antisense SdABI5 fragment, thereby generating the 35Spro::RNAiABI5 vector.

Plant transformation
The constructs were transformed into Agrobacterium tumefaciens strain GV3101 using
the freeze-thaw method. Transgenic plants were generated by Agrobacterium tumefaciens-mediated transformation. S. dulcamara seedlings were grown in the greenhouse
for 4-6 weeks. At the day of transformation, leaves were excised and surface-sterilized
with bleach (1.5%) for 10 minutes and washed with sterilized demineralized water
for 4 times. The sterilized leaves were cut into pieces (1 cm x 1 cm) and incubated in
a petridish containing 20 mL co-cultivation liquid MS medium (Gamborg B5 vitamins,
3% sucrose, 0.05% MES, 2 mg L−1 BAP, 0.1 mg L−1 NAA, 10 mg L−1 acetosyringone, pH
5.8) and 200 µL GV3101 culture (OD 0.4-0.6 at 600 nm) bearing the intended vector.
Petridishes were sealed with parafilm and covered with aluminium foil in a climate
chamber at room temperature. After 3 days of incubation, the explants were cleaned
using sterilized filter paper and transferred to shoot-inducing and selection MS medium (Gamborg B5 vitamins, 3% sucrose, 0.05% MES, 2 mg L−1 BAP, 0.1 mg L−1 NAA,
250 mg L−1 cefotaxime, 200 mg L−1 vancomycin, 100 mg L−1 kanamycin, 0.8% phyto
agar, pH 5.8). Plates were closed with Leukopor (BSN Medical, Almere, The Netherlands)
and covered with three layers of filter paper. After the first week, one layer of filter
paper was removed, so as for the second week and third week. Explants were exposed
to full light from the fourth week onwards. Transformation callus started to develop
within 5-7 weeks and was then transferred to fresh medium every 3 weeks. When
initial shoots appeared, they were excised from the callus and transferred to rooting
MS culture medium (Gamborg B5 vitamins, 3% sucrose, 0.05% MES, 250 mg L−1 cefotaxime, 200 mg L−1 vancomycin, 50 mg L−1 kanamycin, 0.8% phyto agar, pH 5.8). Rooted
plants were then transferred to soil for further analysis. All medium components and
antibiotics were obtained from Duchefa Biochemie (Haarlem, the Netherlands). Trans88
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genic seedlings were grown in a growth chamber (16 h photoperiod, 22°C, 80-90%
relative humidity) for 2-3 weeks and then transferred to standard greenhouse condition. T0 transgenic plants were genotyped by standard PCR using primers targeting
the kanamycin resistance gene. One hundred forty plants were regenerated with the
35Spro::RNAi-ABI5 construct. Forty plants were tested for the levels of expression of the
ABI5 transcript, and one showed a reduction in these expression levels (SdABI5-RNAi
line). Sixty plants were regenerated with the 35Spro::SdABI5 construct, and 20 were
tested for ABI5 expression. Eight lines showed an increased ABI5 expression (SdABI5OE lines) and three plants with the same construct showed a decrease in RNA level
(SdABI5-COS lines), probably due to co-suppression effect. The selected OE, COS and
RNAi plants were cloned through cutting to make multiple copies of each line. ABI5
transcript levels were re-tested before the plants were used in the flooding treatment.
These treatments were performed in greenhouse either at 25 /19°C average day/night
(OE and RNAi lines) or at 33 /20°C (COS lines), depending on the seasons.

RNA isolation
Tissue samples were collected, immediately frozen in liquid nitrogen and stored at
−80°C until RNA extraction. Total RNA was isolated using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. RNA quality was confirmed by agarose
gel electrophoresis and spectrophotometric analysis (Nanodrop 1000, Thermo Fisher
Scientific, Waltham, MA, USA). Genomic DNA was removed by DNase I (Promega, Madison, WI, USA) treatment.

q-PCR
For each plant line and treatment, 3 or 4 biological replicates were used. 500 µg RNA
was used for reverse transcription with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) following the manufacture’s instruction. q-PCR was performed in 25
µL reaction volume containing 20-50 ng cDNA, 200 nM of each primer and 12.5 µL
iQ SYBR Green Super Mix (Bio-Rad) according to the manufacture’s protocol. All the
reactions were carried out in a Bio-Rad iCycler CFX96 Real-Time System, following a
two-step standard protocol (45 cycles of 15 s at 95°C and 30 s at 60°C) with melt curve
analysis. EXP, SAND, CAC, and TIP4 were used as reference genes, and the corresponding primers were designed by Beacon Designer 8 (PREMIER Biosoft International, Palo
Alto CA, USA) (Table 1). Quantification of expression was performed as described in
Rieu & Powers (2009).

Microarray analysis, data processing and statistical analysis
A customized S. dulcamara microarray produced by Oaklabs (Hennigsdorf, Germany)
was used. The microarray targeted 33,957 potential transcripts, each with one or
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Table 1. Primers used for q-PCR and amplification of genes.
Gene name

Primer name

Sequence (5’ - 3’)

Primers used for qRT-PCR
comp6973_c0_seq1
comp3969_c0_seq3
comp12933_c0_seq1
comp9977_c0_seq3
comp9977_c0_seq3

SAND-F

TGCTTACACATGTCTTCCACTTGC

SAND-R

AAACAGGACCCCTGAGTCAGTTAC

CAC-F

AGTTTGTTGTTGAGGCTGTTACAC

CAC-R

ACCGGACACCTTCCTGAGTAATG

Expressed-F

CTAAGAACGCTGGACCTAATGACAAG

Expressed-R

AAAGTCGATTTAGCTTTCTCTGCATATTTC

ABI5_F1

ATTCCGCGCCAGAATTGTATCC

ABI5_R1

AGGCATGGAGCTTTGCATTCAC

ABI5_F2

TTCTGCCCTCGTTGTTCTGTTG

ABI5_R2

AGCTATTGTCAAGCAGCCAAGC

Primers used for cloning RNAi-ABI5 fragment or cloning ABI5 with attB sites
comp9977_c0_seq3
comp9977_c0_seq3

ABI5-RNAi 2 clone-FP GGACTAGTGGCGCGCCATCGGCCTAGGTGGAGTCGC
ABI5-RNAi 2 clone-RP TA GGATCCATTTAAATTATGTCCAATCCGTATTGGC
ABI5 attB1 F

AAAAAAGCAGGCTTCATGGGAGTACCAGAATCAGAG

ABI5 attB1 R

AGAAAGCTGGGTTTCAAGGGCAACTCAAGCTCCTCC

Primers used for genotyping of transgenic plants
Kanamycin (NPT II)

CAGACAATCGGCTGCTCTGATGC

Kanamycin (NPT II)

CGTCAAGAAGGCGATAGAAGGCG

multiple probes (10–15 bp). 29,091 targets represent 19,333 S. dulcamara contigs in
a single direction, 879 contigs represent in both directions, and the remaining 4866
targets represent multiple contigs in either one or both directions. Purified RNA was
used for microarray experiments. RNA quality was confirmed using a 2100 Bioanalyzer
(Agilent, Santa Clara, CA, USA). Microarray hybridization, image analysis, background
and spatial corrections, probe averaging for targets with multiple probes and quantile
normalization of intensity data were performed by Oaklabs. Further data and statistical
analysis were performed on log2 transformed transcript data to correct for heterogeneity of variance. Principle component analysis (PCA) was performed in R.
For statistical analysis, one-way ANOVA was performed to test for the significant
difference between transgenic and wild type plants. To control the level of false discovery rates, an adjusted P-value (q-value) was calculated according to the BenjaminiHochberg (BH) correction method (Benjamini and Hochberg, 1995) by the limma
package in R (Ritchie et al., 2015). Targets with statistically significant differences in
expression compared with wild type were identified using a false-discovery corrected
q-value < 0.1 and a 2-fold-change filter as cut-off. Statistical significance of the overlap
between two groups of genes was calculated using the hypergeometric probability
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method (http://nemates.org/MA/progs/representation.stats.html), based on a total of
32,157 contigs in the transcriptome database.
Gene ontology (GO) annotation of biological processes (BP) terms for microarray
targets was obtained from Dr. Nguyen (Nguyen et al., 2016a). GO enrichment was
done to test the enrichment of 746 BP terms in the whole transcriptome between
two genotypes (RNAi and WT). A cut-off at 0.1 for FDR q-value was used to determine
significantly mediated BPs. GO enrichment was performed by the TopGO package in R
(Alexa A and Rahnenfuhrer J, 2016). Heat maps were generated by MORPHEUS (Broad
Institute, https://software.broadinstitute.org/morpheus/).
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Results
Results

Cloning of SdABI5
Cloning
of SdABI5
To
isolate
the ABI5 gene from S. dulcamara, cDNA sequences of ABI5 from Arabi-

dopsis and S. lycopersicum were blasted to the S. dulcamara transcriptome database
To isolate the ABI5 gene from S. dulcamara, cDNA sequences of ABI5 from Arabidopsis and S.

(D’Agostino et al., 2013). Two contigs, comp9977_c0_seq2 and comp9977_c0_seq3,
lycopersicum were blasted to the S. dulcamara transcriptome database (D’Agostino et al., 2013). Two

showed 81% identity to AtABI5 and 90.75% to SlABI5. Compared to each other, the
contigs, comp9977_c0_seq2 and comp9977_c0_seq3, showed 81% identity to AtABI5 and 90.75% to

two contigs only had a small insertion/deletion in the 5’-untranslated region (SuppleSlABI5. Compared to each other, the two contigs only had a small insertion/deletion in the 5’-
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(Figure 2A). Flooding greatly decreased SdABI5 expression and ethylene treatment had a similar effect.
ABA treatment, on the contrary, induced expression of SdABI5 (Figure 2B).
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Figure 2. Expression of SdABI5 in different tissues and upon external stimuli. A, Relative expression of SdABI5 in different tissues
Figure 2.
Expression of SdABI5 in different tissues and upon external stimuli. A, Relative expression
in 7 weeks old plants. B, Expression of SdABI5 in AR primordia under different conditions. Data are means ± SE (n=3). Different
of SdABI5
in different tissues in 7 weeks old plants. B, Expression of SdABI5 in AR primordia under
letters above bars indicate statistical significance (one-way ANOVA, Tukey test, post hoc, P≤0.05).
different conditions. Data are means ± SE (n=3). Different letters above bars indicate statistical significance
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as compared to flower, leaf and stem (Figure 2A). Flooding greatly decreased SdABI5
To study the effect of having more or less transcript of ABI5 in the plant, we transformed S. dulcamara

expression and ethylene treatment had a similar effect. ABA treatment, on the contrary,
with 2 different constructs, one leading to an increase of ABI5 expression, the other to a decrease. The

induced expression of SdABI5 (Figure 2B).

former was achieved by using an overexpression vector carrying the full length coding sequence of
SdABI5 (Supplementary Figure 2) under control of CaMV 35S promoter. The decrease of ABI5 transcript

Changes in SdABI5 gene expression levels in primordia influence the timing
was obtained by using a vector carrying a SdABI5-RNAi hairpin under the control of CaMV 35S promoter.
of adventitious root emergence upon flooding
Twenty independent transgenic plants harboring the overexpression vector were tested for expression
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expression of SdABI5 in primordia. Eight lines
96 were found to have a significant increase
of SdABI5 expression in primordia (SdABI5-OE lines), whereas one line (SdABI5COS-22) showed a significant reduction of transcript accumulation, probably due to
RNA co-suppression effect (Figure 3A and Figure 3B). The transgenic plants with higher
level of ABI5 transcript in the primordia needed a longer time to develop ARs, with a
significantly positive correlation between the time of AR emergence and ABI5 expression (Figure 3A). On the contrary, the one line that showed a reduction of transcript
level by co-suppression produced the ARs faster than wild type plants under flooding
(Figure 3B).
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level (n=3), and need longer time for AR emergence (n=4~6). B, Co-suppression line (SdABI5-COS-22) had a decreased SdABI5
increased SdABI5 transcript level (n=3), and need longer time for AR emergence (n=4~6). B, Coexpression (n=3), and needed less time for AR emergence (n=6). Data are means ± SE. Significant differences were tested
suppression
line (SdABI5-COS-22) had a decreased SdABI5 expression (n=3), and needed less time
between WT and each OE lines, WT and COS-22 line by Student’s t-test. *, P<0.05; **, P<0.01. Green and red dashed lines
for AR emergence
(n=6). Data are means ± SE. Significant differences were tested between WT and
indicate the SdABI5 expression and time of AR emergence in wild type, respectively. WT, wild type plants; OE, SdABI5-OE line;
each OE
lines, WT and COS-22 line by Student’s t-test. *, P<0.05; **, P<0.01. Green and red dashed
COS, SdABI5-COS line.
lines indicate the SdABI5 expression and time
of AR emergence in wild type, respectively. WT, wild
type plants;
OE,
SdABI5-OE
line;
COS,
SdABI5-COS
line.
Plants transformed with the SdABI5-RNAi construct resulted in only one line (SdABI5-RNAi-2) out of forty

with reduced SdABI5 transcript level and a similar phenotype as the co-suppression lines: SdABI5-RNAi-2
had 50% reduction of SdABI5 expression in primordia under control condition compared to wild type,
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Since in Arabidopsis, abi5 mutants were less responsive to ABA, we then tested whether SdABI5-RNAi-2

expression in primordia under control condition compared to wild type, and showed
plants were also less responsive to ABA. Mimicking local flooding, wild type and SdABI5-RNAi plants

an earlier emergence of ARs (Figure 4A). An SdABI5-RNAi negative control (SdABI5were treated with either water or water with 1 mM ABA, applied in a cuvette on the stem. Three days

RNAi-8) represented data from transformed plants with non-significant reduction of
after the onset of the treatment, ARs had emerged from 80% of the AR primordia in the cuvettes in the

SdABI5
transcript.
SdABI5-RNAi-2 plants and from 30% in wild type plants, confirming the delayed response that was
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whether SdABI5-RNAi-2 plants were also less responsive to ABA. Mimicking local flood97 treated with either water or water with 1
ing, wild type and SdABI5-RNAi plants were

mM ABA, applied in a cuvette on the stem. Three days after the onset of the treatment,
ARs had emerged from 80% of the AR primordia in the cuvettes in the SdABI5-RNAi-2
plants and from 30% in wild type plants, confirming the delayed response that was
observed earlier in OE lines. However, neither SdABI5-RNAi-2 nor wild type plants
produced ARs under ABA treatment (Figure 4B), indicating that the 50% of SdABI5 RNA
that remained in the SdABI5-RNAi-2 line was sufficient to inhibit AR formation at high
ABA concentration.
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Transcriptome analysis of SdABI5-RNAi primordia
To investigate which genes are modulated by ABI5 in AR primordia, we analyzed the
transcriptome of AR primordia of the wild type and SdABI5-RNAi-2 plants under control
condition. Principal Component Analysis (PCA) showed that the overall transcriptomic
variation between samples was explained for the largest part by the genotype (Figure 5).
8480 genes were significantly differentially expressed between the genotypes
(one-way ANOVA, FDR q<0.1). To focus on the changes of gene expression with expected biological impact, data were filtered for a fold change of more than 2, resulting
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Figure 5. Principle component analysis (PCA) of microarray transcriptomic data of wild type and
SdABI5-RNAi-2 plants under control conditions. Replicates of the same genotype are in same color
and numbered
4. WT,
wild
type; RNAi,
SdABI5-RNAi-2.
control conditions.
Replicates1oftothe
same
genotype
are in
same color and numbered 1 to 4. WT, wild type; RNAi, SdABI5-RNAi-

Figure 5. Principle component analysis (PCA) of microarray transcriptomic data of wild type and SdABI5-RNAi-2 plants under
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Figure 6. Differentially expressed genes in SdABI5-RNAi-2
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Figure 6. Differentially expressed genes in SdABI5-RNAi-2 plants compared to wild type plants.
Differentially expressed genes were based on one-way ANOVA followed with Benjamini-Hochberg
procedure (FDR q<0.1), filtered for a fold-change of at least 2. The color range from dark blue to red
represents the minimum value to the maximum value of the expression of a gene, respectively. The
distance matrix of the dendrogram was calculated with the Euclidean norm. Replicates of the same
genotype are numbered 1 to 4. WT, wild type; RNAi, SdABI5-RNAi-2.

the two datasets comparable, we only looked at the 27,700 of 33,957 targets of the
microarray that had an unequivocal annotation to a transcriptome contig (D’Agostino
et al., 2013; Chapter 2). This set included 475 upregulated genes
101 and 467 downregulated genes. In the RNA-seq data, 1637 out of 32,157 genes had increased transcript
abundance using identical selection criteria after 24 hours flooding, and 1324 genes
had decreased transcript abundance. More than 10% of the ABI5 regulated genes were
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also regulated by flooding (Figure 7A, B), which is significantly more than expected by
chance (over-representation factor 2.7 and 2.3, respectively, P<0.001 in both cases). 18
GO terms of biological process categories were over-represented among the 65 commonly upregulated genes, including the jasmonic acid mediated signaling pathway,
regulation of hydrogen peroxide metabolism and response to ethylene, and 5 GO terms
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Table 2. Over-representation of gene ontology (GO) terms among the genes upregulated and downregulated in primordia of SdABI5-RNAi-2 plants. Fisher’s exact tests were used with FDR q≤0.05 as
the cutoff.

were enriched among the 45 downregulated genes, including the tricarboxylic acid
cycle and shade avoidance. Thus, a subset of flooding-induced hormonal and stress
responses were ABI5 dependent (Figure 7C).

Discussion
Flooding-induced AR primordia activation in S. dulcamara is modulated by a cascade of
hormonal signaling. ABA plays an inhibitory role in this process, and extra ABA application can counteract the induction effect of flooding and keep the primordia in a dormant
state (Chapter 2). We showed that ethylene mediates the effect of flooding and inhibits
the active ABA biosynthesis, decreasing the ABA concentration to a level comparable
to that in the flooded primordia. Therefore, we proposed a model in which ethylene
acts upstream of ABA and ABA subsequently regulates the factors that positively or
negatively influence dormancy of primordia. In this study, we hypothesized that a
bZIP transcription factor, ABI5, is the core modulator of the ABA-mediated primordia
dormancy, and investigated its role by silencing and overexpression.
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ABI5 is expressed in primordia and is modulated by phytohormones
ABA INSENSITIVE5 (ABI5) is a transcription factor containing a basic-leucine zipper
domain that acts as the major mediator of ABA repression of growth during seed germination, and seedling development in Arabidopsis (Lopez-Molina et al., 2001; Jakoby et
al., 2002; Piskurewicz et al., 2008; Skubacz et al., 2016). In S. dulcamara, ABI5 is present
as a single copy, and expressed highly in mature fruits and AR primordia (Figure 2A).
The abundance of ABI5 transcript in S. dulcamara mature fruits resembles the situation in Arabidopsis, where developing siliques, particularly during the last days of
seed development, and desiccating seeds accumulated relatively high levels of ABI5
transcripts, in agreement with the role of ABI5 in embryo development and seed maturation (Finkelstein and Lynch, 2000; Bensmihen, 2002). The high level of ABI5 mRNA
in dormant AR primordia suggests the involvement of ABI5 in dormancy maintenance
of these organs. A similar case was demonstrated in Gladiolus where ABI5 is expressed
in dormant vegetative organs such as corm, cormel, and stolon, and regulates bud dormancy. Decreased ABI5 expression in dormant cormels promoted sprouting (Wu et al.,
2015). Arabidopsis axillary bud dormancy is also modulated by ABI5 under the control
of BRANCHED1 (BRC1) (Gonzalez-Grandio and Cubas, 2014). Thus, tissue/organ localized expression of ABI5 allows it to function as a stress sensor, becoming stabilized and
active by ABA-dependent changes, and therefore leading to growth induction or arrest
under stress conditions (Brocard et al., 2002).
ABI5 is a primary transcription factor in the ABA-signaling pathway, meaning that
its activity is regulated by ABA post-transcriptionally, in this case through phosphorylation by SNRK2 proteins. In addition, ABI5 activity is regulated at the transcript level.
Flooding and ethylene treatment decreased ABI5 transcript level to great extent (Figure
2; Chapter 2). ABA treatment induced and inhibition of ABA biosynthesis suppressed
ABI5 gene expression, constituting a positive feedback loop. Thus, it is likely that the
effect of flooding and ethylene on ABI5 expression occurs through downregulation of
ABA level in primordia. The inhibitory effect of ethylene on ABI5 transcription was also
demonstrated in Arabidopsis mutants with endogenous overproduction of ethylene
(Yu et al., 2016). Together, these data positioned ABI5 downstream of ABA in the
flooding-induced AR formation pathway with two kinds of regulation: transcriptional
and post-transcriptional.

ABI5 affects primordia activation
Modification of ABI5 gene expression had an effect on AR emergence rate. Silencing
expression of the ABI5 gene to a level of ca. 50% led to a decrease of 10-21% in
the time required for AR emergence (Figure 3, Figure 4), and overexpression of ABI5
increased the time for AR outgrowth (Figure 3). Therefore, ABI5 acts as a suppressor of
flooding-dependent AR primordium activation. In Arabidopsis, the inhibition of lateral
99
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root development by stress-induced ABA is regulated by ABI5 (de Smet et al., 2003;
Signora et al., 2001). Furthermore, a study demonstrated that ABI5 also inhibited lateral
root meristem growth by suppressing PIN1 accumulation, resulting in decreased auxin
level in root meristem (Yuan et al., 2014).
Another transcription factor, ABI4, also acts as an enhancer in the ABA signal transduction pathway during seed germination and lateral root development (Finkelstein,
1994). Similar to ABI5, ABI4 mediates the ABA signal during lateral root development
by modulating the auxin level in roots (Shkolnik-Inbar and Bar-Zvi, 2010), but it inhibits
seed germination in a way different from that of ABI5: in a positive feedback loop, ABI4
represses the expression of CYP707A1 and CYP707A2, which encode key enzymes for
ABA catabolism, and thereby maintains a high ABA level in seeds to inhibit germination
(Shu et al., 2013). We investigated if ABI5, like ABI4, may regulate the expression of
ABA biosynthesis and catabolism genes in primordia, but neither the ABA biosynthesis
NCEDs genes nor ABA catabolism genes were affected by ABI5 silencing. We did notice,
however, that the expression of 3 out of 10 genes encoding the ABA receptor PYL/
PYR were significantly downregulated, with the remaining 7 genes being unaffected
(data not shown). This implies that ABI5 might have a positive effect on ABA receptor
level and that reduction of ABI5 level further weakens ABA signaling to facilitate the
transition of primordia from dormancy to AR initiation.

Silencing of ABI5 induces a stress-like response in AR primordia
By analyzing the gene ontology (GO) enrichment with the differentially expressed
genes from the SdABI5-RNAi plants, we found that a large number of stress-related
biological processes were affected (Table 2). Among the upregulated genes, there were
many genes participating in hydrogen peroxide metabolism processes. ROS, including
hydrogen peroxide, are toxic by-product of imbalanced metabolism, but may also act
as signal molecules mediating plant stress responses or tolerance (Baxter et al., 2014).
Together, this suggests that without ABI5, the primordia are under stress. Indeed, ABA
not only maintains the dormant stage of organs, but also directly activates mechanisms
that protect molecules in the desiccated cellular state. Decreasing ABI5 level may
suppress the protection, enhancing stress level and thereby other, ABI5-independent,
protective responses. Alternatively, lowering of the ABI5 level, and thus the ABA signal,
may be taken as a signal to prepare for the upcoming growth under stressful conditions. Flooding and hypoxia are known to lead to ROS production (Cheeseman, 2007).
As demonstrated in seed germination and plant heat stress adaptation in Arabidopsis,
ABI5 directly controls ROS abundance by modulating the activity of catalase, which
decomposes hydrogen peroxide into water and oxygen, or PER1, which encodes antioxidants to counteract the hydrogen peroxide toxification (Bi et al., 2017; Lee et al.,
2015). Furthermore, hydrogen peroxide may have a role in allowing the growing AR
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to emerge through the stem tissue (see Chapter 2), as in deepwater rice (Steffens and
Sauter, 2009; Steffens et al., 2011).
The set of genes related to the response to hypoxia was also enriched among the
upregulated genes (Table 2). Hypoxia, induced by submergence of plants, is sensed by
group VII ETHYLENE RESPONSE FACTORs (ERF-VIIs), which in the presence of oxygen
are targeted to proteasome-mediated proteolysis via the oxygen-dependent branch
of the N-end-rule pathway (Gibbs et al., 2011, 2014). At lower oxygen levels, these
transcription factors are stabilized and induce genes involved in the acclimation response, including themselves. In Arabidopsis, there are five ERF-VII family members:
HYPOXIA RESPONSIVE ERF1 (HRE1), HRE2, RAP2.12 (Related to APETALA2.12), RAP2.2,
and RAP2.3 (Nakano, 2006). Upon hypoxia, RAP2.12 specifically activated the expression of anaerobic metabolism related genes (Licausi et al., 2011b), and overexpression
of RAP2.12 led to an increased fermentation activity, which was accompanied with
decreased adenylate energy states, starch levels and tricarboxylic acid (TCA) cycle
(Paul et al., 2016). In S. dulcamara, RAP2.12 and HRE1 homologs, comp428_c0_seq1
and comp414_c0_seq1, showed an enhanced expression in SdABI5-RNAi-2 primordia
(Supplementary Figure 3) and upon flooding (Chapter 2), and furthermore, aerobic processes including TCA cycle, were over-represented among the downregulated genes
(Figure 7C). A reasoning similar to the one on general stress responses above may be
applied to explain the enrichment of genes related to the response to anoxia/hypoxia.
Reducing the dormancy level of AR meristematic cells, by lowering ABI5 level, may increase respiration of the densely packed AR primordia cells and result in hypoxia stress
(Bailey-Serres and Chang, 2005; Licausi et al., 2011a). Alternatively, it is conceivable
that the hypoxia response necessary to survive the flooded condition is stimulated via
a low-oxygen-independent pathway by the lowering of ABI5.
Besides, due to ABI5 silencing, expression of genes participating in biosynthesis
and signaling of jasmonic acid and ethylene was increased significantly already under
control conditions. The activation of the ethylene biosynthesis genes is a common
flooding response, hypothesized to compensate for reduced activity of the last,
oxygen-dependent step in the biosynthesis pathway. Finally, it may be speculated that
JA is involved in AR growth, as is the case in petunia (Lischweski et al., 2015). The
observation that signaling by these hormones is induced in SdABI5-silenced plants
indicates that this may be another connection between flooding-induced decrease of
the ABA signal and primordium activation.
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Supplementary Figure 1. cDNA sequence alignment of SlABI5 (Solyc09g009490.2.1) with its two
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Supplementary Figure 2. Full SdABI5 coding sequence with corresponding translated amino acids. Sequence in the red box is
the fragment used to construct the hairpin of the SdABI5-RNAi vector.
Supplementary Figure 2. Full SdABI5 coding sequence with corresponding translated amino acids.
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Supplementary Figure 3. Decreased expression of two Group-VII ERFs in SdABI5-RNAi-2 primordia.
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Abstract
Flooding negatively affects the growth and even survival of most terrestrial plants. Upon
flooding, the excess water quickly deprives the gas exchange between atmosphere and
the submerged plant tissues, which leads to oxygen deficiency, resulting in a plant
cell energy crisis, and eventually, plant death. Solanum dulcamara survives flooding by
producing aerenchymatous adventitious roots (ARs) from pre-formed primordia on the
stem, which replaces the original flood-sensitive root system. However, we found that,
with complete submergence, AR formation was impaired in S. dulcamara. In the present
work, we tried to elucidate the mechanisms behind this phenomenon, in particular the
involvement of phytohormones. Abscisic acid (ABA) is a negative regulator in AR formation, but, surprisingly, ABA content and signaling were decreased to a similar extent
under both partial and complete submergence, suggesting that the ABA signal might
not be responsible for the difference in AR formation. Auxin, which was necessary for
AR formation, was at similar concentrations in either partially or completely submerged
primordia, but auxin signaling in primordia was decreased by complete submergence.
Local application of 1-Naphthaleneacetic acid (NAA) to completely submerged plants
restored adventitious root formation, implying that auxin sensitivity in rooting tissues
of completely submerged plants was reduced. Furthermore, jasmonic acid (JA) did not
differ in concentration between partial and complete submergence. However, expression of CORONATINE INSENSITIVE1 (COI1), encoding the JA receptor, which inhibits AR
initiation in Arabidopsis, was decreased by partial but not complete submergence. To
conclude, under complete submergence, disruption of auxin and JA signaling possibly
resulted in the abortion of AR formation.
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Introduction
Flooding is one of the most frequent and extensive abiotic stresses for most terrestrial
plants (Voesenek et al., 2006; Hirabayashi et al., 2013). During flooding, excess water
takes up the space that was previously occupied by gas in the soil and atmosphere,
and the gas diffusion rate of oxygen is 104 fold slower in water compared with that
in air (Armstrong et al., 1991), leading to hypoxia or even anoxia in the belowground
roots and aboveground shoot tissues. To survive in this condition, flooding tolerant
plants have developed various physiological and morphological adaptations (Visser et
al., 1996a; Voesenek et al., 2003; Parlanti et al., 2011; Verboven et al., 2014). Adventitious root (AR) formation is a typical response of flooding tolerant plant species such
as deep water rice, several rumex species and Solanum dulcamara (Visser et al., 1995;
Lorbiecke, 1999; Dawood et al., 2014). These flooding-induced roots are aerenchymatous, containing gas channels that connect to the shoot and in this way maintain
the gas exchange between the tissues (Thomson et al., 1990). However, this flooding
adaptive AR formation is suppressed under complete submergence (Vandersman et
al., 1993; Rich et al., 2012; Zhang et al., 2015). Compared with partial submergence,
complete submergence further limits the access of plants to oxygen, carbon dioxide
and light (Mommer and Visser, 2005; Voesenek et al., 2006; Manzur et al., 2009; Rich
et al., 2012). The effects of oxygen availability, underwater photosynthesis, and carbohydrates on AR formation during complete submergence were investigated previously
(Rich et al., 2012; Zhang et al., 2017), but much less is known about the hormonal
signaling mediating AR initiation and growth under this condition.
Ethylene plays a central role in regulating AR initiation and emergence. During
submergence, ethylene concentration dramatically increases due to the physical
entrapment and a still active biosynthesis (Voesenek et al., 1993; Banga et al., 1996).
In deepwater rice, this quickly accumulated ethylene triggers the programmed cell
death of epidermis covering root primordia, alleviating the physical barrier for the
emerging root tips (Mergemann and Sauter, 2000). Moreover, it also induces cell division in rice primordia (Lorbiecke and Sauter, 1999), and in S. dulcamara it inhibits the
expression of 9-cis-epoxycarotenoid dioxygenase (NCED) which catalyzes abscisic acid
(ABA) biosynthesis (Benschop et al., 2005; Chapter 2). When ethylene perception was
hindered by 1-Methylcyclopropene (MCP) treatment, or biosynthesis was blocked by
Aminoethoxyvinylglycine (AVG) treatment, the AR formation was restricted (Vidoz et al.,
2010; Chapter 2).
ABA mediates many aspects of responses to abiotic stresses, such as drought-induced stomatal closure and acclimation to salt and cold (Lee and Luan, 2012). Contrasting to ethylene, ABA negatively affects AR formation. During partial submergence, ABA
concentration in submerged petioles of Rumex palustris and stems and AR primordia of
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S. dulcamara sharply decreased due to a fast down-regulation of ABA biosynthesis and
up-regulation of ABA breakdown (Benschop et al., 2005; Chapter 2). Exogenous application of ABA blocked submergence-induced AR formation, while removal of the ABA
signal by fluridone, an ABA biosynthesis inhibitor, induced AR emergence in several
species (Steffens and Sauter, 2005; Steffens et al., 2006; Vidoz et al., 2010; Chapter 2).
However, it still remains unclear whether the process of eliminating the ABA signal is
affected during the outgrowth of AR primordia under complete submergence.
Proper auxin transport is a prerequisite for AR formation during partial submergence. Polar transport of auxin is realized by PIN-FORMED (PIN) proteins. In rice,
rumex plants, tomato, and S. dulcamara, when auxin polar transport was blocked by
applying N-1-naphthylphalamic acid (NPA) or in mutants which had defects in PINs
expression, AR formation was arrested (Visser et al., 1995; Da-Xi et al., 2003; Vidoz et
al., 2010; Chapter 2). Since auxin polar transport is an energy consuming process, it
would be negatively affected by flooding-induced anaerobic conditions. To counteract
this effect, the accumulated ethylene during submergence increases the sensitivity
to endogenous auxin in root-forming tissues (Visser et al., 1996c). Auxin perception is
also required, as indicated by the fact that the auxin insensitive tomato mutant diageotropica (dgt) produces much less ARs during flooding (Nebenführ et al., 2000; Vidoz et
al., 2010). Moreover, recent studies showed that auxin possibly induces AR formation
by activating the auxin signaling network, involving ARFs (Gutierrez et al., 2009), and
Lateral Organ Boundaries Domain transcription factors (LBDs) (Liu et al., 2005; Inukai
et al., 2005).
Furthermore, jasmonic acid (JA) is also a stress response related hormone. A recent
study showed that two JA deficient Arabidopsis mutants produced more adventitious
roots than the wild type, suggesting an inhibitory role of JA in AR formation (Gutierrez et
al., 2012). The same study demonstrated that auxin response factors (ARFs), including
ARF6, ARF8, and ARF17, modulated the expression of auxin inducible Gretchen Hagen3
(GH3) genes, thus regulating JA homeostasis. JA inhibited AR formation by binding to
its receptor encoded by CORONATINE INSENSITIVE1 (COI1) (Xie et al., 1998; Yan et al.,
2009). Contrasting to this, Lischweski et al. (2015) found that JA acted positively on AR
formation in petunia.
Bittersweet (Solanum dulcamara) is a flooding tolerant plant species that produces
ARs from AR primordia on the stem under partial submergence (Terras, 1897; Dawood
et al., 2014). These primordia are pre-formed at an early stage of plants development,
and stay dormant until flooding takes place. Activation of primordia is a local and highly
synchronized process (Dawood et al., 2014), mediated by the coordinated functions
of the phytohormones auxin, ethylene, and ABA (Chapter 2). It was observed that AR
formation was much delayed under complete submergence (Zhang et al., 2015). In this
chapter, we explored the involvement of hormonal signaling in this phenomenon.
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Materials and methods
Plant material and growth conditions
Seeds of S. dulcamara (accession B34750135 from Texel) were obtained from the
Experimental Garden and Genebank, Radboud University, Nijmegen, The Netherlands.
Seeds were sown in seed trays with cells of 3.5 x 3.5 x 4 cm (height x width x depth)
filled with sieved commercial potting soil (Horticoop substrate, Lentse potgrond and
Slingerland potgrond, Cuijk, The Netherlands). Sown seeds were kept in dark at 4°C,
and after 14 days seeds were moved to standard greenhouse conditions (“day 0”), with
a daily temperature regime of 20°C to 24°C (day) and 17°C to 19°C (night) and an
average humidity of 45% (day) and 57% (night). Light intensity was 180-400 µmol m−2
s−1 during the day in a 16 h/8 h light cycle. Two-weeks-old seedlings were transplanted
into individual pots of 1.5 L nutrient poor soil consisting of 70% sand and 30% clay
(v:v) supplemented with 4 g L−1 slow-release fertilizer (Osmocote Exact Standard, NPK
15-9-12+2 MgO+tracing elements, release time 5-6 months, Everris International B.V.,
Geldermalsen, The Netherlands). Plants were watered daily and nutrient solution was
−1

added in week 2, 4, 6 and 7 to each pot (2 g L Kristallon in tap water, Yara international
ASA, Vlaardingen, The Netherlands).

Experimental setup
Healthy plants were selected on age/size homogeneity and distributed over containers of 90 cm x 70 cm (height x diameter) with open top. Plant soil was covered with
gravel to prevent the water becoming turbid. With three to four plants per container,
plants were subjected to either control (well-watered without submergence), partial
submergence (15 cm of the stem above the soil surface was being submerged) or
complete submergence (plants were kept completely submerged under a 90 cm high
water column) treatments. Water level was kept constant throughout the experiment
and escape of elongating shoots from the water was prevented with a mesh fixed 1-2
cm below the water surface. Containers were filled one day before the experiment
with UV-filtered rainwater for temperature adjustment to ambient conditions. Algae
overgrowth was delayed by the addition of Daphnia.

Primordia activation assay, submergence treatment and sampling
Six- to seven-weeks-old plants were subjected to control, partial or complete submergence treatments, with three plants per container. For the primordia activation
assay, nine plants were used per treatment. Dormant primordia of similar size were
marked before the onset of treatments, and outgrowth of adventitious roots from
these primordia was scored every day. Adventitious roots were considered emerged
if the root primordium elongated for > 2 mm. For collecting samples for q-PCR, plants
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were treated with partial, complete submergence or control conditions for 24 hours.
Primordia and adjacent stem tissues were dissected and immediately frozen in liquid
nitrogen. Each sample was a pool from three plants, and three biological replicas were
used per treatment.

Auxin treatment
Twelve plants were randomly divided into two groups and subjected to auxin treatment
or control treatment, subsequently. The side branches of these 12 plants on the basal
15 cm stem were pruned one week before the experiment to facilitate the attachment of a glass cuvette (5 mL) on the basal stem. The primordia in the cuvette were
counted and marked before the onset of experiment to determine the percentage of
root emergence after treatments. A synthetic auxin, 1-naphthaleneacetic acid (NAA)
was used for auxin treatment in a concentration of 3.3*10−2 M which was dissolved in
10 mM NaOH. NAA solution (NAA treatment) or distill water (Control treatment) was
injected into the cuvette with a syringe, and then cuvettes were sealed with terostat
(Henkel, Dusseldorf, Germany) to prevent leakage. Thereafter, plants were completely
submerged separately in 12 glass containers (20 x 20 x 60 cm) for ten days, with air
provided by pumps through bubble stones through a gas flow controlled at 10 L min−1
(El-flow® High Tech Holland, Veenendaal, the Netherlands; software: Flow View, version
1.23). Plants were kept submerged by mounting chicken wire together with transparent
plastic foil 1 cm below the water surface. After ten days, the number of adventitious
roots (> 1 cm) in the cuvettes was counted.

RNA isolation, cDNA synthesis and quantitative RT-PCR
Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. RNA quality was confirmed by agarose gel electrophoresis and spectrophotometry (Nanodrop 1000, Thermo fisher Scientific, Wilmington,
DE, USA). DNA was removed by DNase (Promega, Madison, WI, USA) treatment. 500
µg RNA was used for reverse transcription with an iScript cDNA synthesis Kit (Bio-Rad,
Hercules, CA, USA) following the manufacture’s instruction. q-PCR was performed in
25 µL reaction mixture containing 20-50 ng cDNA, 200 nM of each primer and 12.5
µL iQ SYBR Green Super Mix (Bio-Rad) according to the manufacture’s protocol. All the
reactions were carried out in a CFX96 Real-Time System (Bio-Rad), following a 2 step
standard protocol (45 cycles of 15 s at 95°C and 30 s at 60°C) with melt curve analysis.
EXP, SAND, CAC, and TIP4 were used as reference genes, and the corresponding primers
(Table 1) were designed by Beacon Designer 8 (PREMIER Biosoft, Palo Alto, CA, USA).
Quantification of gene expression was performed as described in Rieu & Powers (2009).
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Table 1. Primers used for q-PCR in this chapter.
Gene ID

Gene name

Primer Sequence (5’ - 3’) (forward/reverse)

comp6973_c0_seq1

SAND

TGC
 TT
 ACA
 CATGTCTT
 CCAC
TTGC

AAACAGGACCCCTGAGTCA
GTTAC

comp3969_c0_seq3

CAC

AGTT
 TGTT
 GTTGAGGCTGTT

ACA
 C

ACCGGACACCTTCCTGAGT
AATG

comp12933_c0_seq1 Expressed

CTAA
 GAA
 CGCT
 GGACCTAAT
GACAA
 G

AAAGTCGATTTAGCTTTCTCTG
CATATTTC

comp10643_c0_seq1 PIN1-1

ACT
 TACGTACCA
 AAGAGATA
ATCCA


CGAAAAGCAAGTAGAGGG
AAGA

comp10643_c0_seq2 PIN1-2

CATGA
 TT
 TT
 ACA
 ACT
 TGAGG
GAGA


CGAAAAGCAAGTAGAGGG
AAGA

comp28330_c0_seq1 PIN2

AAGGC
 ATTGTT
 CCCTT
 TGTG

CAACGCAACTAGCATTCCAA

comp26_c0_seq1

DGT1

CAAGA
 CCGCT
 GAGAACT
 TCC

GTT
 CTCGTCGGCGAATTTAG

comp1451_c0_seq1

DGT2

CGG
 CCGTGTAGTTATGGAGT

CGAATTTGGCACCGTAGATT

comp18980_c0_seq1 IAA GH3

GGACT
 GAA
 ATGCA
 CCGAAAT

AATCAGTGCTGCCTCGCTAT

comp20702_c0_seq1 LBD16

CTGTTGTT
 ACT
 ATTGCTT
 AT
GAA

GTATGCTACCTGTTGTTGT

comp21996_c0_seq1 LBD18

GGCT
 TGTAAGTATGAGAGT
TCT

GTCTATGGTTGCGTTGCT

comp23651_c0_seq1 LBD29

GCTATGG
 TTCT
 GCCT
 ACA
 A

ACAGTGGTAATAAGGTCTAT
GATT

comp26233_c0_seq1 NCED3-1

GACACCA
 CCAGATT
 CAAT

TTATTCCTGCTCACCATTC

comp10839_c0_seq1 NCED3-2

GAGAGTT
 ACA
 GGAACA
 TT
 G

5

TTCAGAGACCAGTTAGTAG

comp13630_c0_seq1 CYP707A1-1 TCA
 TT
 ACA
 CAA
 GGACAAC

CCA
 TTCAATCTTCAAGTTC

comp18494_c0_seq1 CYP707A1-2 TCT
 GGA
 TT
 GTGATGAATGTT


GCTGTGGTTGATGTAGAA

comp9977_c0_seq2

ABI5

AGGCATGGAGCTTTGCATT
ATTCCGC
 GCCA
 GAATT
 GTATCC
CAC

comp434_c0_seq1

LEA5

GCGGTATCA
 CAAGGTGAGGT

ACGGATTCCTCTCCGTTTTT

comp4771_c0_seq2

LEA14-1

GCTGA
 CATCACGGACT
 TT
 GA

GGGAATCTTCACTGGCACAT

comp4771_c0_seq1

LEA14-2

GGGTGG
 ATGCA
 GTTT
 TCA
 CT

TAGTCCAGGCGAGTCCAAGT

comp5211_c0_seq1

COI1

TGG
 GG
 GC
 CTT
 ACT
 GATGTAG

CCA
 ACGTATCCCAGAAGCAT

Hormone measurements
S. dulcamara plants were treated for 24 hours with control, partial or complete submergence. Primordia and adjacent stem tissues were dissected from plants and immediately frozen in liquid nitrogen. Samples were pooled per 3-9 plants to reduce biological
variation and to reach the minimum dry weight for LC-MS analysis. Pooled samples
were grinded into powder and frozen dried. Measurement of ABA and JA concentrations
was done according to the method we described in chapter 2, and determining IAA
concentrations was done according to Ruyter-Spira et al. (2011).
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Statistical analysis
Analysis of differences in hormone concentrations and gene expression was performed
by using the SPSS v21.0 software package (SPSS Inc., USA). Levene’s test was done to
test the homogeneity of variance and normality. Data of hormone concentration was
log10-transformed before analysis. Two-way ANOVA was performed to test the effects
of treatments, tissues and their interaction on hormone concentrations, followed with
one-way ANOVA and Fisher’s Least Significance Difference (LSD) post-hoc multiple
comparison to determine significant differences between samples. Gene expression
data was log2-transformed before analysis. One-way ANOVA with LSD post-hoc multiple comparisons were done to test significant differences. P≤0.05 was considered
statistically significant. Student’s t-test was performed to check the significant difference between control and NAA treatment.

Results
Partial and complete submergence have different effects on AR formation
To study the effect of level of submergence on AR formation, plants were kept under
control conditions (well-watered without submergence), partial or complete submergence, respectively. From the second day on, ARs started to emerge under both submergence conditions, but the number and growth of ARs were significantly different
between the two conditions (Figure 1). During partial submergence, ARs were formed
in a fast and synchronized way, and all encircled primordia had grown into ARs after
six days of treatment (Figure 1A). However, under complete submergence, two types
of AR formation were identified. 80% of the completely submerged plants showed
a significantly reduced response, with no or one to two ARs emerging within seven
days. The remaining 20% of the fully submerged plants showed an identical response
to partially submerged plants, with 100% AR emergence in 2-6 days. Moreover, ARs
formed under partial submergence were long and thin, extending far into the surrounding water (Figure 1C), whereas the development of ARs under full submergence was
impaired, showing retarded growth to a length of approximately 1-2 cm (Figure 1D, E).
Submergence had a strong impact on plant architecture as well (data not shown).
The plants developing ARs under partial submergence had shorter lateral shoots compared to those under control condition. Plants with arrested AR emergence showed
severely reduced growth of both primary and secondary shoots, and showed severe
leaf abscission which resulted in nearly complete loss of leaves after seven days of
complete submergence.
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ARs under partial submergence had shorter lateral shoots compared to those under control condition.
Plants with arrested AR emergence showed severely reduced growth of both primary and secondary
shoots, and showed severe leaf abscission which resulted in nearly complete loss of leaves after seven
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days of complete submergence.

Figure 1. Partial and complete submergence have different effects on AR formation. A. The percent122
age of AR emergence during 7 days under control,
partial or complete submergence. Data represent
the mean ± SE (n=9). B. Primordia on the stem of 6-7 week old S. dulcamara under control condition;
C. After 7 days of partial submergence, ARs were formed on the stem; D. Representative plants which
did not develop any ARs after 7 days of complete submergence; E. Representative plants which had
arrested AR formation after 7 days of complete submergence.

The ABA signal does not differ between partial and complete submergence
ABA negatively regulates AR formation in S. dulcamara during partial submergence. Arresting ABA biosynthesis by application of fluridone induced AR formation (Chapter 2).
Therefore, we hypothesized that the abortion of AR formation under complete submergence could result from the failure to remove the ABA signal in primordia. To test this,
the ABA concentration was measured in primordia and in the surrounding stem tissues
from plants treated with 24 hours of partial or complete submergence, and control. A
decrease in ABA accumulation was detected after 24 hours of partial and complete
submergence in both primordia and stem tissues (Figure 2). In accordance with this
reduced ABA content, expression of genes encoding for 9-cis-epoxycarotenoid dioxygenases (NCEDs) which catalyze ABA biosynthesis, decreased in primordia upon both
partial and complete submergence (Figure 3A). The same response was observed in
stem (Figure 3B). One of the two genes encoding for ABA 8’-hydroxylase, CYP707A1-1,
was induced by submergence, while CYP707A1-2, on the contrary, was downregulated
(Figure 3).
To determine whether plants responded to a decreased ABA signal in the same
manner under partial and complete submergence, we then tested the transcriptional
activities of several genes encoding for key elements downstream of ABA signaling
pathway, including LEA5, LEA14-1, LEA14-2, and ABI5. All of the tested genes were
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Figure 2. ABA concentration in primordia and the surrounding stem tissues after 24 hours of treatments. Data are means ± SE (n=4).The significance level of main effects from treatment (control,
partial submergence and complete submergence), tissue (primordia and stem) and their interaction
(two-way ANOVA) are indicated in the form of tissue/treatment/interaction. P<0.001, ***; n.s., not significant. Small letters above each bar indicate significant difference (one-way ANOVA, LSD post-hoc
multiple comparison, P≤0.05). Capital letters above each treatment indicate significant difference
among treatments (one-way ANOVA, P≤0.05). All tests were done on the Log10-transformed data.

significantly down-regulated in primordia or both tissues under partial submergence
(Figure 3). Under complete submergence the results were largely similar, although there
seemed to be a trend towards a slightly less strong reduction in ABA-responsive gene
expression. However, in no case, the difference between the two types of submergence
was significant.

Auxin signaling differs between partial and complete submergence
Since auxin presence is a requirement for primordia activation in S. dulcamara, a change
of either auxin concentration or distribution under complete submergence in primordia
might possibly be the cause of arrested AR formation under complete submergence.
First, we measured auxin concentrations in primordia and their adjacent stem tissues as a reference from plants treated for 24 hours of control, partial submergence,
and complete submergence condition. Surprisingly, the auxin level was not affected
by the submergence treatments, whereas it significantly differed between two tissue
types (Figure 4).
Because auxin distribution may strongly vary at local scale, we investigated the
expression in primordia of the major genes related to auxin transport, namely, PIN1-1,
PIN1-2, PIN2, DGT1 and DGT2. One of the three PIN auxin transport genes was differ116
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Figure 3. Relative expression of ABA-related genes in S. dulcamara after 24 hours of treatments.
Data are means ± SE (n=3). A. Expression pattern in primordia; B. Expression pattern in stem tissue.
Different letters above bars indicate statistical significance. One-way ANOVA, LSD post-hoc multiple
comparison, P≤0.05.

Figure 4. Auxin concentrations in primordia and surrounding stem tissues after 24 hours of treatments. Data are means ± SE (n=4). The significance level of main effects from treatment (control,
partial submergence and complete submergence), tissue (primordia and stem) and their interaction
are indicated in the form of tissue/treatment/interaction. Two-way ANOVA, P<0.001, ***; n.s., not
significant. All tests were done on the Log10-transformed data.
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entially regulated between the two types of submergence and expression of both DGT
orthologue was specifically down-regulated under complete submergence (Figure 5A).
Finally, we investigated whether the two types of submergence differentially affected the auxin response. In chapter 2 we described that partial flooding increased
the expression of three LATERAL BOUNDARY DOMAIN (LBD) family genes, which are
auxin-responsive and involved in lateral root formation. LBD16 was significantly induced by partial submergence but not by complete submergence and a similar trend
was seen for the other two LBD genes (Figure 5B). However, the reduced response was
not general to all auxin-responsive genes, as the expression of a member of the GH3
family genes was equally induced by both types of submergence (Figure 5B).

Figure 5. Relative expression of auxin related genes in primordia from S. dulcamara plants after 24
hours of treatments. Data are means ± SE (n=3). A. Expression of genes related to auxin transport; B.
Expression of auxin-responsive genes. Different letters above bars indicate statistical significance.
One-way ANOVA, LSD post-hoc multiple comparison, P≤0.05.

These results led us to hypothesize that the auxin response is decreased in AR primordia
under complete submergence, possibly due to reduced auxin sensitivity in the rooting
tissues. Thus, increasing auxin level may possibly counteract the effect of decreased
auxin sensitivity in AR primordia. To test our hypothesis, we applied additional auxin
(NAA) to the stems bearing primordia of S. dulcamara plants, and the percentage of AR
emergence was significantly increased from 14% to 69% after ten days of complete
submergence (Figure 6).
In Arabidopsis, auxin stimulates AR initiation in part by reducing the antagonistic
effects of JA, through upregulation of members of the GH3 enzyme family (Gutierrez
et al., 2012). Although one of these genes was induced upon submergence (Figure
3B), we found no difference in the concentration of this hormone among tissues and
treatments in S. dulcamara (Figure 7A). Instead, we noticed that expression of the JAreceptor gene COI1 was down-regulated by partial submergence, but not complete
submergence (Figure 7B).
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Figure 6. Percentage of adventitious root emergence in control and NAA treatments after 10 days of
complete submergence. Data are means ± SE (n=6). Student’s t-test, P≤0.01, **.

5

Figure 7. Effects of submergence on the JA signal. A. Concentration of JA in primordia and surrounding stem tissues after 24 hours of treatments (n=4). The significance level of main effects from
treatment (control, partial submergence and complete submergence), tissue (primordia and stem)
and their interaction are indicated in the form of tissue/treatment/interaction. Two-way ANOVA, n.s.,
not significant. Tests were done on the Log10-transformed data. B. Relative expression of COI1 in
primordia under control, complete or partial submergence conditions (n=3). Data are means ± SE.
Different letters above bars indicate statistical significance. One-way ANOVA, LSD post-hoc multiple
comparison, P≤0.05.

Discussion
Compared with partial flooding, complete submergence is a more severe abiotic stress,
for it completely eliminates the plant’s contact with the atmosphere and decreases
light density. AR formation is a common response to flooding in many plant species
(Lorbiecke, 1999; Dawood et al., 2014), and these ARs are produced from preformed or
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de-novo formed AR primordia within a short period after the onset of flooding. Previous
research showed, however, that complete submergence strongly reduced AR formation compared with partial submergence (Vandersman et al., 1993; Rich et al., 2012;
Zhang et al., 2015). These studies mainly focused on the effect of long term complete
submergence on AR production. In the present work, we investigated if AR emergence
differs between partial and complete submergence within the first seven days, and
tried to elucidate why AR emergence is arrested under complete submergence. As we
demonstrated previously that ABA and auxin play a major role in AR formation under
partial submergence, we investigated the behavior of these two hormone signaling
pathways when plants were under complete submergence.

ABA signal is likely not the cause for abortion of AR formation under
complete submergence
In the present work, very similar reductions in ABA concentration and expression of
ABA-responsive genes were found in primordia and stems of both, partially and completely submerged plants (Figure 2, 3), suggesting that ABA signaling is not involved
in the differential response to the two types of submergence. We have shown before
that partial submergence leads to ethylene accumulation in S. dulcamara, which in
turn decreases ABA concentration by inhibiting the expression of ABA biosynthesis
genes, NCEDs (Chapter 2). Therefore, it is likely that also when plants are completely
submerged, they rapidly accumulate ethylene to saturating levels, suppressing ABA
biosynthesis, hormone level and responses.

Disturbed auxin transport and sensitivity may lead to the abortion of AR
formation during complete submergence in S. dulcamara
Proper auxin biosynthesis, polar transport, perception and signaling are all required
for normal AR formation (Liu et al., 2009; Sukumar et al., 2013; Steffens and Rasmussen, 2016). We found that auxin concentration did not differ between complete and
partial submergence in both, whole primordia samples and stem tissues (Figure 4),
indicating that AR formation does not depend on the total endogenous auxin level in
the entire organ. Polar auxin transport facilitates generation of local auxin gradients
and developmental patterning. This phenomenon depends on the activities of PINs
(Benková et al., 2003). PIN1 and PIN2 are associated with polar auxin transport for their
asymmetric distribution in the plasma membrane. PIN2 localizes in the epidermal cells
toward the lateral root primordia in Arabidopsis (Benková et al., 2003; Kleine-Vehn
et al., 2008). In S. dulcamara, PIN2 was highly induced during partial submergence,
and silencing of PIN2 led to a delay of AR formation (Chapter 2). However, our results
showed that under complete submergence, PIN2 expression was increased as well. By
contrast, expression of one of the two PIN1 orthologues was found to decrease only
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under partial submergence and remained unchanged under complete submergence
(Figure 5). During lateral root initiation in Arabidopsis, PIN1 polarity changes from the
anticlinal to the periclinal cell sides, mediating auxin flow within the root meristem and
providing an axis for lateral root growth (Grunewald and Friml, 2010). Its expression
level and polarity are variable during further lateral root development (Omelyanchuk
et al., 2016). In addition, we detected a difference in the expression of DGT orthologues.
The corresponding proteins are necessary for proper PIN localization within the cells.
dgt mutants lack auxin maxima and do not show proper organogenesis of lateral roots
in Arabidopsis (Ivanchenko et al., 2015). Taken together, this means that differences
in local auxin distribution might cause the contrasting phenotypes between the two
submergence regimes.
As an alternative to the auxin transport hypothesis, the difference between the
regimes might lie at the level of auxin sensitivity. Exogenous auxin application restored
the ability of AR formation, possibly by complementing the decreased auxin response
or auxin sensitivity under complete submergence in S. dulcamara (Figure 6). In Rumex
palustris, auxin concentration did not change preceding AR formation during partial
flooding. Instead, the accumulated ethylene during submergence increased the sensitivity to auxin in the rooting tissues, thus initiating the AR formation at a relative low
auxin condition (Visser et al., 1996c). Therefore, the auxin-response pathway may be
less active under complete submergence. We found that partial, but not full submergence induced expression of the auxin-responsive and root-formation-related LBD16
gene, with a similar trend for two additional LBD genes. Based on results on expression
of a GH3 gene family member, the differentiation between submergence types seemed
to be specific for a subset of auxin responses. In both models, the difference between
the LBD and GH3 genes could be due to tissue specificity or to differences in auxin
sensitivity, leading to saturation of the GH3 responses.
In addition to acting through the LBD pathway, Gutierrez et al. (2012) proposed that
auxin controls AR formation by reducing the level of JA. In our work, no changes in JA
concentration in the AR primordia were detected upon partial and complete submergence (Figure 7A). However, a decrease of expression of COI1 was found under partial
submergence, specifically (Figure 7B). Therefore, it is tempting to speculate that the
lower expression of COI1 results in weaker JA signaling and thus AR activation under
partial, but not complete submergence.
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Due to their sessile nature, plants are largely unable to escape adverse environments
in natural or agricultural systems, and thus are regularly subjected to various biotic
and abiotic stresses. Among the stress factors, flooding is one the most frequently
occurring and extensively affecting plant development and performance, since most
plants, particularly crops, are sensitive to flooding (IPCC, 2013; Lesk et al., 2016).
Strong efforts have been made to understand plant responses to flooding and the
molecular and genetic mechanisms underlying the flooding adaptive traits, including
aerenchyma formation, shoot elongation and adventitious root formation in several
plant species such as rumex and deepwater rice (Evans, 2004; Voesenek et al., 2006;
Loreti et al., 2016). This knowledge can potentially help to improve flooding tolerance
of the flood-sensitive crop species, and therefore help to minimize the economic
losses caused by flooding and support food security. Adventitious root (AR) formation
is a characteristic adaptation to flooding. Initiation of the process depends on signals
from the phytohormones ethylene, auxin, gibberellin acid (GA) and abscisic acid (ABA)
(Visser et al., 1996c; Steffens et al., 2006; Steffens and Rasmussen, 2016). In this study,
a eudicot Solanaceae species, Solanum dulcamara, was utilized because of its ability
to produce ARs from the preformed AR primordia on the stem during flooding (Dawood
et al., 2014). Hormonal and transcriptional analyses were performed to elucidate the
roles of phytohormones and their interactions.

S. dulcamara represents a new model to study AR formation
Very much like deepwater rice, S. dulcamara develops ARs from preformed AR primordia
during flooding, but AR protrusion through the stem occurs differently. In the monocot
deepwater rice, the epidermal cells overlaying primordia are directed to programmed
cell death by a local mechanical force generated by the enlarging AR primordia during
flooding, which is mediated by ethylene and Reactive Oxygen Species (ROS) (Mergemann and Sauter, 2000; Steffens and Sauter, 2009; Steffens et al., 2012). This leads to a
fractured epidermis, thereby alleviating the physical barrier for the emerging root tips.
In S. dulcamara, death of the epidermal cells of the stem that cover the primordia occurs
along with the development of AR primordia prior to flooding, resulting in openings on
the surface of primordia, designated as lenticel by Terras (1897) (Chapter 3). Also in
other dicot species, ARs protrude through the covering cortex tissues and emerge from
the lenticels on the flooded stems, where the epidermis is already fractured and less
physical barrier is present (Hook et al., 1970; Gomes and Kozlowski, 1980; Angeles et
al., 1986). We propose that this system of constitutive lenticels may be regarded as
an “all-ready” mechanism analogous to the inducible cell death system in rice. The
mechanisms underlying epidermal cell death in S. dulcamara are still unknown, but
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possible factors may be the pressure from the expanding inner AR primordia. Moreover,
as a common structure developed on the woody stems, lenticels also provide passages
for gas exchange between the external atmosphere and internal tissues (Shimamura
et al., 2010; Purnobasuki, 2011). This provides another benefit of bearing lenticels on
the top of AR primordia. Taken together, S. dulcamara represents an excellent model to
study the dicot type of AR formation, i.e. from preformed AR primordia located under
pre-fractured stem epidermis.

The ethylene-ABA antagonism regulates AR formation during
flooding
The gaseous hormone ethylene accumulates rapidly due to physical entrapment by the
surrounding water and its continued biosynthesis (Armstrong et al., 1991; Banga et al.,
1996) and is therefore regarded as a reliable indicator of flooding in plants (Voesenek
et al., 2006). It is the primary factor which triggers a cascade of responses to flooding
(Fukao and Bailey-Serres, 2008a). ABA can be induced by various stress factors, for
example drought, heat, salinity and herbivory (Fernando and Schroeder, 2016; Suzuki
et al., 2016; Nguyen et al., 2016b). Converse to ethylene, the level of endogenous ABA
rapidly decreases in the root tissues under flooding stress (Van Der Straeten et al.,
2001; Saika et al., 2007; Arbona et al., 2017). The increase in ethylene accumulation
and decrease in ABA correspond to their opposite roles in regulating plant flooding
responses. In Chapter 2, we found that ethylene promotes while ABA inhibits AR formation. The ethylene release from the submerged tissues of S. dulcamara plants increases
and so does the ethylene responsive gene activity. Ethylene and ethylene perception
inhibitor treatments proved that an ethylene signal is necessary and sufficient to
induce AR formation. Contrastingly, ABA level decreases in the flooded plant tissues,
and restoring ABA level inhibits the flooding-induced AR formation, while removal of
ABA signal by applying its synthesis inhibitor facilitates AR outgrowth in the absence
of flooding (Chapter 2). These findings are in accordance with the roles of ethylene and
ABA in regulating rice AR formation (Steffens et al., 2006).
Studies in deepwater rice demonstrated that ethylene promotes AR formation,
on one hand due to its effect in increasing the transcript abundance of a cell-cycle
related gene, Cyclin B2;2 in the nodes containing AR primordia and on the other hand
by mediating the epidermal cell death which facilitates the protrusion of growing
root tips during flooding (Lorbiecke and Sauter, 1999; Mergemann and Sauter, 2000).
ABA treatment hampers the ethylene-induced and GA-enhanced epidermal cell death
and AR emergence (Steffens et al., 2006). In Chapter 3, we further demonstrated that
ethylene and ABA antagonistically regulate cell wall remodeling in AR primordia which
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precedes AR formation. Cell wall modification, which is directed by an auxin signal,
loosens the cell-cell adhesion within the tissues adjacent to emerging root tips, and is
a prerequisite for lateral root outgrowth in Arabidopsis (Swarup et al., 2008; Lucas et
al., 2013). Reminiscent to lateral root primordia, adventitious root tips are buried within
cortex tissues and have to protrude through them before emergence. We found indications that cell wall modification also happens in tissues overlaying AR primordia based
on the results that a series of genes encoding cell wall remodeling enzymes, including
polygalacturonases (PG), endo-1,4-β-glucanase and pectate lyase, are induced rapidly,
after several hours of flooding. Ethylene treatment increases the transcript level of cell
wall remodeling genes, particularly for PGs, whereas ABA inhibits the flooding-induced
PG expression, and inhibition of ABA biosynthesis induces its expression. We propose
that this ethylene-ABA antagonistic effect in cell wall remodeling modulates the break
of the cell-cell conjunction and facilitates AR emergence, which is in agreement with
physiological roles of these two hormones in regulating AR formation. However, since
cell wall modification is also required for cell enlargement (Cosgrove, 2005), the possibility that these genes also function in the growth of primordia cannot be ruled out.
Ethylene-promoted cell wall remodeling also occurs during other adaptive responses
to flooding. For example, at the final stage of aerenchyma formation in wheat and
maize, ethylene increases the activities of cellulase and xyloglucan endotransglycosylase (Saab and Sachs, 1996; He et al., 1996; Qt et al., 2013). In Rumex palustris, ethylene
enhances the transcription of a gene encoding an α-expansin, which contributes to cell
wall loosening and underwater shoot elongation (Vreeburg et al., 2005). ABA plays an
inhibitory role in aerenchyma formation and shoot elongation, but whether and how
ABA is implicated in cell wall remodeling is yet unknown. The contrasting effects of ethylene and ABA in modulating cell separation has also been demonstrated in the seed
germination process, where ethylene stimulates the activities of cell wall remodeling
enzymes to weaken the endosperm cap, while ABA inhibits it (Linkies et al., 2009).
Furthermore, an interaction between ethylene and ABA was shown in Chapter 2.
Flooding decreases ABA level in both primordia and stem tissues through downregulating the expression of the ABA biosynthesis genes encoding 9-cis-epoxycarotenoid
dioxygenase (NCED) and upregulating the transcript level of genes encoding ABA 8’-hydroxylases which convert ABA into inactive phaseic acid. This is in line with the case of
rumex species in which submergence, and therefore ethylene accumulation, leads to
a reduction of ABA level by decreasing its biosynthesis and increasing its catabolism
(Benschop et al., 2005; van Veen et al., 2013; Voesenek and Bailey-Serres, 2015). In rice,
ethylene promotes submergence-induced expression of ABA 8’-hydroxylases genes
(Saika et al., 2007). In our study, ethylene treatment could mimic the effects of flooding
on NCEDs, but not for ABA 8’-hydroxylases, still resulting in a reduced ABA level and
induction of AR development. Moreover, the ABA application experiment showed that
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a high level of ABA could override the effect of flooding or the effect of ethylene accumulated under flooding conditions, and inhibit AR formation. These findings together
demonstrated an ethylene-ABA signaling model in flooding induced AR formation:
ethylene positively regulates AR formation partially by suppressing the transcriptional
activities of NCEDs and therefore decreasing ABA accumulation in submerged tissues,
and ABA functions downstream of ethylene as an inhibitor of AR formation.

Proper auxin signal is essential for AR emergence
Polar auxin transport is required for AR formation, as demonstrated by the experiments
in which decapitating plants to remove the main source of auxin or application of N-1naphthylphthalamic acid (NPA), a polar auxin transport inhibitor, impairs AR emergence
(Chapter 2). This has been shown also in other species, such as rumex, rice and tomato
(Visser et al., 1996c; Xu et al., 2005; Vidoz et al., 2010). We observed a specific upregulation of PIN-FORMED2 (PIN2) in primordia in response to flooding or ethylene
treatment, and silencing of this gene leads to a delayed AR formation. PIN proteins are
asymmetrically localized in cells, which determines directions of the auxin flux and
forms the auxin gradients and local auxin maxima (Petrasek and Friml, 2009). PIN2
proteins localize predominantly at the basal (towards the root apex) side of cortex cells,
mediating the redistribution of auxin towards the elongation zone of roots (Müller et
al., 1998), while they localize at the apical side of epidermal cells, mediating redistribution of auxin away from the root tip (Friml, 2003). Thus, it seems that during AR
formation in S. dulcamara, the increased PIN2 activity is necessary to reach an optimal
auxin distribution for AR growth. In Chapter 5, we detected differences in the expression of homologs of PIN1 and DIAGEOTROPICA (DGT) genes in S. dulcamara between
partial and complete submergence. dgt mutants lack auxin maxima and have defects in
lateral root organogenesis in Arabidopsis (Ivanchenko et al., 2015). Differences in the
expression of these genes possibly results in a disturbed auxin distribution and thus
auxin signaling in completely submerged plants, which may explain the impaired AR
formation under complete submergence.
Expression of a set of auxin responsive genes, including LATERAL ORGAN BOUNDARIES-DOMAIN (LBD) and PUCHI, is increased by flooding specifically in primordia
(Chapter 2). In the case of lateral root emergence in Arabidopsis, the activities of the
cell wall remodeling enzymes at the emergence site is dependent on LAX3, an auxin
influx carrier (Swarup et al., 2008). LBD16 and LBD18 act downstream of LAX3 to regulate lateral root initiation and lateral root development, and likewise LAX3 regulates
LBD29, which in turn promotes the expression of EXPANSIN14 and cell wall loosening
for lateral root emergence (Lee et al., 2013, 2015; Porco et al., 2016). The LBD29 rice
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ortholog CROWNROOTLESS1/ADVENTITIOUS ROOTLESS1 (CRL1/ARL1) is involved in
auxin-mediated cell dedifferentiation and promotes cell division during AR initiation
(Inukai et al., 2005; Liu et al., 2005). PUCHI genes act with LBD16/LBD18 to regulate
the morphogenesis of early lateral root primordia and lateral root emergence (Kang et
al., 2013). Taken together with our results, the upregulation of these genes in floodingactivated AR primordia suggests that great similarities in auxin signaling exist between
lateral root development in Arabidopsis and AR formation in S. dulcamara. Interestingly,
expression of LBD16 does not increase in primordia under complete submergence as it
does under partial submergence (Chapter 5). Since the overall auxin levels in primordia
are the same under the two submergence regimes, one possibility for the weakened
auxin signaling in the completely submerged rooting tissues could be the decreased
auxin sensitivity. As in the case of adventitious rooting in sunflower hypocotyl and
in flooded R. palustris plants, it is ethylene which sensitizes the root tissues to auxin,
therefore inducing AR formation at a relative low auxin level (Liu and Reid, 1992; Visser
et al., 1996c). Elevating auxin level may compensate for the effect of lower auxin sensitivity, and restore the AR formation under complete submergence, which is confirmed
in Chapter 5.

6

ABA is needed to maintain the AR primordia dormancy
Plant species, such as rice, R. palustris, and S. dulcamara produce AR primordia on the
stem or on the nodes during regular growth and development. These primordia remain
developmentally arrested, and external stimuli, for example flooding or chemical
treatments, can break the AR primordia dormancy and activate AR formation (Visser et
al., 1995; Lorbiecke and Sauter, 1999; Dawood et al., 2014). ABA and its signaling are
essential for both the initiation and maintenance of dormancy in seeds and vegetative
meristems such as axillary buds (Nambara et al., 2010; Zheng et al., 2015). In Arabidopsis, under nitrate or salt stresses, lateral root primordia are kept dormant by a high
level of ABA, which happens immediately after the emergence of primordia and before
root apical meristem activation (Signora et al., 2001; de Smet et al., 2003; Duan et al.,
2013). This situation is reminiscent of AR primordia in S. dulcamara, in which the level
of ABA positively correlates with primordia dormancy. When dormant AR primordia
are activated to develop into roots, the ABA level drops quickly, while a high level of
ABA keeps primordia dormant and inhibits AR initiation (Chapter 2). ABA INSENSITIVE5
(ABI5) encodes a bZIP transcription factor (Finkelstein and Lynch, 2000; Lopez-Molina
et al., 2001) and is a core mediator of ABA repression of growth during seed germination
and seedling development (Piskurewicz et al., 2008; Skubacz et al., 2016). In Chapter
4, we investigated the role of ABI5 in regulating AR primordia dormancy and activation.
129

Chapter 6

In S. dulcamara, ABI5 is expressed highly in dormant AR primordia, which is consistent with its positive role in maintaining AR primordia dormancy in S. dulcamara. Silencing of ABI5 led to an earlier activation of primordia and faster AR emergence compared
to wild type plants, and contrastingly, overexpression of ABI5 delayed AR formation
under flooding condition (Chapter 4). The same situation was found in gladiolus (Gladiolus hybridicus), in which ABI5 is expressed at a high level in dormant corm, cormel and
stolon, and decreasing ABI5 transcript level breaks dormancy and promotes sprouting
(Wu et al., 2015). Studies about how ABI5 connects with dormancy are still lacking, but
various models are proposed to explain its role in dormant organs, such as lateral root
primordia and seed. For example, in Arabidopsis, ABI5 arrests lateral root growth in the
presence of glucose through repressing PIN1 accumulation, leading to a reduced auxin
level (Yuan et al., 2014). During seed germination, ABI5 level is positively correlated
with the gene expression of polygalacturonase inhibiting proteins (PGIPs) which act as
inhibitors of radical protrusion. Arabidopsis peroxisome-defective loci3 (PED3) mutants
show an increased expression of PGIPs and arrest of germination. However, in abi5
ped3 double mutants, PGIPs expression decreases and seed germination is restored
(Kanai et al., 2010). In our study, silencing of ABI5 induced transcriptional responses
related to hydrogen peroxide metabolism and hypoxia responses. ROS, including
hydrogen peroxide, are toxic by-products of imbalanced metabolism, and also act as
signal molecule mediating plant stress responses (Baxter et al., 2014). The Arabidopsis
ABI5 is found to affect ROS homeostasis by activating the expression of CATALASE (CAT)
which catalyzes the conversion of hydrogen peroxide to water and oxygen in the process of seed germination (Bi et al., 2017). This provides a possibility that in S. dulcamara
ABI5 might have an effect on ROS metabolism, and a lower level of ABI5 mRNA, as a
result of ABI5 silencing or flooding treatment, leads to altered ROS metabolism. Oxygen
deficiency (hypoxia or anoxia) is a key component of flooding stress, and most of the
core hypoxia-responsive genes were shown to be differentially regulated by flooding (Lee et al., 2011). Interestingly, an hypoxia-like response is also induced in ABI5
silenced plants, as exemplified by the enhanced transcription activities of group VII
ETHYLENE RESPONSE FACTOR (ERF) genes in S. dulcamara. The plant-specific group VII
ERFs undergo degradation via the N-end rule pathway in the presence of oxygen, but
are stabilized by hypoxia (Licausi et al., 2011b; Bailey-Serres et al., 2012a), after which
they induce an acclimation response (van Veen et al., 2013; Paul et al., 2016). The
enhanced hypoxia response in ABI5 silenced plants could be a result of the increased
cell activities. When the dormancy is weakened in ABI5 silenced plants, cell respiration
of the densely packed AR primordia becomes active, and oxygen deficiency will be
an inevitable consequence for primordia cells, as is commonly seen in tissues that
have high rates of oxygen consumption and few intercellular air spaces, such as root
meristems, phloem tissue, siliques and seeds (Ober and Sharp, 1996; Rolletschek et
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al., 2002; van Dongen et al., 2003; Geigenberger, 2003). In addition, ABI5 could also
directly or indirectly modulate the expression of Group VII ERF genes, preparing for or
strengthening the response to the actual hypoxia. However, the ABI5-dependent genes
that regulate AR primordia dormancy and AR formation are yet to be determined.

Other factors that may affect AR formation
Besides the factors discussed above, plant hormones, including jasmonic acid (JA) and
strigolactones (SLs) (Rasmussen et al., 2012; Lischweski et al., 2015), and environmental factors, such as light and temperature (Sorin et al., 2005; Zhang et al., 2015), may
also influence the process of AR formation. In this thesis, we found no difference in
the level of JA, neither in the partially submerged nor in the completely submerged
AR primordia, compared to those under control condition. However, expression of the
gene encoding for the JA receptor, CORONATINE-INSENSITIVE1 (COI1), was suppressed
under partial submergence, but not under complete submergence (Chapter 5). We
speculate that this difference might contribute to the contrasting scenarios of AR
formation under two different water regimes, therefore suggesting that JA is negatively
involved in flooding-induced AR formation. This is consistent with the negative role
of JA in Arabidopsis AR formation but in contrast with that in petunia, where JA has a
positive effect on AR formation (Gutierrez et al., 2012; Lischweski et al., 2015). It needs
to be noted, however, that the studies of JA-mediated AR formation usually focus on
the shoot- or cutting-borne ARs, which can be an issue to investigate further in the
future. In different species, SLs were shown to have contrasting effects on AR formation
(Rasmussen et al., 2012; Sun et al., 2015). These studies are done by using SL-deficient
and SL-insensitive mutants, and by applying synthetic SLs. However, measurements
of SLs level, which would provide convincing evidence to understand the role of SLs
in AR formation, are still lacking due to the extreme low level of SLs. Furthermore,
light and temperature, which vary constantly, are key to plant photosynthesis and thus
can influence the status of plant carbohydrate storage. Carbohydrate status, together
with other factors, determines plant flooding performance, including AR formation, in S.
dulcamara (Zhang et al., 2017). Therefore, how these environmental factors are sensed
by plants and conveyed into internal signals, whether and how hormonal signaling
are integrated with environmental signals to modulate AR primordia activation and AR
formation, should be investigated further.
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Concluding remarks
Combined with previous studies, a more comprehensive signaling model on AR formation can be derived from this thesis, as shown in Figure 1. Also, the results presented
in this thesis extend our knowledge on the mechanisms underlying plant adaptation
to flooding stress, and provide an opportunity to approach crop plants with improved
flooding tolerance via a way of modifying genes key for flooding responses. Indeed, I
already identified several candidates that can hopefully be used as targets, for example,
ABI5 and Group VII ERF genes. However, as I discussed in the above paragraphs, there
are still many issues remained unclear and interesting to research on, and therefore my
thesis also provides new perspectives for future study on plant adaptation of abiotic
stresses.
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Figure 1. Hormonal signaling pathway of flooding-induced AR formation. During flooding, Ethyl-
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Plants are constantly subjected to environmental stresses, among which flooding is
one of the most severe due to its increasing occurrence and the increasingly large area
affected. Flooding causes devastating damage to global agricultural production. Therefore, it is of great practical significance to understand plant response to flooding, with
the hope to provide useful insights for breeders and maintain crop performance under
less predictable climatic conditions. Adventitious root (AR) formation is a characteristic
adaptation to flooding. These de-novo formed roots can sustain plants with nutrients,
water and oxygen supply, therefore enabling them to survive under flooding. The scope
of this thesis was to unravel the hormonal signaling underlying AR formation, using
Solanum dulcamara as a research model.
In Chapter 1 of this thesis, I provided an overview of plant responses to flooding
and described the involvement of ethylene in regulating these responses, including
aerenchyma formation, shoot elongation, leaf hyponasty and AR formation. I then
zoomed in on the process of AR formation, and introduced plant hormones and their
corresponding signaling pathways in regulating AR formation in various species based
on the findings from previous studies. Meanwhile, research questions which initiated
the present thesis were also presented in this chapter.
To gain a comprehensive view of the involvement of phytohormones in floodinginduced AR formation, in Chapter 2, we analyzed the transcriptome of AR primordia after 24 hours of flooding, and found out that an extensive transcriptome reprogramming
in AR primordia was induced. Biosynthesis and signaling of ethylene, auxin, jasmonic
acid (JA), and abscisic acid (ABA) were greatly affected by flooding. Experiments with
direct application of hormones or inhibitors of hormone biosynthesis, transport and
perception further demonstrated the physiological roles of ethylene, auxin and ABA in
AR primordia activation. Based on this data, a general hormonal model on AR formation
in S. dulcamara was proposed. Ethylene accumulates rapidly during flooding, resulting in a decreased biosynthesis and thus level of ABA in primordia, which acts as the
inhibitor of AR formation. Auxin signal is required for proper AR formation, functioning
downstream of ethylene.
Since the AR meristems are situated underneath several cell layers and the epidermis in the primordia, they have to protrude covering tissues before emergence; a
process in which cell wall modification might play a role. In Chapter 3, we investigated
the properties of epidermis overlaying AR primordia before and after flooding. We
found that epidermal cell death occurred independent of flooding along with AR primordia development from an early stage, leading to lenticel formation. The expression
of genes encoding cell wall remodeling enzymes was relatively high in AR primordia, in
some cases already before flooding, in others upon exposure to the stress. Moreover,
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ethylene and ABA, which oppositely regulate AR formation, were found to have contrasting effect on the expression of polygalacturonase genes. Based on the knowledge
we gained in the first two chapters, it is clear that AR primordia are produced on the
stem of S. dulcamara plants continuously, visible as lenticels on their surface. They
gradually enter a dormant state, and will not develop into roots unless being stimulated
by flooding and the accompanying hormone signals.
In Chapter 4, we then investigated how ABA maintains the dormancy of AR primordia
by studying ABA INSENSITIVE5 (ABI5), a bZIP transcription factor in the ABA signaling
pathway. ABI5 is expressed highly in primordia, and can be further induced by ABA
while it is suppressed by flooding, ethylene, and ABA inhibitor (fluridone) treatment.
Silencing of ABI5 accelerates AR emergence and overexpression of ABI5 delays this
process. Transcriptome analysis showed an upregulation of hypoxia response genes
and hydrogen peroxide metabolism-related genes in ABI5-RNAi primordia, suggesting
that a stress-like response was induced in AR primordia in the absence of ABI5. We
therefore concluded that ABA acts through ABI5 to maintain AR primordia dormancy.
The experiments in the first three experimental chapters were conducted under
partial submergence, by which AR formation is induced. However, we observed that
fewer or no ARs are produced under complete submergence of the plants. Because
ethylene may be expected to accumulate similarly in this condition, in Chapter 5, we
investigated whether auxin, ABA or JA signaling is disturbed under complete submergence and prevents AR formation. Results showed that both ABA level and signaling
are similar between partial and complete submergence, thereby eliminating ABA as
the “culprit”. Although auxin level remains unchanged under partial and complete
submergence, expression of auxin transport and signaling genes was slightly lower
in primordia of fully submerged plants compared to those from partial submerged
plants. Exogenous auxin partly restored AR emergence under complete submergence.
Together, we hypothesize that auxin sensitivity is decreased in AR primordia under
complete submergence and that extra auxin compensates for this effect, thus restoring
AR formation. Differential expression of COI1, which encodes for a JA receptor, was
observed between the two flooding regimes, suggesting that disturbed JA signaling
may also contribute to the defected AR formation under full submergence.
In Chapter 6, I summarized and discussed the results we gained in this thesis. By
combining these results with the initial model, as shown in the general introduction, a
more thorough hormonal signaling model was developed.
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Planten worden voortdurend blootgesteld aan allerlei stressfactoren in hun omgeving,
daarvan is overstroming één van de ernstigste omdat het steeds vaker voorkomt en
steeds meer gebieden worden getroffen. Overstromingen brengen wereldwijd enorme
schade toe aan de landbouwproductie. Het is daarom van groot belang te begrijpen
hoe gewassen reageren op overstroming, in de hoop nieuwe inzichten te verkrijgen
voor plantenveredelaars en opbrengsten te waarborgen bij een meer onvoorspelbaar
klimaat. Vorming van adventieve wortels (AWs) is een karakteristieke aanpassing aan
overstroming. Deze de-novo wortels kunnen planten voorzien van voedingsstoffen,
water en zuurstof, waardoor ze de overstroming kunnen overleven. Het doel van dit
proefschrift was om de hormonale signalering die ten grondslag ligt aan AW-vorming
te onderzoeken, waarbij Solanum dulcamara werd gebruikt als modelsysteem.
In hoofdstuk 1 van dit proefschrift heb ik een overzicht gegeven van de plant
reacties op overstroming en een beschrijving van de rol van ethyleen in de regulering
van deze reacties, met inbegrip van vorming van aerenchym, scheut strekking, verticale
positionering van de bladeren (hyponastie) en AW-vorming. Vervolgens wordt dieper
ingegaan op het proces van AW-vorming, en op plantenhormonen en hun bijbehorende
signaleringroutes voor het reguleren van AW-vorming in verschillende soorten, gebaseerd op bevindingen uit eerdere studies. Ook werden de vragen tot dit proefschrift
leidden, beschreven in dit hoofdstuk.
Om een volledig beeld krijgen van de betrokkenheid van plantenhormonen in
door overstroming veroorzaakte AW-vorming, analyseerden we in hoofdstuk 2, het
transcriptoom van AW-primordia na 24 uur van overstroming. We ontdekten dat er een
uitgebreide herprogrammering van het transcriptoom in AW-primordia plaatsvond.
Biosynthese en signalering van ethyleen, auxine, jasmonzuur (JA) en absciszuur (ABA),
werden sterk beïnvloed door overstroming. Experimenten met directe toediening van
hormonen of remmers van hormoonbiosynthese, transport en perceptie toonden de
fysiologische rol van ethyleen, auxine en ABA aan bij de activatie van AW-primordia. Aan
de hand hiervan werd een algemeen hormonaal model op AW-vorming in S. dulcamara
opgesteld. Ethyleen accumuleert snel tijdens overstroming, waardoor de biosynthese,
en zodoende de concentratie van ABA, dat fungeert als de inhibitor van AW-vorming, in
primordia wordt verminderd. Auxine signaal is nodig voor een goede AW-vorming door
ethyleen.
Aangezien de AW-meristemen onder verschillende cellagen en de epidermis in
de primordia liggen, moeten ze door weefsels groeien om tevoorschijn te komen; een
proces waarbij celwandmodificatie een rol kan spelen. In hoofdstuk 3 hebben we de
eigenschappen onderzocht van de epidermis die de AW-primordia bedekt, vóór en na
overstroming. We ontdekten dat de sterfte van de epidermale cellen onafhankelijk van
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overstromingen plaatsvindt, tijdens de vroege AW-primordia-ontwikkeling, en tot vorming van lenticellen leidt. De expressie van genen die voor de celwand-gerelateerde
enzymen coderen, was relatief hoog in AW-primordia, in sommige gevallen al voor het
intreden van overstroming, in andere na blootstelling aan de stress. Ethyleen en ABA,
die AW-vorming tegengesteld regelen, bleken ook een tegenovergesteld effect te hebben op de expressie van polygalacturonase genen.
Op basis van de kennis die we in de eerste twee hoofdstukken hebben verkregen,
is het duidelijk dat AW-primordia voortdurend op de stengel van S. dulcamara planten
worden geproduceerd en zichtbaar zijn als lenticellen. Ze komen geleidelijk in een dormante staat en zullen zich niet tot wortels ontwikkelen tenzij ze worden gestimuleerd
door overstroming en de bijbehorende hormoonsignalen. In hoofdstuk 4 onderzochten
we hoe ABA de dormantie van AW-primordia handhaaft, door ABA INSENSITIVE5 (ABI5),
een bZIP transcriptiefactor in de ABA signaleringsweg te bestuderen. ABI5 komt sterk
tot expressie in de primordia, en kan door ABA verder geïnduceerd worden, terwijl het
wordt onderdrukt door behandeling met overstroming, ethyleen en een ABA-remmer
(fluridon). Inactivering van ABI5 versnelt de uitgroei van AW’s en overexpressie van
ABI5 vertraagt dit proces. Transcriptoomanalyse toonde dat er sprake was van een
verhoogde expressie van laag zuurstof (hypoxia) responsgenen en waterstofperoxide
metabolisme gerelateerde genen in ABI5-RNAi primordia, wat doet vermoeden dat er
een stress reactie in AW-primordia wordt geïndiceerd door afwezigheid van ABI5. We
concluderen daarom dat ABA via ABI5 zorgt voor dormantie van AW primordia.
De experimenten in de eerste drie hoofdstukken werden uitgevoerd onder gedeeltelijke overstroming, waardoor AR-vorming wordt geïnduceerd. We zagen echter dat er
minder of soms zelfs geen AW’s worden geproduceerd bij volledige onderdompeling
van de planten. Omdat verwacht mag worden dat ethyleen ook onder deze omstandigheden ophoopt, hebben we in hoofdstuk 5 onderzocht of de auxine-, ABA- of
JA-signalering bij volledige onderdompeling verstoord wordt, waardoor AW-vorming
niet plaatsvindt. De resultaten toonden aan dat zowel ABA niveau als signalering
vergelijkbaar zijn tussen de gedeeltelijke en volledige overstroming, waardoor ABA als
“boosdoener” wordt uitgesloten. Hoewel het auxine niveau ongewijzigd blijft onder
gedeeltelijke en volledige overstroming, was de expressie van auxine transport en signaleringsgenen iets lager in primordia van volledig ondergedompelde vergeleken met
die van gedeeltelijke ondergedompelde planten. Exogene auxine herstelde de AW-vorming onder volledige overstroming voor een deel. Alles bij elkaar genomen stellen we
dat auxinegevoeligheid in AR-primordia onder volledige onderdompeling afneemt en
dat extra auxine dit effect compenseert, waardoor AR-vorming wordt hersteld. Expressie van het COI1 gen, dat codeert voor een JA-receptor, bleek ook te verschillen tussen
de twee overstromingsbehandelingen, dus een verstoorde JA-signalering zou ook een
rol kunnen spelen bij het uitblijven van AW-vorming tijdens volledige overstroming.
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In hoofdstuk 6 heb ik de resultaten die we in dit proefschrift hebben behaald
samengevat en besproken. Door deze resultaten te combineren met het oude model,
gepresenteerd in de algemene inleiding, kon een completer hormonaal signaalmodel
opgesteld werden.
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在生长发育过程中，植物常常面临各种自然灾害，洪涝灾害是其中最为严重的一种。鉴
于它的高发性跟较大的影响面积，洪涝灾害对全球的农业生产有着巨大的影响并造成了
严重的损失。因此，了解植物在洪涝灾害中的反应机理，具有重要的实践意义。相关研
究一方面可以给育种工作者提供可用的植物抗涝特性，另一方面也有望提高农作物对洪
涝灾害的抵抗、适应能力。不定根的形成是一种典型的植物对洪涝灾害的适应现象。这
些新形成的不定根可以帮助植物吸收无机盐、水以及氧气，从而保证了植物在洪涝条件
下的生存。本论文中，我用Solanum

dulcamara作为模式植物，揭示了不定根形成过程

中的激素调控机理。
在论文的第一章，我们首先总结了几种植物对洪涝的响应模式，包括通气组织的形
成、茎的伸长、叶的偏上性运动以及不定根的形成，同时也阐述了植物激素乙烯对这几
个过程的调控。然后，我们着重探讨了不定根的形成过程，根据以前的相关研究，介绍
了在不同植物中，激素以及它们相应的信号转导途径对不定根形成的调节。此外，在这
一章节中，我们也提出了本论文将要进行研究的几个问题。
为了全面了解激素在水诱导产生不定根的过程中的作用，在论文的第二章里，我们首
先分析并且对比了不定根根芽在24小时水淹处理前后的转录组，分析结果显示水淹处理
引发了大量基因的差异性表达，包括与激素的合成以及信号转导过程相关的基因，例如
乙烯、生长素、茉莉酸、和脱落酸等。为了验证这些激素在水诱导不定根的形成过程中
的作用，我们对植物进行激素处理、激素传输或者转导抑制剂处理，从而人为的改变某
种特定激素在植物体内的水平，使其过量或者不足。这些实验结果进一步验证了乙烯、
生长素和脱落酸在不定根根芽激活过程中的作用。据此，我们初步建立了在Solanum
dulcamara中，关于不定根形成的激素调控的信号通路模型，即：当水涝灾害发生时，
乙烯聚集，其浓度迅速提高。乙烯信号能够抑制脱落酸的合同及其在不定根根芽中的水
平，而脱落酸抑制不定根的形成。生长素信号在乙烯下游发生作用，对于不定根的形成
也是必要的。
不定根根尖被包埋在根芽里面，外层覆盖有几层皮质和一层表层细胞。不定根根芽
被激活之后，根分生组织开始生长，根伸长穿过外层细胞，最终长出来，在这个过程中
根尖必须穿过皮质层细胞。我们推测皮质层细胞壁可能需要被分解软化，从而使根尖更
容易长出来。在第三章中，我们对根芽外层细胞的特点进行了研究。我们发现，在不定
根根芽的早期生长过程中，表层细胞出现死亡，由此形成皮孔。在成熟的根芽中，编码
细胞壁修饰蛋白的基因表达量较高；经过水处理后，这些基因在根芽中被特异地诱导表
达。乙烯诱导而脱落酸抑制不定根生长，在本章节的研究中，我们发现，这两种激素对
多聚半乳糖苷酶的转录也有着相反的调控作用。
根据前两个章节的研究结果，我们了解到，在Solanum dulcamara茎上，会持续的产
生不定根根芽，随着这些根芽的生长，在其表面会形成皮孔。成熟的根芽逐渐进入“休
眠”状态，直到被外界刺激（比如洪水或者乙烯处理）激活并开始生长，形成不定根。
在第四章节中，通过对脱落酸信号通路下游ABI5的功能分析，我们研究了脱落酸是如何
保持不定根根芽处于休眠状态。研究结果表明，ABI5的表达量在休眠状态的根芽处于相
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对较高的水平。水处理、乙烯跟人为降低脱落酸水平等处理抑制了该基因的表达量，而
脱落酸处理则有诱导作用。利用基因沉默技术降低ABI5的表达水平加速了水诱导的不定
根的形成，而过表达ABI5则相反，推迟了根的形成。接下来，我们利用基因芯片技术
分析了ABI5沉默植物的不定根根芽的转录水平。结果显示，与野生型相比，在正常的生
长条件下，ABI5沉默掉的根芽中，低氧胁迫反应和过氧化氢的代谢过程相关的基因出现
上调。由此表明，当ABI5处于低表达量时，根芽中出现类似逆境应答反应。根据这些结
果，我们推测脱落酸通过作用于ABI5来调控根芽的休眠，以及抑制根芽的激活。
前三个研究章节中，所有的实验都是在不完全水淹的情况下进行的。然而，我们发
现，当Solanum

dulcamara植物被水完全淹没时，不定根的形成被部分或者完全抑制。

于是在第五个实验章节中，我们研究了植物在完全水淹情况下，根芽中的激素信号转导
是否收到了影响，从而导致了不定根的形成收到了抑制。我们的研究目标主要包括生长
素、脱落酸和茉莉酸。实验结果显示，其一，在完全水淹条件下的脱落酸的激素水平和
主要的信号转导因子的基因表达水平，跟不完全水淹条件下是相似的，这就排除了脱落
酸的可能性；其二，虽然生长素的激素水平在两种水淹情况下没有差异，但是生长素传
输以及信号转导相关的基因在完全水淹条件下表达量相对较低，这有可能是因为根芽的
分生组织对生长素的敏感度降低所造成的。因此，我们用外源的生长素来处理完全水淹
情况下的植物，从而恢复了不定根的生长。另外，我们发现，编码茉莉酸的受体的一个
基因COI1只在不完全水淹的条件下才出现显著的表达量下调，这表明与不完全水淹相
比，茉莉酸信号在完全水淹条件下可能出现了异常，由此抑制不定根的形成。
在本论文的最后一个章节中，我总结并讨论了所得结果。通过与之前的信号转导模型
的比较跟结合，我提出了一个更为完善的、关于不定根形成的激素调控模型。
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