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1. General Introduction

Light is the energy source for plants as it drives photosynthesis to produce sugars. Given the ob-

vious fact that light mostly occurs aboveground and not in the soil, most interactions of plants

with light have been studied in shoot parts of the plant. Over more than a century of research

has yielded tremendous insights into how light not only drives photosynthesis but also acts as

an environmental cue that informs plants about their environment. Light quality and duration,

for example, drive major developmental changes such as photomorphogenesis, photoperiodic

induction of flowering, phototropism, and shade avoidance (see for example the following re-

cent reviews: Wu, 2014; Fankhauser and Christie, 2015; Xu et al., 2015; Ballaré and Pierik,

2017). The picture that has emerged is that plants have very detailed light signaling mecha-

nisms, with photoreceptors dedicated to different wavelengths in the light spectrum and inter-

actions between these photoreceptors themselves and their downstream signal transduction

pathways.

Studies have accumulated over the past 15 years and intensified in recent years show-

ing pronounced effects of light on root physiology and development. Although some effects of

light availability on root growth will be the simple consequence of differential sugar availability

to the roots due to photosynthesis in the shoot, there is substantial evidence for more sophis-

ticated signaling impacts of different aspects of the light environment. In this chapter, we will

briefly review the core light signaling mechanisms, their impact on root development and plas-

ticity, and the functional implications of these above-belowground interactions.

1 LIGHT SIGNALING

Different wavelengths of light are associated with various functions in plant development and

plants have a range of photoreceptors to detect these wavelengths. UVR8 is sensitive to UV-

B light, cryptochromes (CRY) and phototropins (PHOT) detect UV-A and blue light, whereas

phytochromes (PHY) sense red (R) and far-red (FR) light. Photoreceptors occur all over the plant

body and although they are most abundant in the shoot, they are also expressed in the roots

(Fig. 1.1). Photoreceptors share downstream signaling hubs, notably the COP1/SPA complex

and PIFs, which will be discussed first, followed by the properties of each photoreceptor group.

1.1 Shared signaling hubs

COP1-SPA-HY5

CONSTITUTIVE PHOTOMORPHOGENESIS PROTEIN 1 (COP1) functions as a ubiquitin E3 ligase

that targets proteins required for photomorphogenesis for degradation, such as the bZIP tran-

scription factor ELONGATED HYPOCOTYL 5 (HY5) (Osterlund et al., 2000; Saijo et al., 2003) and

HY5-HOMOLOGUE (HYH) (Holm et al., 2002). Especially HY5 is a key regulator in photomor-

phogenesis, and it serves as the center of a transcriptional network hub of hormone and light

signaling (Gangappa and Botto, 2016). Besides HY5, COP1 also targets factors like the MYB

transcription factor LONG AFTER FAR-RED LIGHT 1 (LAF1) (Seo et al., 2003), the bHLH protein

LONG HYPOCOTYL IN FAR-RED 1 (HFR1) (Duek et al., 2004) and even phytochrome A (phyA)

and phyB photoreceptors (Seo et al., 2004; Jang et al., 2010). COP1 activity relies on physical

interaction with SUPPRESSOR OF PHYTOCHROME A proteins (SPAs) in the COP1-SPA complex.
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1. General Introduction

The cryptochrome photoreceptors CRY1 and CRY2, upon blue light activation, can bind to SPAs

and this results in reduced COP1-SPA interaction, leading to stabilization of COP1 targets (Lian

et al., 2011; Liu et al., 2011; Zuo et al., 2011). Comparable interaction mechanisms exist be-

tween phytochromes and SPAs (Zheng et al., 2013; Sheerin et al., 2015), and UVR8 and SPAs

(Favory et al., 2009; Huang et al., 2013). Another mechanism that controls COP1 activity is its

light-based nuclear exclusion that affects HY5 degradation (von Arnim and Deng, 1994; Pacín

et al., 2014). COP1 and HY5 are well-known regulators of the transition from skoto- to photo-

morphogenesis, and for a detailed overview we refer to Huang et al. (2014).

PIFs

PIFs are a group of basic helix-loop-helix (bHLH) transcription factors thatmediate various phys-

iological responses, such as seed germination, seedling photomorphogenesis, shade avoid-

ance, and shoot architectural responses to elevated temperature (Koini et al., 2009; Chen

and Chory, 2011; Hornitschek et al., 2012; Jeong and Choi, 2013; Xu et al., 2015). PIFs

are regulated by light, temperature, and the circadian clock, and these cues can lead to PIF

degradation by concerted action of the phytochromes and the E3-ligase Light-Response Bric-a-

Brack/Tramtrack/Broad (BTB) (LRB) (Leivar and Monte, 2014; Ni et al., 2014; Jung et al., 2016;

Legris et al., 2016). The phytochrome and cryptochrome photoreceptors can physically interact

with specific sets of PIF proteins and thereby regulate PIF phosphorylation. The phosphoryla-

tion status of PIFs subsequently determines their activity and in most instances their stability

(Paik et al., 2017). ChIP-seq studies on PIFs have identified a very broad range of target genes,

including those associated with cell wall modifications, auxin biology, and several other tran-

scription factors. This broad range of targets combined with the multitude of signals that im-

pact on PIF stability makes PIF proteins a signaling hub to integrate environmental conditions

(Leivar and Monte, 2014; Paik et al., 2017).

1.2 Photoreceptors

UVR8

The effect of UV-B radiation on plant growth is dual. High fluence UV-B exposure causes pho-

todamage, but low fluence UV-B contributes to photomorphogenesis and increases the resis-

tance to herbivorous insects and pathogens (Ballaré et al., 2012; Galvão and Fankhauser, 2015).

UV-B (280-315 nm) is perceived by UVR8, which uses a structure based on tryptophans and a

complex salt bridge network. Upon sensing UV-B light, the salt bridges are disrupted, induc-

ing dimer dissociation into UVR8 monomers and initiating signal transduction (Christie et al.,

2012). The UV-B induced responses include hypocotyl growth inhibition, altered leaf morpho-

genesis, stomatal closure, and compound synthesis associated with the prevention and repair

of UV damage (Binkert et al., 2014; Galvão and Fankhauser, 2015). UVR8 regulates UV-B re-

sponses by negatively affecting COP1 function through UVR8-SPA interaction (Osterlund et al.,

2000; Favory et al., 2009; Huang et al., 2013; Hayes et al., 2014). Formation of UVR8-SPA leads

to inhibition of COP1 function and this results in stabilization of amongst others HY5 and HYH,

thereby inducing genes downstream associated with UV-B signaling (Osterlund et al., 2000;

Rizzini et al., 2011; Hayes et al., 2014).
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1. General Introduction

CRYs

Blue light (320-500 nm) is used for photosynthesis and also serves as a signal for shade, pho-

toperiodism, and directional light. Blue light sensing is performed by three groups of light re-

ceptors: CRYs, PHOTs, and other LOV-domain containing receptors such as ZEITLUPE (ZTL). CRYs

are blue light receptors found in a broad range of organisms, including bacteria, fungi, animals,

and plants. Three CRYs are encoded in the Arabidopsis genome: CRY1, CRY2, and CRY3. CRY1

and CRY2 act redundantly in promoting flower induction, sensing blue light as input to circadian

clock, and stomatal opening in Arabidopsis (Li and Yang, 2007; Galvão and Fankhauser, 2015;

Mo et al., 2015). Both CRY1 and CRY2 regulate primary root elongation, but CRY1 promotes

primary root elongation in blue light, whereas CRY2 has the opposite effect (Canamero et al.,

2006). Mainly CRY2 is expressed in Arabidopsis roots (Fig. 1.1) and CRY1 and CRY2 inhibit root

growth via modulation of free auxin levels and polar auxin transport (Mo et al., 2015). The bio-

logical function of CRY3 is yet unclear (Song et al., 2006; Klar et al., 2007; Mo et al., 2015). CRYs

are nuclear flavoproteins, composed of two domains, an N-terminal photolyase-related (PHR)

region and a C-terminal domain of varying size. The PHR region binds the chromophore FAD

and serves as the light sensing part. Upon absorbing blue/UV-A light, CRY is phosphorylated

and can interact with other protein partners, such as COP1, SPAs, and PIFs (Lian et al., 2011;

Liu et al., 2011; Zuo et al., 2011; Pedmale et al., 2016; de Wit et al., 2016).

PHOTs

PHOTs are blue light receptors that mediate phototropism, chloroplast movement, and stom-

atal opening in Arabidopsis (Briggs and Christie, 2002). There are two PHOTs identified in Ara-

bidopsis, phot1 and phot2, with similar function and structure. Besides their function in the

shoot, phot1 is also expressed in the roots, regulating root bending (Wan et al., 2012; Zhang

et al., 2013). In contrast to other photoreceptors, which are present in the nucleus or cyto-

plasm, PHOTs are located in the plasma membrane (Sakamoto and Briggs, 2002). When phot1

is activated by blue light, it phosphorylates PHYTOCHROME KINASE SUBSTRATE 4 (PKS4) and

interacts with NON-PHOTOTROPIC HYPOCOTYL 3 (NPH3) to form a phot1-PKS-NPH3 protein

complex (Pedmale and Liscum, 2007; Demarsy et al., 2012). This modulates auxin transport

and thus underlies plant phototropism (Fankhauser and Christie, 2015). PHOTs haveN-terminal

flavin mononucleotide (FMN) chromophore-binding light oxygen voltage (LOV1 and LOV2) do-

mains for light absorption, and a C-terminal AGC-type Ser/Thr protein kinase signaling domain

(Briggs and Christie, 2002). ZTL, FLAVIN-BINDING, KELCH REPEAT, F-BOX, and LOV KELCH PRO-

TEIN2 (LKP2), are blue light photoreceptors involved in circadian clock and photoperiodic flow-

ering regulation, with a structure similar to PHOTs, but with only one LOV domain followed by

an F-box and six Kelch repeats (Galvão and Fankhauser, 2015).

PHYs

PHYs are photoreceptors sensing R and FR light that occur in plants as well as in fungi and

prokaryotes (Burgie and Vierstra, 2014). Plants use R/FR light signaling through phytochromes

to regulate germination, de-etiolation, stomatal development, flowering transition, senes-

cence, and shade avoidance (Franklin and Quail, 2010). Five PHYs are identified in Arabidopsis,
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1. General Introduction

phyA through phyE. PHYs use the N-terminal covalently linked phytochromobilin to sense light

and the C-terminus to transmit the light signal. PHYs undergo reversible conformation changes:

the inactive Pr form absorbs R light (max=660nm) that leads to its photoconversion into the ac-

tive Pfr form that can then absorb FR light (max=730nm) to be inactivated. Upon activation,

Pfr translocates from the cytosol to the nucleus, where it interacts with PIFs, modulating their

activity (Chen and Chory, 2011; Leivar and Quail, 2011; Xu et al., 2015). PhyA, phyB, phyD,

and phyE are expressed in the root, while phyC expression in the root is hardly detectable (Fig.

1.1). phyBmutants have been shown to produce fewer lateral roots (Salisbury et al., 2007) and

phyB and phyA single and doublemutants have reduced root elongation compared towild-type

(Correll and Kiss, 2005; Silva-Navas et al., 2015). Recently, PHYB has been identified to act as a

temperature sensor (Jung et al., 2016; Legris et al., 2016), which is interesting since heat stress

is known to lead to increased primary root growth (Hanzawa et al., 2013). Whether this occurs

through PHYB signaling is yet to be resolved, but since high temperatures destabilize PHYB and

phyBmutants causing reduced root lengths, this may not be likely.

Figure 1. Relative expression levels of photoreceptors in Arabidopsis tissues. 

The graph displays the relative expression of photoreceptors across seedling tissues. Both gene expression and protein (when data are 

available) abundance are shown. The box that groups classes of receptors indicates that intensities within can be compared. In the 

phytochrome box ‘L’ stands for protein levels in light and ‘D’ for protein levels in the dark. Source data: For all, BAR eFP browser 

(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi), phytochromes (Somers and Quail, 1995; Goosey et al., 1997; Toth et al., 2001; Sharrock 

and Clack, 2002; Salisbury et al., 2007), phototropins (Sakamoto and Briggs, 2002; Moni et al., 2015), cryptochromes (Toth et al., 2001), 

and UVR8 (Rizzini et al., 2011). 
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low high 
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meristem 

PhyB PhyC PhyD PhyE CRY1 CRY2 

Main Root 
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root 

hypocotyl 
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Figure 1.1. Relative abundances of photoreceptors in Arabidopsis tissues. The graph dis-

plays the relative expression of photoreceptors across seedling tissues. Both gene expression

and protein (when data are available) abundance are shown. The box that groups classes

of receptors indicates that intensities within can be compared. In the phytochrome box, ‘L’

stands for protein levels in light and ‘D’ for protein levels in the dark. Source data: For all,

BAR eFP browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi), phytochromes (Somers and

Quail, 1995; Goosey et al., 1997; Toth et al., 2001; Sharrock and Clack, 2002; Salisbury et al.,

2007), phototropins (Sakamoto and Briggs, 2002; Moni et al., 2015), cryptochromes (Toth et

al., 2001), and UVR8 (Rizzini et al., 2011).

1.3 Shade avoidance

When shade intolerant plants are surrounded by neighbors, they typically engage in direct com-

petition by inducing the ‘shade avoidance syndrome’ (Fig. 1.2). Shade avoidance responses in-

clude elongation of stems and petioles, upward leaf movement (hyponasty), enhanced apical
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1. General Introduction

dominance (reduced branching), and early flowering (Gommers et al., 2013; Ballaré and Pierik,

2017).

Figure 1.2. Shade avoidance induced by low R:FR. Carrot (Daucus carota) plants grown in white

light (WL; left) and white light plus Far-Red light (WL+FR; right). Plants were grown in WL or

WL+FR for 8 weeks. Photosynthetically active radiation (PAR) was around 120𝜇mol m s ,

and the R:FR ratio was 1.8 (WL) and 0.2 (WL+FR). Scale bar = 1 cm.

These responses help plants to escape from shade caused by neighboring leaves and

enable access to direct sunlight. Shade avoidance responses are adaptive but may come at

the costs of the economic yield of crops or at the cost of pathogen and herbivore resistance

(Ballaré et al., 2012; Ballaré, 2014) and therefore are not always desirable in agricultural sys-

tems. Shade avoidance is induced by the sensing of light signals: firstly, due to the reflection

of FR light of neighboring leaves, which lowers the R:FR ratio; and secondly by the depletion

of blue light when light limitation through canopy shading occurs (Casal, 2013; Ballaré and

Pierik, 2017). The low R:FR ratio is perceived by phytochromes, which are subsequently inac-

tivated and this leads to PIF stabilization. PIF4, PIF5, and PIF7 are mainly involved in the shade

avoidance response and their stabilization and transcriptional responses lead to auxin accu-

mulation, induction of cell wall remodeling genes, and subsequent cell elongation, ultimately

resulting in hypocotyl and petiole elongation and hyponastic leaf movement (Lorrain et al.,

2008; Keuskamp et al., 2010; Kohnen et al., 2016; Michaud et al., 2017; Pantazopoulou et al.,

2017). Low blue is perceived by the CRYs and their signaling pathway is partly converged with

PHYs during shade avoidance by acting on PIFs (Pedmale et al., 2016) and on the degradation of
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1. General Introduction

the negative regulator of shade avoidance LONG HYPOCOTYL IN FAR-RED (HFR1) (de Wit et al.,

2016). The combination of low blue and low R:FR represents the actual canopy shade, and the

shoot elongation response to this signal combination is stronger than the response to low R:FR

alone (de Wit et al., 2016), indicating that plants adjust shade avoidance responses to signal

intensity.

2 ROOT DEVELOPMENT AND ROOT RESPONSES

TO STIMULI

2.1 Root development

Plant roots take up water and nutrients that are essential for plant growth. The Arabidopsis

root grows from a set of stem cells at the root tip governed by the organizing cells of the qui-

escent center (QC), four cells which can be traced back to the triangular embryo development

stage (Scheres et al., 1994). Around the QC, stem cells divide to form all the layers of the Ara-

bidopsis root, which composes of the outer to inner structures: root cap, epidermis, cortex,

endodermis, pericycle, and vasculature including the xylem and phloem (Petricka et al., 2012).

In the meristem zone above the QC, stem cells divide and are not yet differentiated, while at

roughly 0.2 mm above the QC, the cells differentiate and elongate. It is at the boundary of

these two zones where the lateral roots are primed in the xylem pole pericycle layer through

an auxin signal (de Smet et al., 2007). Lateral roots develop and emerge at a later time by an-

ticlinal and periclinal divisions of the primed xylem pole pericycle cells (de Rybel et al., 2010),

after which the growing lateral root primordium actively modifies the overlaying endodermis,

cortex, and epidermis tissue for emergence (Péret et al., 2013; Vermeer et al., 2014). The

plant hormone auxin is necessary for all aspects of root development. In the root tip, there is

a high concentration of auxin which is achieved by the active transport of auxin towards the

tip and QC (Blilou et al., 2005) and local auxin biosynthesis in the root stem cells (Stepanova

et al., 2008). The auxin in the root tip drives the expression of PLETHORA transcription fac-

tors, which regulate differentiation via a degradation-based PLETHORA gradient (Galinha et al.,

2007; Mähönen et al., 2014). In lateral root development, auxin is similarly important and facil-

itates the first divisions of the primordium, followed by the development through cell division

and the emergence through the overlaying tissue (Lavenus et al., 2013). Cytokinin acts antag-

onistically to auxin and together these two plant hormones determine root patterning. Briefly,

auxin induces cell division, while cytokinin promotes differentiation (Ioio et al., 2007; Ioio et al.,

2008).

2.2 Impact of direct light signaling on root development and

plasticity

Root development in dark versus light

Root development starts at embryogenesis (Scheres et al., 1994) and all root layers are contin-

uously formed from stem cells at the tip (Petricka et al., 2012) maintained by a constant auxin
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1. General Introduction

flow (Blilou et al., 2005; Galinha et al., 2007; Stepanova et al., 2008; Mähönen et al., 2014),

while cytokinin promotes differentiation of these root layers (Ioio et al., 2007; Ioio et al., 2008).

Lateral roots form after embryogenesis and are primed in the differentiation zone of the meris-

tem (de Smet et al., 2007; de Rybel et al., 2010). Subsequently, they emerge through the outer

layers of the primary root (Lavenus et al., 2013) uponmodifications of these layers (Péret et al.,

2013; Vermeer et al., 2014). In total darkness, Arabidopsis seedling elongates its hypocotyl in

an attempt to penetrate the soil, however, its root stays very small (Fig. 1.3). Roots of dark-

grown seedlings aremuch shorter and have amuch thinner diameter than those of light-grown

seedlings (Laxmi et al., 2008; Dyachok et al., 2011). When etiolated seedlings are exposed to

light, they inhibit hypocotyl elongation, develop their cotyledons, and start to photosynthesize

(Wu, 2014). Cotyledon-derived sugars are essential for the start of root growth andwhen young

seedlings are decapitated and grown in the light, root growth is slowed dramatically (Kircher

and Schopfer, 2012). Besides sucrose, the basipetal flow of auxin is necessary to facilitate root

growth in seedlings (Bhalerao et al., 2002) and in the dark this basipetal auxin transport is very

low due to the depletion of PIN-FORMED (PIN) auxin efflux carriers from the plasmamembrane

(Laxmi et al., 2008; Sassi et al., 2012). Light induces root growth by providing sugars and auxin

to the young root and specifically red and blue light exhibit a positive effect on root elongation

when compared to darkness (Sweere, 2001; Canamero et al., 2006; Costigan et al., 2011)(Fig.

1.3). However, the addition of sucrose to the agar medium can sometimes reverse this effect

(Correll and Kiss, 2005). Supplementation of white light with FR light reduces root growth com-

pared to normal white light (Salisbury et al., 2007)(Fig. 1.3) and UV-B has a strong inhibiting

effect on root growth, either when supplied to the whole seedling or only the root (Tong et al.,

2008; Leasure et al., 2009; Silva-Navas et al., 2015).

Many experiments addressing root development have been performed in the pres-

ence of light on the whole seedling since root development is typically studied in vertical agar

plate set-ups with transparent medium. In field conditions, the top part of the root system will

grow in minimal light and the lower part will develop even in darkness, while the shoot can be

exposed to various different light conditions (Smith, 1982). Several solutions to these undesir-

able lab conditions have been postulated, including dark agar plugs (Sassi et al., 2012), black-

colored vertical plates (Xu et al., 2013), and the D-root system consisting of plate inserts plus

cover slips (Silva-Navas et al., 2015). In the D-root system, seedlings grow onmedium in vertical

square plates, but an insert at the root-shoot junction and an external cover slip prevents light

exposure of the roots, whereas the shoot is exposed to the ambient light conditions. Compared

to plants with roots grown in fully exposed light conditions, plants with roots in darkness have

increased primary root length and lateral root number, while root hair length decreased. When

dark-grown roots were exposed to light for a duration longer than 8 hours, their growth rate

and root meristem size declined (Silva-Navas et al., 2016). Interestingly, shielding roots from

light decreased the sensitivity of the primary root to the plant hormones abscisic acid (ABA),

brassinolide (BL), and 6-benzyladenine (BAP), while sensitivity to indole-3-acetic acid (IAA) in-

creased (Silva-Navas et al., 2015). Interestingly, dark-exposed roots were less sensitive to salt

and low nitrogen conditions, compared to light-exposed roots (Silva-Navas et al., 2015). These

data show that direct perception of light by the root is physiologically relevant in Arabidopsis

seedlings.
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1. General Introduction

Figure 1.3. Root growth is affected by light quantity and quality. (A) 8 days old seedlings grown

on half-strength Murashige and Skoog medium in darkness and white light (WL; PAR around

140 𝜇mol m s ). (B) 8 days old seedling grown in white light (PAR around 140 𝜇mol m

s ) or white light plus FR (WL+FR; R:FR 0.1). The arrowheads point to the root-shoot junctions.

Light affects root developmental plasticity

The root system can change the direction of growth in response to stimuli such as gravity

(Morita, 2010) or light (Kutschera and Briggs, 2012). The movement of the root away from

light sources or ‘root negative phototropism’ is dependent upon blue-light perception by PHOTs

(Wan et al., 2012). Contrary to the negative response to blue light, a positive growth response

of the root to R light has also been observed (Kiss et al., 2001), but this response is weak and

can only be observed in the absence of gravity sensing (Ruppel et al., 2001; Kiss, 2003). Down-

stream of light perception, root phototropism impinges on elements involved in root gravit-

ropism (Kiss, 2003; Kutschera and Briggs, 2012).

Root-negative phototropism

Root negative phototropism is induced by blue andwhite light and the photoreceptors involved

aremainly phot1 and phot2, with minor roles for phyA and cry1/cry2 (Boccalandro et al., 2008;

Wan et al., 2012; Silva-Navas et al., 2016). NON-PHOTOTROPIC HYPOCOTYL3 (NPH3), a target

of phot1 and phot2 involved in hypocotyl phototropism, is also an important player in root neg-

ative phototropism (Wan et al., 2012). Downstream of directional light perception, polar auxin

transport directs auxin away from the illuminated side. This auxin transport gradient requires

rootward plasma membrane localization of the auxin efflux carrier PIN1 in the stele, lateral re-

localization of PIN3 in the columella, and rootward relocalization of PIN2 in the epidermis (Wan

et al., 2012; Zhang et al., 2013; Zhang et al., 2014a). The relocalization of PIN2 and PIN3 is de-

pendent upon the recycling and targeted degradation (vacuolar targeting) of these PIN carriers

from one side of the membrane to the other (Wan et al., 2012; Zhang et al., 2013). The initial

perception of gravitropism and phototropism is different, but the downstream signaling events
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1. General Introduction

of negative phototropism are very similar to those found in root gravitropism, involving com-

parable PIN protein and auxin transport dynamics (Friml et al., 2002; Abas et al., 2006; Baster

et al., 2013). Most root phototropism experiments have been performed under conditions

where the whole seedling was directionally illuminated. When roots, which had been grown

in the dark, were stimulated by a one-sided white-light stimulus, while the shoot still remained

in the dark, the negative phototropism persisted and an important role for flavonols was un-

covered in the regulation of this response (Silva-Navas et al., 2016). White light, together with

cytokinins, stimulates the accumulation of flavonols on the illuminated side of the root, which

induces cell elongation and stimulates PIN1 plasma membrane abundance (Buer and Muday,

2004; Silva-Navas et al., 2016).

Interaction of light and gravitropism

As mentioned above, root-negative phototropism and gravitropism both rely on polar auxin

transport. Light influences the direction of polar auxin transport by controlling the plasma

membrane abundance of PIN proteins (Laxmi et al., 2008; Sassi et al., 2012; Wan et al., 2012;

Zhang et al., 2013; Zhang et al., 2014b). An interesting example of how light interacts with the

gravitropic output is the U-turn that an inverted maize seedling root makes when growing in

a glass tube exposed to light (Burbach et al., 2012; Suzuki et al., 2016). When these seedlings

are inverted in the dark, they do not show this strong gravitropic response (U-turn), indicating

that light can increase gravitropism. In accordance with this, Arabidopsis root slanting (on agar

plates) and the root gravitropic response are reduced in the D-root system where roots are

kept in darkness (Silva-Navas et al., 2015). Light stimulates the gravitropic response through

the increase of flavonol biosynthesis, which increases root auxin levels (Buer andMuday, 2004;

Silva-Navas et al., 2016). Interestingly, FR light enrichment of Arabidopsis seedlings grown fully

in the light leads to reduced activity of the auxin reporter pDR5::GUS (Salisbury et al., 2007),

showing how light quality canmarkedly change root auxin homeostasis. Another way that light

signaling influences auxin transport in the root is by controlling the removal of PINproteins from

the plasmamembrane via vacuolar degradation. Since PINs are transmembrane proteins, their

degradation occurs through vacuolar targeting and subsequent degradation ofMulti-Vesicular-

Bodies containing PINs (Korbei and Luschnig, 2013). This vacuolar degradation of PINs is an

important process in changing PIN polarity and is essential for the regulation of gravitropism

(Baster et al., 2013). PIN2-GFP vacuolar targeting is controlled by the COP1/CSN complex in a

light-dependent manner (Laxmi et al., 2008; Sassi et al., 2012). When a seedling is incubated in

darkness for several hours, PIN2-GFP is targeted towards the vacuole (Kleine-Vehn et al., 2008).

However this does not occur when only the seedling shoot is given a light treatment, or in the

cop1-6 mutant (Sassi et al., 2012), showing how (COP1-mediated) light signaling in the shoot

can affect root development.

2.3 Aboveground light regulates root development: mecha-

nisms and consequences

As mentioned above, it is critical to research the effects of light signaling on root develop-

mental plasticity under conditions where roots are not directly exposed to the light environ-
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ment as they are typically shielded from light by the soil under natural conditions. Indeed,

root systems develop differently between dark and light conditions of the roots. Since plants

constantly coordinate growth and development of root and shoot in response to their highly

dynamic environment, they need to translate important information about their light environ-

ment to the root system. This is of particular importance under dense planting conditions,

such as in most agricultural fields, where both above- and below- ground competition for re-

sources occurs (Pierik et al., 2013; Gundel et al., 2014). Belowground, plants compete for wa-

ter and nutrients whereas aboveground they struggle for light. Belowground competition is

size-symmetric, which means that resource acquisition is proportional to the size of the root

system of a given individual in a dense stand. Competition for light is size-asymmetric: a plant

that is only slightly taller than its neighbors can put its leaves above these neighbors, thereby

severely limiting their total access to light, whilst itself not being affected at all by its neighbors

(Weiner, 1985; Weiner and Thomas, 1986). Aboveground, plants maximize their competitive

performance against neighbors by activating the so-called shade avoidance response (section

1.3).

Mechanisms of light signal information transfer from shoot to root

Stem-piped light Stem-piped light refers to the light transmitted through the internal tissues

of the plants from the shoot to the root. Thismanner of light transmission through the interiors

of the plant has been described for woody and herbaceous species. Light piping is wavelength-

specific and long wavelengths such as FR and near infra-red light are transmitted relatively well

while shorter wavelengths such as blue and green light are less effectively transmitted (Sun

et al., 2003; Sun et al., 2005). Stem-piped light can activate root-expressed phyB, which in

turn regulates HY5 in the Arabidopsis root (Lee et al., 2016). HY5 is involved in root growth

in response to light, for example modulating root gravitropism and nitrogen uptake (Cluis et

al., 2004; Lee et al., 2007; Huang et al., 2015; Chen et al., 2016). Therefore, stem-piped light

might communicate information about the aboveground light environment to the root (Fig.

1.4). However, the light transmission goes down to 1% when conduction distances increase to

3 cm in herbaceous plants (Sun et al., 2005), which suggests that this mechanism might play a

relatively modest role in mature planting systems.

Mobile (signaling) chemicals Although various components are transported from the shoot

to the root, only a few of them have been directly linked to light signaling in the shoot. These

include sugars derived from photosynthesis and transported through the phloem, plant hor-

mones, and HY5. These will be briefly discussed below.

Sugars Once a seed is germinated, it first invests energy in hypocotyl growth. Upon

penetrating the soil and perceiving light, photomorphogenesis is initiated and the seedling ac-

quires the ability to conduct photosynthesis, followed by root growth (Kircher and Schopfer,

2012). It was shown in Arabidopsis seedlings that blocking photosynthesis inhibits root growth,

just like in darkness, but adding sucrose to the growth medium can rescue root growth. Inter-

estingly, sucrose addition could not induce additional root growth in photosynthesis-positive

seedlings (Kircher and Schopfer, 2012). These data confirm that sucrose is needed for root
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growth and development, and indicate that sucrose can serve as a long-distance signal from

the shoot to inform the root system about light availability aboveground (Fig. 1.4).

Auxin Young shoot tissues are the main source of the plant hormone auxin that is

then transported to the root systemwhere it regulates root development, including lateral root

formation (Reed et al., 1998; Bhalerao et al., 2002) (Fig. 1.4). Interestingly, light signaling affects

auxin biosynthesis and transport, implicating this hormone as a potential integrator of light

signaling and root development. PHY inactivation in low R:FR light triggers auxin biosynthesis

in the shoot (Hornitschek et al., 2012), which is then transported laterally through the hypocotyl

during low R:FR conditions by PIN3 as well as PIN4 and PIN7 (Keuskamp et al., 2010; Kohnen

et al., 2016) and rootward by PIN1 and PIN2 in response to light (Sassi et al., 2012). In darkness,

the expression of PIN1 is largely reduced, thus reducing auxin delivery to the root system (Sassi

et al., 2012).

Gibberellic Acid (GA) The plant hormone GA mediates various growth and devel-

opmental processes, such as seed germination, cell elongation, and reproductive development

(Hedden and Sponsel, 2015). Low R:FR induces GA biosynthesis, at least partly through ele-

vated expression of GA20-OXIDASE (GA20OX) genes (Hisamatsu et al., 2005). GAs are diter-

penoid tetracyclic carboxylic acids, but only a few are biological active, such as GA and GA

(Hedden and Thomas, 2012). Interestingly, biologically inactive GA has been identified as

a long-distance growth signal that is transported from the shoot to the root. Here GA is

converted into active form by GA20ox and GA3ox enzymes and subsequently promotes root

growth in Arabidopsis (Regnault et al., 2015) (Fig. 1.4). It is yet unknown if low R:FR induced

production of bioactive GAs in the shoot affects downward GA transport.

HY5 The transcription factor HY5 is a key integrator of photomorphogenesis and is

involved in light, hormone, and stress signaling (Cluis et al., 2004; Lee et al., 2007; Gangappa

and Botto, 2016). HY5 was recently shown to be transported upon light activation from the

shoot to the root (Chen et al., 2016). In the root system, HY5 activates its own expression and

that of HY5HOMOLOGUE (HYH), creating a positive feedback loop after shoot-to-root transport

of HY5 (Zhang et al., 2017). HY5 and HYH modulate lateral root development and lateral root

gravitropism (Oyama et al., 1997; Sibout et al., 2006). Interestingly, R:FR ratios influence the

expression and stability of HY5 and together with auxin and GA, this transcription factor is

therefore a candidate regulator of root developmental adjustments to shoot-sensed R:FR light

ratios, which indicate the presence of neighboring competitors.

Functional implications in dense vegetation

R:FR light conditions aboveground are a reliable cue for the presence of competing neighbors

and effectively trigger shade avoidance. Interestingly, if the R:FR ratio signals neighbor prox-

imity, it would also signal the likely presence of neighbors belowground competing for water

and nutrients (Gundel et al., 2014). Competition experiments in Arabidopsis have shown that

root biomass decreases when plants are competing in dense stands and there is a separate

transcriptomic regulation in the root versus the shoot (Masclaux et al., 2012). In controlled
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Figure 1.4. The aboveground regulation of root development in dense vegetation involves

photosynthesis, light piping, hormones, and mobile factors. The primary effect of light is

to enable photosynthesis which leads to the production of sugars (sucrose) that enable the

root to grow. Photomorphogenic development is associated with the production of auxins

in the shoot, which are transported rootward and enable root development. HY5 is stabi-

lized in the shoot during photomorphogenesis and is transported rootwards where it regu-

lates nitrate uptake and root development. Light is used as a cue to detect neighboring plant

competition via sensing of the R:FR ratio. Plant tissues reflect FR, which lowers the nearby

R:FR ratio, leading to shade avoidance responses mediated by, amongst others, auxin and GA.

These hormones can be transported rootward where they affect root development. There

are also indications that shade avoidance responses decrease the amount of rootward auxin

transport, in a negative feedback mechanism. FR light itself can also be transmitted directly

through woody, vascular, tissues from the shoot to the root, where it can affect root-localized

phytochromes. Plant illustration modified from Illustrations, Plant (2017): Shoot illustrations.

Figshare (https://doi.org/10.6084/m9.figshare.c.3701035.v7)

growth on medium, seedlings experiencing a low R:FR ratio have a lower lateral root number

and primary root length (Salisbury et al., 2007). However, as argued previously, in soil condi-

tions roots are not directly exposed to low R:FR light and the shootmight thus relay information

about nearby competitors to the root system either by direct piping or through secondary mo-

bile messengers.

An important question that remains is what are the functional implications of light

signal transmission from the shoot to the root? One clear functional example is that HY5 can

stimulate nitrate uptake viaNRT2.1, andwill do so upon light-activation in the shoot (Chen et al.,

2016)(Fig. 1.4). This will help keep the carbon and nitrogen acquisition in tune. In accordance

with these findings, direct shading in different phases of the growth period of field-grownmaize

was shown to suppress root mass, length, and absorptive area, suggesting reduced nutrient

and/orwater uptake rates (Gao et al., 2017). In addition to true shade, a reduced R:FR light ratio

also affects root growth in different species (Kasperbauer and Hunt, 1992; Kasperbauer and
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Hunt, 1994; Salisbury et al., 2007). The effects of reduced R:FR ratios on lateral root formation

(Salisbury et al., 2007) may go at the expense of nutrient uptake rates, and might reflect a

resource prioritization strategy at the whole plant level, ensuring that resources are invested

to consolidate light capture in a growing vegetation with increasing competition for light. It is

presently unknown if the root architecture responses to low R:FR affect nutrient acquisition at

all, but the resulting reduced root length would suggest so. Nevertheless, much more detailed

research into nutrient and water uptake rates of plants under high and low R:FR conditions

is needed to assess the precise functional implications of shoot-to-root communication of the

aboveground light climate. Under field conditions, the responses of root systems to population

density are stimulated bymultiple factors in addition to aboveground light quality, including the

availability of nutrients in the soil, rooting space, plant-plant interactions with neighbors, and

plant-microbe interactions (Gundel et al., 2014). Therefore, it is important to understand the

order of the responses to different environmental cues and the significance of their effects.

3 THESIS OUTLINE

This thesis establishes a platform to investigate light signaling effects on the root systems. Chap-

ter 2 describes how light signals affect root development, by comparing the conventional ver-

tical agar plate system with the D-Root system (Silva-Navas et al., 2015). In the conventional

system, roots are light-exposed, whereas in the D-Root set-up they are shielded. Using this set-

up, it is subsequently shown how two light signals occurring in shade, low R:FR and blue light

depletion, affect root system architecture. It is shown that low R:FR has a profound effect on

lateral root formation and in Chapter 3 the mechanisms regulating this growth response are

investigated. It is shown that this shoot-derived control of lateral root development is medi-

ated by the mobile transcription factor HY5 that appears to regulate the auxin transport and

response network in lateral root primordia. As a result of HY5-dependent suppression of the

LAX3 and PIN3 auxin transporters, lateral emergence is arrested in low R:FR. In addition to this

HY5-auxin axis of light-control of root development, Chapter 4 shows how another hormone,

GA, is involved in this response to light quality as well, and that this involvement acts through

DELLA proteins; suppressors of GA-responses. Roots, of course, are key to nutrient acquisition,

but are also typically exposed to the abiotic stresses that can exist in soils. It is therefore stud-

ied in Chapter 5 how the R:FR-mediated adjustments of root system architecture interact with

root responses to nutrient deficiencies and to abiotic stress. The results from Chapters 2-5 are

summarized and integrated in the general discussion of Chapter 6.
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Abstract

When plants encounter light competition with neighbors, light quality changes induce the

shade avoidance syndrome (SAS). The changes in light quality include reduced red (R):far-red

(FR) light ratios and depletion in blue light. SAS includes shoot elongation to grow towards

the light, early flowering, and altered distribution of assimilates. Although these responses are

well-studied, very little is known about effects of light quality on root development. We show

that low R:FR suppresses lateral root formation, and slightly inhibits primary root length. These

responses on the root system of Arabidopsis seedlings is FR-specific and not induced by blue

light depletion. The effects are reduced primary root length, reduced lateral root number, re-

duced lateral root length, and lower lateral root positions. Arabidopsis has five phytochromes,

of which only phyA is active in FR light, whereas phyB, phyD, and phyE are R:FR-reversible sen-

sors of future shade. Interestingly, mutants for these phytochromes were all FR-insensitive for

the root response to shoot-sensed low R:FR, implying their functional involvement in root re-

sponses to R:FR signaling in the shoot.
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Introduction

There is an urgent need for increased food production, which turns agricultural activities to-

wards more dense cropping patterns. However, at high density, plants encounter light com-

petition with their neighbours, reducing their growth. In order to avoid being shaded, plants

respond to high densities with amultitude of shade avoidance responses: the shade avoidance

syndrome (SAS). SAS includes shoot elongation to grow towards the light, upward leaf move-

ment, and early flowering, all accompanied by the altered distribution of assimilates (Smith

and Whitelam, 1997; Vandenbussche et al., 2005; Franklin, 2008; Pierik and Testerink, 2014).

Plants induce these responses upon detection of density-associated light cues, especially a re-

duced red (R): far-red (FR) light ratio and reduced blue (B) light availability (Keller et al., 2011;

Keuskamp et al., 2012). The R:FR ratio already changes before real shading occurs, due to FR

reflection by nearby neighbours, whereas light depletion is associatedwith actual shade (Casal,

2013; Pierik and deWit, 2014). R:FR is detected by the phytochrome photoreceptors, whereas

B depletion is detected through the cryptochromephotoreceptors during shade avoidance (Bal-

laré et al., 1990; Vandenbussche et al., 2005). There are five phytochromes (phyA-E) identified

in themodel plant Arabidopsis thaliana; among them, phyA and phyB are the best studied, and

phyB, phyD, and phyE act redundantly to suppress SAS in high R:FR (Franklin et al., 2003).

Although much is known about the molecular control of shade avoidance responses

in the shoot, especially for low R:FR-induced hypocotyl elongation in seedlings, much less is un-

derstood of additional responses at the whole-plant level. One such response is the alteration

of root development and root system architecture upon exposure to low R:FR light conditions.

It has previously been shown that lateral root formation is reduced when plants are exposed to

low R:FR, and this was interpreted as a way for plants to give priority to investments in shoot

growth to consolidate light capture at the expense of root development (Salisbury et al., 2007;

Gundel et al., 2014). However, these studies were mostly done in light-exposed root systems,

making it difficult to assess if the light quality effects are direct, or if they are transduced from

the shoot into the root. Furthermore, it is unknown if other light cues that trigger SAS in the

shoot also affect root development. This would be important knowledge to guide future stud-

ies into the physiological and molecular mechanisms of these root responses. Here we study

responses of the root systems to light cues sensed in the shoot in a vertical agar plate system

that allows root imaging. We use the recently developed Dark-Root (D-root; Silva-Navas et al.,

2015) system to shield the roots from the light. We study responses of the shoot and root

development to low R:FR and low B light conditions in wild-type and in several photoreceptor

mutants to identify which light cues, acting through which photoreceptors, control shoot and

root responses.

Results

Light quality and quantity affect root system architecture

We first studied the effects of light on Arabidopsis root development. To shield the light from

illuminating directly on the roots, we placed a plastic insert inside the plate 5mm below the

root-shoot junction of the seedlings and a cover outside of the plate on the root part. Fig. 2.1
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shows the seedlings with and without covers, and in high or low R:FR treatment. In control

white light condition (WL), with a covered root compartment, the root system was bigger than

without a cover: longer primary root (PR), more lateral roots (LRs), and longer LRs. Low R:FR

exposure (WL+FR), on the other hand, led to slight inhibition of PR length and a clear inhibition

of LR numbers and LR density. The effects of low R:FR were slightly more pronounced in plates

with a root cover than in plates without.

Figure 2.1. Light and light quality affect root system architecture. A: Images of the shoot and

root grown in a setup with and without covers on the root and with/without supplemental

far-red light (WL+FR/WL). B-E: effects of light exposure and R:FR on primary root length (B),

number of emerged lateral roots (C), lateral root density (D) and average lateral root length

(E). Data are means ± SEM (n= 15-20). Letters depict different statistically significant classes,

P<0.05, One-Way-ANONA.

Lateral root inhibition is FR-specific andnot inducedbyB light

depletion

In natural environments, shading by neighbours changes not only the R:FR ratio, but also B light

fluence rates. Both these light quality changes can enhance shoot elongation, so we therefore

researched if both these light treatments would affect root development the same way. How

low R:FR and low B affect root and shoot development are shown in Fig. 2.2 and Fig. 2.3, re-

spectively. In the shoot, both low B and low R:FR induced hypocotyl elongation. In the root

system, low R:FR led to reduced PR length and LR number, and a reduced LR density. Interest-

ingly, these responses were not induced by low blue treatment, indicating that these effects on
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root system architecture are R:FR-specific.

**

*

*

Figure 2.2. Low R:FR induces hypocotyl elongation but reduces root development. A: Images

of the seedlings grown in a setup with covers on the root and with/without supplemental far-

red light. B-E: effects of low R:FR on hypocotyl length (B), lateral root density (C), primary root

length (D), and number of emerged lateral roots (E). Shoot and root parametersweremeasured

on 8 days old seedlings. Data are means ± SEM (n= 15-20). * Denotes statistical significance

between control and low R:FR, p<0.05, Students’ t-test.

*

*

Figure 2.3. Blue light depletion induces hypocotyl elongation but maintains the same or even

bigger root system. A: Images of the seedlings grown in a setup with covers on the root and

with/without blue light depletion. B-E: effects of low B on hypocotyl length (B), lateral root

density (C), primary root length (D), and number of emerged lateral roots (E). Shoot and root

parameters were measured on 8 days old seedlings. Data are means ± SEM (n= 15-20). *

Denotes statistical significance between control and low B, p<0.05, Students’ t-test.

Root growth suppression is phytochrome-specific

To further understand how the R:FR signal is perceived, we tested various R:FR phytochrome

photoreceptor mutants. In the Col-0 ecotype background, phyA and phyB both showed no dif-

ference in LR density between control and lowR:FR treatment. Importantly, phyA constitutively

showed LR densities similar to Col-0 under control light, whereas phyB showed constitutively

reduced LR densities, reminiscent of lowR:FR-exposed Col-0 (Fig. 2.4 C). The hypocotyls of phyB
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were constitutively elongated and irresponsive to R:FR, whereas phyA hypocotyls were similar

to Col-0 in control light, but displayed slightly increased responsiveness to low R:FR (Fig. 2.4 B).

Figure 2.4. Phytochromes phyA and phyB are needed for the root response to low R:FR expo-

sure of the shoot. A: Images of the seedlings grown in a setup with covers on the root and

with/without FR-enrichment. B-E: effects of low R:FR on hypocotyl length (B), lateral root den-

sity (C), primary root length (D), and number of emerged lateral roots (E). Shoot and root pa-

rameters were measured on 8 days old seedlings. Data are means ± SEM (n= 15-20). Letters

depict different statistically significant classes, P<0.05, Two-Way-ANONA.

Similar results as for Col-0 were found in another background, Ler, suggesting the

phenotype is conserved between different ecotypes. The phyBDE triple phytochrome mutant

in Ler background, similar to phyB in Col-0, showed no difference in LR density between con-

trol and low R:FR (Fig. 2.5 C). This mutant has constitutively elongated hypocotyls that are

irresponsive to R:FR (Fig. 2.5 B). Collectively, these data show that phyA and phyB, perhaps

with redundant roles for phyD and phyE, particularly sense R:FR ratio perception to control

hypocotyl length and root system architecture.
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Figure 2.5. Responses of the phyBDE triple mutant and its corresponding wildtype (Ler) to

low R:FR exposure. A: Images of the seedlings grown in a setup with covers on the root and

with/without FR-enrichment. B-E: effects of low R:FR on hypocotyl (B), lateral root density (C),

primary root length (D), and number of emerged lateral roots (E). Shoot and root parameters

were measured on 8 days old seedlings. Data are means ± SEM (n= 15-20). Letters depict

different statistically significant classes, P<0.05, Two-Way-ANONA.

Discussion

In this chapter, we studied responses of shoot and root development to two shade signals, low

R:FR and low B light conditions, in Arabidopsiswild-types Col-0 and Ler and in several photore-

ceptor mutants to identify which light cues and through which photoreceptors, control shoot,

and root responses. We first tested the conventional, fully light-exposed vertical plate system

and the D-root system to identify whether root growth is affected by direct exposure to light.

We compared the root growth of Arabidopsis seedlings from 7 days through 9 days old in these

two systems. The results showed that when the root was shielded from light, they have longer

primary and lateral roots and also more lateral roots, which is consistent with observations by

Silva-Navas et al. (2015). It suggests that light has negative impacts on root growth under these

conditions. Furthermore, the effects of shoot exposure to low R:FR on the root systems were

more pronouncedwhen the lightwas kept away from the root systems using theD-Root system.

Finally, light exposure of the root system is an artifact of laboratory agar plate set-ups and does

not occur naturally. We therefore adopted the D-Root system in all follow-up experiments.

We tested two light conditions that occur during shade, low R:FR and low B, for the

shoot and root responses. Interestingly, both light cues induced shoot elongation but with

very different associated root system responses, at least with 8 days old seedlings. Low R:FR

reduced all studied aspects of root growth while low B promoted primary root length and had

no effects on lateral roots. This may be because these two light cues are perceived by dif-

ferent photoreceptors with somewhat different signal transduction targets. Upon shade, both

phytochromes and cryptochromes interact with PHYTOCHROME INTERACTING FACTOR 4 (PIF4)
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and PIF5, which induce hypocotyl elongation (Leivar et al., 2012; Pedmale et al., 2016). How-

ever, PIF7 interacts specifically with the far-red light-absorbing Pfr form of phyB (Leivar et al.,

2008) and not with cryptochromes and subsequently induces auxin biosynthesis genes (YUC-

CAs) under low R:FR (Li et al., 2012). As auxin is known to be a key regulator of plant growth

(Billou et al., 2005), PIF7 and its downstream targets may be the possible signaling pathway to

the root response under low R:FR. Nevertheless, PIF4 and PIF5 also have been associated with

auxin genes (Franklin et al., 2011; Kunihiro et al., 2011; Sun et al., 2012).

We found that low R:FR regulates responses in both the shoot and root in two eco-

types, Col-0 and Ler. This suggests the response may be conserved among different ecotypes.

Arabidopsis has five phytochromes, of which PHYA can be active upon FR exposure, whereas all

others are active only upon R light exposure. Photoreceptor mutant analysis reveals that the

root system of phyA, phyB, and phyBDE was not affected by low R:FR exposure of the shoot,

suggesting these photoreceptors are needed for the root response. Furthermore, the root sys-

tem of phyA was similar to the root system of wild-type under control light, while the root

systems of phyB and phyBDE were similar to those of wild-type under low R:FR light. Although

phyA and phyB antagonistically regulate hypocotyl elongation in response to low R:FR, they are

both required for R:FR responses in the root system.

We examined the SAS at the whole plant level on 8 days old Arabidopsis seedlings.

Our results suggest low R:FR perceived by phytochromes inhibits root growth. On the other

hand, evidence from agricultural experiments with varying crop planting distances and there-

fore indirectly also R:FR ratios, suggests differential responses according to the species. For

example, planting apple trees (Malus sp.) or cotton (Gossypium hirsutum) at high density in-

creased root systemdepth but notwidth (Grimes et al., 1975; Atkinson et al., 1976). In contrast,

row spacing has no effect on maximum root depth of soybean (Glycine max), but planting in

narrow rows increased root length density (Mason et al., 1982). In addition, light quality per-

ceived by phytochromes and other photoreceptors change the root functions, for example by

modulating exudate profiles and root interactions with symbionts (Suzuki et al., 2011; Ballaré,

2014). The variations between these studies may be associated with varying balances between

above and belowground plant-plant interactions, R:FR ratios andmore. In this chapter, we used

a condition-controlled set-up to focus on the effect of aboveground R:FR signals on root devel-

opment, which serves as a starting point to understand shade avoidance at the whole plant

level. Although low B alone does not occur in nature, the observation that low B promotes

shoot growth without affecting root growthmay be interesting for growers using artificial light-

ing. In addition, this implies that root-shoot integration under shade cannot be explained fully

by the distribution of assimilates, and may involve dedicated molecular signal transduction

pathways functioning to coordinate shoot and root growth plasticity. Furthermore, there may

also be trade-offs in other aspects of root functioning, like nutrient uptake and resulting ion

status.
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Materials and Methods

Plant materials and growth conditions

Arabidopsis seeds were surface sterilized with chloride gas for 3 hours and stratified for 4 days

in the dark at 4∘C. For germination, agar plates were used with half-strength Murashige and

Skoog (MS) medium, 0.1% MES buffer, 1% Daishin agar, and the pH was adjusted to 5.8. 24

hours after germination, the plates were placed in low R:FR treatment or in control light con-

ditions. Seedlings were grown in climate-controlled rooms with 16 hours light and 8 hours

dark at 20∘C. Root systems were scanned daily from 4 days after germination (DAG) through

10 DAG, and analyzed using the software tool SmartRoot (Lobet et al., 2011). Hypocotyl length

measurements were conducted on seedlings 11 DAG using a digital caliper. The following geno-

types were used: in Col-0 background: phyA-501 (Ruckle et al., 2007) and phyB-9 (Reed et al.,

1993); in Ler background: phyBDE (Franklin et al., 2003).

Light treatment and root system architecture measurement

We used Philips MASTER HPI-T Plus 400W as the background light source at 110 𝜇mol m

s photosynthetically active radiation (PAR) while R:FR ratio was 1.8, measured with an R:FR

sensor with narrowband filters centered at 660 nm and 730 nm (Skye, Wales, United Kingdom).

Low R:FR treatment was created by supplemental FR light, using 730 nm LEDs (Philips Green

Power, research modules) to reach an R:FR of 0.1-0.15. Low blue conditions (± 4 𝜇mol m

s ) were achieved by depleting blue light with a LeeMedium Yellow 010 filter (Lee Hampshire,

United Kingdom).

Statistical analysis

All statistical significance calculations were made using GraphPad Prism version 6.01 for Win-

dows (GraphPad Software, La Jolla, California, USA, www.graphpad.com.). One-Way or Two-

Way ANOVAs with Dunnett’s post hoc test was performed at a significance level of p<0.05.
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3. HY5 and auxin signaling in low R:FR-induced root responses

Abstract

Plants in dense vegetation compete for resources and detect competitors through reflection

of far-red (FR) light from surrounding plants. This reflection causes a reduced red(R):FR ratio,

which is sensed through phytochromes. Low R:FR induces shade avoidance responses of the

shoot and also changes the root system architecture, although this has received little attention

so far. Here we investigate the molecular mechanisms through which light detection in the

shoot regulates root development in Arabidopsis thaliana. We do so using a combination of

microscopy, gene expression, and mutant study approaches in a setup that allows root imag-

ing without exposing the roots to light treatment. We show that low R:FR perception in the

shoot decreases the lateral root (LR) density by inhibiting LR emergence. This decrease in LR

emergence upon shoot FR enrichment is regulated by phytochrome-dependent accumulation

of the transcription factor ELONGATED HYPOCOTYL 5 (HY5) in the LR primordia. HY5 regulates

LR emergence by decreasing the plasma membrane abundance of PIN-FORMED 3 (PIN3) and

LIKE-AUX1 3 (LAX3) auxin transporters. Accordingly, FR enrichment reduces the auxin signal in

the overlaying cortex cells, and this reduces LR outgrowth. This shoot-to-root communication

can help plants coordinate resource partitioning under competition for light in high density

fields.
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Introduction

Plants typically grow at high densities in agricultural and natural systems. To compete for the

limited light and nutrient resources, they adjust root and shoot architecture. Therefore, it is

imperative for plants to sense their neighbours and aboveground they do so through far-red

(FR) light that is reflected by leaves of neighbouring plants. The resulting FR enrichment of the

light is perceived by plants and this typically leads to elongation responses of the stem, petioles,

and leaves in shade-intolerant plant species (Pacín et al., 2013; Gommers et al., 2013; Ballaré

and Pierik, 2017).

The red (R):FR light ratio is detected by the phytochrome photoreceptors. phyB is

the key regulator of shade avoidance in response to low R:FR. It is activated (to Pfr, its active

state) by R light and inactivated by FR light (to Pr, its inactive state). In the Pfr state, phyB

triggers the phosphorylation and degradation of elongation-promoting PHYTOCHROME INTER-

ACTING FACTORS (PIFs) (Ni et al., 2014; Shin et al., 2016). On phyB inactivation by low R:FR,

the repression of PIFs is released and stem elongation occurs (Leivar and Monte, 2014). phyB

belongs to the class II phytochromes, which all show activation by R light and inactivation by

FR. In contrast, phyA, a class I phytochrome shows a unique regulation. phyA is activated by FR

light (Rausenberger et al., 2011) and R and white light (WL) promote the degradation of phyA

(Li et al., 2011a). phyA does however remain present at a reduced level and the activation of

phyA by FR light (as opposed to de-activation of phyB) means that phyA acts as a negative reg-

ulator of hypocotyl elongation under low R:FR conditions (Martínez-García et al., 2014). Low

R:FR-mediated activation of PIF4, PIF5 and PIF7 induces shoot elongation (Lorrain et al., 2008;

Li et al., 2012; de Wit et al., 2016b), in part through regulation of auxin biosynthesis, transport

and signaling genes (de Wit et al., 2016a). The plant hormone auxin plays an important role in

the elongation responses during shade avoidance, and its biosynthesis is rapidly upregulated

upon FR perception via TAA1 and YUCCA2, 5, 8 and 9 (Tao et al., 2008; Procko et al., 2014;

Kohnen et al., 2016; Müller-Moulé et al., 2016). Auxin is subsequently transported from cell to

cell in an active, directedmanner. Polar auxin transport through the PIN-FORMED3 (PIN3), PIN4

and PIN7 auxin efflux carriers is required for hypocotyl elongation under low R:FR conditions

and blocking auxin transport through the chemical NPA leads to loss of this shade avoidance

response (Keuskamp et al., 2010; Kohnen et al., 2016).

The effects of shade on plant aerial tissues are well established (Ballaré and Pierik,

2017). Much less is known about how shademay affect root development (Gundel et al., 2014).

Direct application of FR-enriched light to whole seedlings leads to a shorter primary root and

fewer lateral roots (LRs) (Salisbury et al., 2007); however, it remains unknown to what extent

R:FR signaling in the shoot exerts control over root development and through which mecha-

nisms this would occur. Classically, root development is controlled through auxin transport and

subsequent signaling (Bhalerao et al., 2002), and auxin is also involved in root growth adjust-

ments in response to stimuli such as gravity (Baster et al., 2013), salt (Galvan-ampudia et al.,

2013) or even blue light (Zhang et al., 2013). It is possible that auxin production and trans-

port associated with shade avoidance responses in the shoot might deplete auxin in the roots,

thereby affecting root development. The root system architecture is determined by where and

at what frequency LRs emerge. LR development starts at the primary root meristem where a

local, regularly oscillating auxin maximum determines a xylem pole pericycle cell to establish
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and initiate a LR primordium (de Rybel et al., 2010; de Smet et al., 2007). The process of LR

development is highly dependent upon the auxin response factors ARF7 and ARF19 (Okushima

et al., 2007; Goh et al., 2012b)(reviewed in detail by Lavenus et al., 2013). After initiation, a

lateral root primordium (LRP) undergoes several divisions, which result in a domeshaped LRP

that has to penetrate the endodermis (Vermeer et al., 2014) and then the cortex and epidermis

(Péret et al., 2013). This process of LR emergence is highly dependent upon polar auxin trans-

port and occurs through the concerted action of auxin efflux carrier PIN-FORMED 3 (PIN3) and

influx carrier LIKE AUX1 3 (LAX3) (Péret et al., 2013). The resulting auxin transport to the LRP

tip and the cortex above the developing LRP induces cell wall modifications in the cortex and

epidermis, which leads to the separation of these layers (Kumpf et al., 2013; Lee et al., 2013).

Recently, the photoreceptor-targeted transcription factor ELONGATED HYPOCOTYL 5

(HY5)was shown to act as a potential shoot-to-root signal transducer. HY5, uponphotosynthesis-

mediated induction in the cotyledon, can be transported from the shoot to the root, probably

via the phloem, and then amongst others activate NITRATE TRANSPORTER 2.1 (NRT2.1) in the

roots (Chen et al., 2016). hy5 loss-of-functionmutants were first identified on the basis of their

elongated hypocotyls in WL. HY5 has been demonstrated as a positive driver of photomorpho-

genesis (Oyama et al., 1997), acting as an integrator of light, hormone and stress signaling (Cluis

et al., 2004; Vandenbussche et al., 2007; Alabadí et al., 2008; Chen et al., 2008; Weller et al.,

2009; Toledo-Ortiz et al., 2014; Nawkar et al., 2017). HY5 also functions in regulating root

growth, since hy5 mutants display increased LR density and reduced LR gravitropism (Sibout

et al., 2006). Interestingly, low R:FR can both induce HY5 gene expression and stabilize HY5

protein (Lee et al., 2007; Pacin et al., 2016), raising the possibility that HY5 may communicate

information about the light environment to the root.

Here we use a setup where the shoot is exposed to low R:FR light conditions via

supplemental FR-light (WL + FR light), while the root system remains shielded from light. Per-

ception of WL+FR light in the shoot results in a decrease in LR emergence, which does not oc-

cur in loss-of-function mutants of certain auxin transporters and transcription factors involved

in LR emergence. We show that this root response is dependent on phytochrome (phy) and

HY5 function. We propose a regulatory mechanism in which phy-mediated R:FR detection in

the shoot induces HY5 accumulation in the LRP, which then inhibits the PIN3- and LAX3-based

transport of auxin into the overlaying cells to promote LR emergence.

Results

Supplemental FR conditions sensed by the shoot decreases LR

emergence

To examine whether supplemental FR irradiance of the shoot would affect root development,

we used covers and inserts, for growth of Arabidopsis seedlings on agar-basedmedia, similar to

the D-Root system (Silva-Navas et al., 2015, Chapter 2 in this thesis). Seedlings were grown in

eitherWL or in light supplemented with FR from the side (WL+FR), while blocking as much light

as possible with a plate cover and a horizontal, black polycarbonate insert led to a setup with

a low R:FR ratio in the shoot compartment (R:FR 0.1, with photosynthetically active radiation
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(PAR) levels of 130 – 140 𝜇mol m s ), while the roots experienced a high R:FR ratio, but in

very low light intensity closer to the natural conditions inside soil (Smith, 1982) (R:FR 1.5 and

PAR of 2 𝜇mol m s ). In this set-up, we measured wild-type Col-0 root growth under WL

or WL+FR conditions on 8 DAG (Days After Germination) (Chapter 2 Fig. 2.2 C). As an indica-

tor for the shoot’s response to WL+FR, we measured hypocotyl length (Fig. 2.2 B). In WL+FR

conditions, the LR density and LR number was significantly lower than in WL (Fig. 2.2 C and E),

and a decrease in primary root length was observed as well (Fig. 2.2 D).Since the decrease in

LR density will strongly affect the overall root system architecture, we focused on this trait in

more detail.

To obtain better insight into the processes regulating the decrease in LR density in

WL+FR, we quantified LRP stages following the classification of Malamy and Benfey (1997), in

8 days old seedlings exposed to eitherWL orWL+FR conditions. A lower fraction of stage 7 and

emerged primordia was observed in WL+FR (Fig. 3.1 A). Fractions of stage 1+2 and 5+6 were

increased in WL+FR, and we observed primordia of stage 6 that apparently failed to penetrate

the cortex and epidermis, characterized by a flattened dome shape (Fig. 3.1 B and C). LRPs cross

the endodermis after stage 2, and cross the cortex and epidermis during stage 5+6 (Vilches-

Barro and Maizel, 2015); thus the increase in stage 5+6 primordia, combined with fewer stage

7+emerged primordia suggested that LR emergence was blocked in WL+FR. In addition, we

found a similar suppression of LR formation, combined with pronounced hypocotyl elongation,

by supplemental FR in plants grown on sand in pots (Fig. 3.1 E and D), indicating that this

phenotype is not restricted to plants grown on plates.

*

**
*

*
* *

Figure 3.1. Supplemental FR experienced by the shoot leads to reduced LR emergence.(A) Dis-

tribution of LRP stages (as a fraction of total primordia) of Col-0 seedlings grown for 8 days in

WL or WL+FR. Stages were grouped into 1+2, 3+4, 5+6 and 7+Emerged. (B and C) Examples

of stage 6 LRP in WL and WL+FR (scale bar equals 20 µm) (D) Hypocotyl length in Col-0 plants

grown in sand or on the D-root agar plate system treated with WL or WL+FR. (E) Average num-

ber of lateral rootsof plants shown in (D). Error bars show SEM (n=15-20). * Denotes statistical

significance, p<0.05, Students’ t-test.

Phytochrome detection of supplemental FR in the shoot regu-

lates root phenotypes

To unravel themechanism of supplemental FR-induced LR density decrease, we testedmutants

of phyB, phyD, phyE and phyA in our WL+FR light setup as shown in Chapter 2 in this thesis.
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WL+FR light caused a significant decrease in LR density in Col-0, but no effect was observed in

either phyA-501 or phyB-9 mutants (Fig. 2.4 C). Primary root length differed little, but signifi-

cantly between light treatments and mutants (Fig. 2.4 D). In both WL and WL+FR, LR density

in phyA-501 was at the level of Col-0 WL, whereas phyB-9 LR density was constitutively low

and similar to the level of Col-0 WL+FR. The shoot responses of both mutants were also differ-

ent: phyA-501 showed a hyper-response toWL+FR, while phyB-9 had a constitutive elongation

response in WL and WL+FR (Fig. 2.4 B). The phyB phyD phyE mutant (phyBDE), in the Ler back-

ground, showed a constitutive shoot and LR density phenotype, reminiscent ofWL+FR, but was

irresponsive to the FR-enriched treatment (Fig. 2.5 B and C), while primary root length did not

differ significantly between WL and WL+FR. (Fig. 2.5 D). PIF4, PIF5 and PIF7 are the principal

regulators of hypocotyl elongation downstream of phyB duringWL+FR conditions (Hornitschek

et al., 2012; Li et al., 2012). Hypocotyls of the pif4 pif5 pif7 mutant (pif457) did not elongate

in WL+FR (Fig. 3.2 A); however, this mutant did show a decrease in LR density (Fig. 3.2 B).

Primary root length was also still negatively affected in WL+FR (Fig. 3.2 C). These results show

that phytochromes regulate the decrease in LR density inWL+FR and that hypocotyl elongation

during these conditions can be genetically uncoupled from the root response.

Figure 3.2. pif457 mutant does not show a decreased LR density in response to supplemental

FR. Shoot and root response parameters to WL+FR (low R:FR) of Col-0 and pif457: hypocotyl

length (A), LR density (B), and primary root length (C). All measurements were conducted on

8 days old seedlings. Error bars show SEM (n=15-20). Letters denote significant difference,

p<0.05 one-way ANOVA.

FR light transmission to the roots is not the primary cause of

root responses to WL+FR

Recently it was shown that light can be transmitted through the shoot to the root in woody

tissue, and that this can affect local phyB activity in the roots (Lee et al., 2016). We wanted to

investigate the possibility of this light transduction in our WL+FR setup. FR light was applied

directly to the root in a compartment that was shielded from the outside WL light, resulting in

a low R:FR ratio for the root and a normal R:FR ratio for the shoot (WL+FRroot, Supplemental

data Fig. S3.1 A) with the standard low R:FR treatments as control. Hypocotyl lengths were

increased in WL+FR and not in the WL+FRroot plants (Supplemental data Fig. S3.1 B). How-

ever, the WL+FRroot treatment did show a decrease in primary root length and LR emergence,

comparable to the normal WL+FR treatment (Supplemental data Fig. S3.1 D and C). Next we

used a phyb-9 Pro35S:PHYB-GFP complementation line to analyze PHYB-GFP photobodies in
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the root after 4-6 days of growth (Supplemental data Fig. S3.1 I-K) as a proxy for phyB activ-

ity (Trupkin et al., 2014). In WL, PHYB-GFP photobodies were clearly visible, indicating that

the low light levels in the root compartment already activated phyB (van Buskirk et al., 2014).

WL+FR(shoot) did not result in a difference compared to WL, arguing against direct FR light

conductance (Supplemental data Fig. S3.1 I, J, L-N). Direct FR application to the root, however,

caused a decrease in the average size and intensity of photobodies, but not in the number of

photobodies (Supplemental data Fig. S3.1 K, L-N).

In addition to FR light, we also applied red light directly to the root R(root), with

or without FR(shoot) (Supplemental data Fig. S3.1 E). Hypocotyl length was not affected by

R(root) (Supplemental data Fig. S3.1 F). Compared to WL, WL+R(root) led to a decrease in LR

density, which is in accordance with the previously published result using the D-root system

(Silva-Navas et al., 2015) (Supplemental data Fig. S3.1 G and H). However, the combination of

WL+FR(shoot)+R(root) led to a further decrease in LR density, showing that the red light ap-

plied to the root did not counteract any effect of FR(shoot) and also arguing against FR-light

transmission from the shoot if this would act through the Pr-Pfr photo-equilibrium of phyB.

Furthermore, PHYB-GFP photobodies in the elongation zone of the root were not changed sig-

nificantly by applying R(root) (Supplemental data Fig. S3.1 O-T). Together these additional light

treatments on the root indicate that the WL+FR effects are unlikely occurring through direct

FR-light transmission to the roots.

HY5 is involved in the root response to WL+FR light experi-

enced by the shoot.

HY5 is a transcription factor involved in a broad range of responses to, amongst others, light

cues (Gangappa and Botto, 2016). Recently a study found that HY5 can be transported from

the shoot to the root, through the phloem, when induced in light conditions advantageous for

photosynthesis (Chen et al., 2016). We performed a micro-array analysis using root RNA of

seven days old plants in WL and WL+FR. Although fold changes were relatively low, possibly

due to the dilution of LRPs in the rest of the root RNA, we did find 409 differentially expressed

genes (DEGs). Amongst these there was a significant enrichment of HY5 transcription factor-

promoter binding targets (based on Lee et al., 2007; Zhang et al., 2011) (Supplemental data Fig.

S3.2 A). This prompted us to investigatemutants ofHY5 andHY5HOMOLOG (HYH) in ourWL+FR

setup. Compared to wild-type, the hy5 hyh double mutant had a higher LR density in control

conditions and, contrary to Col-0, this density did not decrease in WL+FR (Fig. 3.3 B). The hyh

hy5mutant had a very long hypocotyl inWL; however, it elongated inWL+FR at a similar rate to

Col-0 wild-type (Fig. 3.3 A). The hy5 single mutant also did not show a significant difference in

LR density betweenWL andWL+FR (Fig. 3.3 B). The hyh single mutant had a slightly decreased

LR density in control conditions compared to Col-0; however, its LR density was still significantly

decreased in WL+FR (Fig. 3.3 B). Next we analyzed the LRPs from this experiment and found

that Col-0 and hyh had an increase in the fraction of stage 5+6 primordia in WL+FR compared

to WL (Fig. 3.3 C). The hy5-2 and hy5 hyh double mutants did not have any differences in the

proportion of LRP stages between WL and WL+FR and generally had a far higher proportion of

emerged primordia. This indicated that HY5 represses LR formation and that this transcription

factor plays a major role in the FR-enriched LR decrease. This indication was further supported
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3. HY5 and auxin signaling in low R:FR-induced root responses

by an experiment using a Pro35S:HA-HY5 line (Li et al., 2011b), which showed a constitutively

low LR density in WL and WL+FR (Fig. 3.3 E). We also included another knockout allele of hy5

(hy5-215), which showed a phenotype similar to hy5-2 and had a constitutively high LR density

(Fig. 3.3 E).

*
*

*
*

Figure 3.3. HY5 is involved in supplemental FR-induced LR reduction. Shoot and root responses

parameters to WL+FR (low R:FR) of Col-0, hyh, hy5-2, and hy5hyh: hypocotyl length (A) and

LR density (B). (C) LRP analysis of seedlings from (A) and (B). (D and E) Hypocotyl length and

LR density of Col-0, hy5-215, and Pro35S:HA-HY5 lines in WL and WL+FR. All measurements

were conducted on 8 days old seedlings. Error bars show SEM (n=15-20) treatment. Letters

show statistically significant classes, p<0.05, one-way ANOVA. *significant statistical difference,

p<0.05, Students’ t-test.

As HY5 is known to be stabilized in the shoot in low R:FR (Pacin et al., 2016), we next

investigated changes in HY5 protein level around LRPs with confocal microscopy analysis using

the hy5-1 ProHY5:HY5-YFP line (Oravecz et al., 2006). In WL, HY5-YFP appeared to be present

less in the LRPs, compared to cortex and epidermis (Fig. 3.4 A). Compared to WL, HY5-YFP

in WL+FR was present at higher levels in LRPs of 6 days old seedlings, both in earlier (stage

1+2+3+4) and later (stage 5+6) stages (Fig. 3.4 A-I). This agreed well with the repressive role

of HY5 in LR formation (Fig. 3.3) (Sibout et al., 2006), because in wild-type the number of

emerged LRs in WL+FR is less. Furthermore, the abundance of HY5 observed in the nucleus

of the cortex cell overlaying stage 5+6 LRPs was increased in WL+FR as well (Fig. 3.4 J). We

confirmed that this hy5-1 PropHY5:HY5-YFP complementing line indeed had a wild type (Ler)

response to WL+FR in our standard root phenotyping experiment (Fig. 3.4 K-L).

To investigate transcriptional changes in HY5 and HYH, we isolated root and shoot

RNA from growth day 4 to day 7 of our experimental setup and performed an RT-qPCR analy-

sis. We observed a significant upregulation of HY5 in WL+FR in the shoot and root on day 4;

however, this upregulation mostly disappeared at day 5-7 (Supplemental data Fig. S3.2 B and

C). HYH was increased in the shoot, but not in the root (Supplemental data Fig. S3.2 D and E).
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Figure 4: HY5-YFP is increased in the LRP and cortex above LRP during WL+FR. 
(A-H) Representative confocal microscopy images of LRPs (white box) from 6-d-old hy5-1 ProHY5:HY5-YFP seedlings 
grown in either WL or WL+FR. Images are of stage 3 (A-D) and stage 5 (E-H) LRPs, YFP signal (A,C,E and G) and bright 
field plus YFP and DAPI (B,D,F and H) (Scale bar equals 20µm). (I) Quantification of LRP stages 1+2+3+4 and 5+6 of 
experiment shown in (A,H) of the nuclear YFP signal normalized against DAPI staining in the cortex and epidermis. (J) 
Quantification of the YFP signal from the nucleus of the cortex cell above the LRP (red arrow in E-H). *statistically

significant difference, p<0.01 one-way-ANOVA. Error bars show SEM, for microscopy n=8 seedlings per treatment, for 
phenotyping n=20 seedlings per treatment. 

Figure 3.4. HY5-YFP is increased in the LRP and cortex above LRP during WL+FR. (A-H) Repre-

sentative confocal microscopy images of LRPs (white box) on 6 days old hy5-1 ProHY5:HY5-YFP

seedlings grown in either WL or WL+FR. Images are of stage 3 (A-D) and stage 5 (E-H) LRPs, YFP

signal (A, C, E, and G) and bright field plus YFP and DAPI (B, D, F, and H) (Scale bar equals 20µm).

(I) Quantification of LRP stages 1+2+3+4 and 5+6 of experiment shown in (A-H) of the nuclear

YFP signal normalized against DAPI staining in the cortex and epidermis. (J) Quantification of

the YFP signal from the nucleus of the cortex cell above the LRP (red arrow in E-H). *statisti-

cally significant difference, p<0.01 one-way-ANOVA. Error bars show SEM, for microscopy n=8

seedlings per treatment, for phenotyping n=20 seedlings per treatment.

It was recently shown that HY5 binds to its own promoter to enhance its own expression (Ab-

bas et al., 2014). It is possible that HY5 protein travelling from the shoot to the root enhances

expression of HY5 transcripts in the root. We therefore compared HY5 and HYH expression in

the hy5-215mutant background with Col-0 in both WL and WL+FR, using primers designed to

anneal to the first exon, to circumvent the hy5-215mutation, which is located in the last base

of the first intron (Oyama et al., 1997). Using these primers, we detected a strong decrease in

HY5 expression in the root of hy5-215 compared to Col-0, but not in the hypocotyl or cotyledon

(Supplemental data Fig. S3.2 F-K), consistent with functional HY5 regulating its own expression.

HYH expression in the root showed a similar dependence on HY5. Taken together, these results

show that HY5 is necessary for the supplemental FR-induced LR reduction, consistent with the

hypothesis that HY5 acts as a shoot-to-root signal during FR enrichment of the shoot.

Auxin application rescues LR density decrease underWL+FR,

but is unlikely to be the shoot-to-root signal in this context

Since LR formation is highly dependent upon auxin transport (Lavenus et al., 2013), we per-

formed an experiment in which auxin was directly applied to the agar plate in a range of con-

centrations. Although low doses of IAA (1, 10 and 30 nM) hardly affected hypocotyl elongation
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(Supplemental data Fig. S3.3 A), they did rescue LR density in WL+FR to that of WL levels (Sup-

plemental data Fig. S3.3 B). 10 and 30 nM of IAA had an additional limiting effect on primary

root growth, but a stimulatory effect on LR length (Supplemental data Fig. S3.3 C-H). In a sep-

arate experiment with 10 nM of IAA added to the medium, we quantified LRPs and found that

the WL+FR-induced accumulation of stage 5-6 primordia was lost and LR emergence was re-

stored to control light levels (Supplemental data Fig. S3.3 I and J). Interestingly, quantification of

the Prodr5V2:tdTomato auxin reporter signal from 4 days old seedlings showed that the auxin

response increased in the cotyledons and hypocotyl during theWL+FR treatment (Supplemen-

tal data Fig. S3.3 K and L), but that overall auxin signaling in the root was not affected. An

overexpression line of the low R:FR-induced auxin biosynthesis gene YUCCA8 (Pro35S:YUC8), a

yuc8 yuc9 double knockout line and a knockout of the auxin biosynthesis gene TAA1 (wei8-1)

all showed a LR density reduction in WL+FR, despite the changes in LR density values in WL

(Supplemental data Fig. S3.4 A-D). Of these mutant lines, both yuc8 yuc9 and wei8-1 did not

have any hypocotyl elongation response toWL+FR (Supplemental data Fig. S3.4 E-H). Addition-

ally, in WL+FR, YUC8 expression did increase in the shoot, but not in the root (Supplemental

data Fig. S3.4 I). These results show that a WL+FR-induced change in auxin biosynthesis in the

shoot does not necessarily affect the root response to WL+FR, since both the yuc8 yuc9 and

wei8-1 mutants did not respond to WL+FR with an enhanced hypocotyl length, but still had

an LR density reduction. Also, the increase in WL+FR-induced auxin signaling in the shoot in

Prodr5V2:tdTomato did not affect the overall root auxin signal.

EstablishedregulatorsofLRemergenceare involved inWL+FR

LR reduction.

Using the Pro35S:DII-venusYFP reporter line (DII-vYFP, Brunoud et al., 2012)wewere able to fol-

low auxin concentrations more directly and in more detail around the LRP (Fig. 3.5 A-F). In the

LRP itself, no effects of WL+FR on nuclear DII-vYFP were detected; however, in the cortex cells

overlaying stage 4 to 6 primordia, an increase in DII-vYFP was observed, indicating a decreased

amount of auxin (Fig. 3.5 G). The auxin response in the cortex layer above the primordium is

of great importance for the penetration of the LR primordium through the root (Vilches-Barro

and Maizel, 2015) and the increase in stage 5+6 primordia in WL+FR reported above gave fur-

ther indication of a reduction in LR emergence. To investigate this notion, we used mutants

of genes known to be involved in the process of LR emergence. AUXIN RESPONSE FACTOR7

(ARF7) and ARF19 are transcription factors involved in LR emergence and formation directly

downstream of the auxin response (Okushima et al., 2007; Ubeda-Tomás et al., 2008; de Rybel

et al., 2010; Goh et al., 2012a; Porco et al., 2016). We therefore followed LR formation kinet-

ics in the arf7-1 and arf19-1 mutants under WL and WL+FR light conditions. Although arf7-1

forms fewer LRs than Col-0, it is still further inhibited by WL+FR light. Interestingly, arf19-1 is

only slightly impaired in LR formation under WL conditions, but does not display any WL+FR-

mediated inhibition of LR density at all (Fig. 3.6 A). In addition, we investigated three other LR

emergence mutants, ida-2, lax3-1 and pin3-3 of which pin3-3 and lax3-1 are auxin transport

mutants. In control conditions, lax3-1 had a reduced LR density compared to Col-0 (Fig. 3.6

B), consistent with previous literature (Swarup et al., 2008). Interestingly, pin3-3 and ida-2 did

not have a reduced LR density in WL compared to Col-0, which is different from earlier studies
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Figure 5: In WL+FR auxin is decreased in the cortex overlaying stage 4-6 LRPs. 
(A-F) Representative confocal microscopy images of 6-d-old seedlings expressing Pro35S:NLS-DII-vYFP and stained
with DAPI. (A,D) DII-YFP signal of WL- (A) or WL+FR- (D) grown seedling; arrow points to the nucleus of the cortex cell
above the LRP. (B,E) DAPI staining image of (A,D),arrow denotes measured nucleus. (C,F) Bright field image merged 
with YFP and DAPI signal, arrow denotes measured nucleus. Scale bars are 20 µm. (G) Quantification of DII-YFP signal 
of cortex nuclei situated above stage 4-6 LRPs, normalized against the DAPI signal. Letters depict significant difference 
(p<0.05, Students’ t-test). Error bars show SEM, n=10 seedlings. 

Figure 3.5. InWL+FR auxin is decreased in the cortex overlaying stage 4-6 LRPs. (A-F) Represen-

tative confocal microscopy images of 6 days old seedlings expressing Pro35S:NLS-DII-vYFP and

stainedwith DAPI. (A,D) DII-YFP signal ofWL- (A) orWL+FR- (D) grown seedling; arrow points to

the nucleus of the cortex cell above the LRP. (B,E) DAPI staining image of (A,D); arrow denotes

measured nucleus. (C,F) Bright field image merged with YFP and DAPI signal; arrow denotes

measured nucleus. Scale bars are 20 µm. (G) Quantification of DII-YFP signal of cortex nuclei

situated above stage 4-6 LRPs, normalized against the DAPI signal. Letters depict significant

difference (p<0.05, Students’ t-test). Error bars show SEM (n=10).

*
*

*

*

*

*

*
*

Figure 3.6. LR formation mutants show no WL+FR-induced LR density decrease. (A) Time

course analysis of LR density of Col-0 (dark circles), arf19-1 (red triangles) and arf7-1 (blue

squares) in WL orWL+FR. The x-axis displays days after germination. (B) LR density 8 days after

germination of Col-0, pin3-3, lax3-1 and ida-2 grown in either WL or WL+FR. (C) LRP analysis

from experiment shown in (B); the arrows highlight the trend of increasing stage 1+2 and 5+6

in WL+FR Col-0 seedlings. * Denotes statistical significance between WL and WL+FR, p<0.05,

One-Way-ANOVA. Error bars show SEM (n=15-20).
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(Kumpf et al., 2013; Chen et al., 2015), andmight be related to the fact that we kept the roots in

darkness rather than in the light. In WL+FR, ida-2, lax3-1 and pin3-3 did not have a reduced LR

density compared to WL (Fig. 3.6 B), showing that these LR emergence regulators are involved

in the LR root response to WL+FR. These mutants still showed a WL+FR-mediated reduction in

primary root length, indicating their specificity to the LR response (Supplemental data Fig. S3.4

J). Furthermore, pin3-3, lax3-1 and ida-2mutants had no difference betweenWL andWL+FR in

the fractions of stage 1+2 and 5+6 primordia as opposed to the distribution of these stages in

Col-0 in WL+FR (Fig. 3.6 C). Unexpectedly, lax3-1 accumulated more stage 3+4 LRPs in WL+FR.

HY5 regulates root-cortical plasma membrane abundance of

PIN3-GFP and LAX3-YFP

PIN3 and LAX3 regulate LR emergence by cooperatively and sequentially promoting auxin trans-

port to the endodermis, cortex and epidermis, where this phytohormone is needed for LR

emergence (Péret et al., 2013). We subsequently studied their subcellular localization in WL

andWL+FR and investigated if they are regulated in a HY5-dependent manner. We used pin3-4

ProPIN3:PIN3-GFP (Zádníková et al., 2010) and lax3-1 ProLAX3:LAX3-YFP (Swarup et al., 2008)

lines and crossed them with hy5-2 and hy5-215 respectively. Confocal microscopy images of

6 days old pin3-4 PIN3-GFP seedlings revealed that the plasma membrane signal in the cortex

cell above stage 5+6 LRPs was decreased in WL+FR (Fig. 3.7 A, B, and E). In the hy5-2 back-

ground, PIN3-GFP intensity in the aforementioned cortex cells did not differ significantly be-

tween WL+FR and WL and was at a similar level as PIN3-GFP in pin3-4 ProPIN3:PIN3-GFP WL

(Fig. 3.7 C, D, and E). In ProLAX3:LAX3-YFP, LAX3-YFP plasma membrane signal in the cortex

was also decreased inWL+FR, similar to PIN3-GFP. Furthermore, LAX3-YFP in the hy5-215 back-

ground was the same between WL+FR and WL (Fig. 3.7 F-J).

We used the Pro35S:HA-HY5 line from Fig. 3.3 D and E for an expression analysis,

comparing it against Col-0 in WL, and found the expression of ARF19, PIN3 and LAX3 to be re-

duced in the HY5 overexpression line (Fig. 3.8). However, we observed no significant transcrip-

tional differences for PIN3 and LAX3 between WL and WL+FR (Supplemental data Fig. S3.4 K).

The LAX3 and PIN3 promoters were not found to be bound by HY5 in a ChIP-micro-array study

(Lee et al., 2007); nevertheless, it is possible that the native HY5 effect is extremely local and

we could not detect it due to dilution effects. Together these results show that HY5 is required

for a WL+FR-mediated reduction of the plasma membrane abundance of PIN3 and LAX3 in the

cortex, which is a critical area involved in LR emergence (Peret et al., 2012; Péret et al., 2013;

Xuan et al., 2016).
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Figure 7: PIN3-YFP and LAX3-GFP plasma membrane abundance in the cortex cell overlaying the LRP is 
decreased in WL+FR conditions and is regulated through HY5. 
(A-D) Representative confocal microscopy images of stage 5+6 LRPs from pin3-4 ProPIN3:PIN3-GFP seedlings in Col-0 
(A,B) or hy5-2 (C,D) background grown for six days in WL (A,C) or WL+FR (B,D). Left panel: GFP signal (white 
arrowhead shows plasma membrane signal used for quantification), middle left panel: propidium iodide (PI) staining (white 
box demarcates the LRP), middle right panel: bright field image and right panel: merge of previous three panels. (E) 
Quantification of the plasma membrane signal of PIN3-GFP from stage 5+6 LRPs as shown in (A-D) normalized against 
the PI staining (wt = pin3-4 ProPIN3:PIN3-GFP, hy5-2 = hy5-2 pin3-4 ProPIN3:PIN3-GFP). (F-I) Representative confocal 
microscopy images of stage 5+6 LRPs from lax3-1 ProLAX3:LAX3-YFP seedlings in Col-0 (F,G) or hy5-215 (H,I) set up 
and presented similarly as (A-D). (J) Quantification of the plasma membrane signal of LAX3-YFP from stage 5+6 LRPs as 
shown in (G-I) normalized against the PI staining (wt = lax3-1 ProLAX3:LAX3-YFP, hy5-215 = hy5-215 lax3-1 

ProLAX3:LAX3-YFP). Letters depict different statistically significant classes, p<0.05 one-way-ANOVA. Error bars show 
SEM, n=10-12 seedlings per treatment. Scale bar equals 20 µm. 

Figure 3.7. PIN3-YFP and LAX3-GFP plasma membrane abundance in the cortex cell overlaying

the LRP is decreased in WL+FR conditions and is regulated through HY5. (A-D) Representative

confocal microscopy images of stage 5+6 LRPs from pin3-4 ProPIN3:PIN3-GFP seedlings in Col-0

(A and B) or hy5-2 (C and D) background grown for six days in WL (A and C) or WL+FR (B and

D). Left panel: GFP signal (white arrowhead shows plasma membrane signal used for quan-

tification), middle left panel: propidium iodide (PI) staining (white box demarcates the LRP),

middle right panel: bright field image and right panel: merge of previous three panels. (E)

Quantification of the plasma membrane signal of PIN3-GFP from stage 5+6 LRPs as shown in

(A-D) normalized against the PI staining (wt = pin3-4 ProPIN3:PIN3-GFP, hy5-2 = hy5-2 pin3-4

ProPIN3:PIN3-GFP). (F-I) Representative confocal microscopy images of stage 5+6 LRPs from

lax3-1 ProLAX3:LAX3-YFP seedlings in Col-0 (F and G) or hy5-215 (H and I) set up and presented

similarly as (A-D). (J) Quantification of the plasmamembrane signal of LAX3-YFP from stage 5+6

LRPs as shown in (G-I) normalized against the PI staining (wt = lax3-1 ProLAX3:LAX3-YFP, hy5-

215 = hy5-215 lax3-1 ProLAX3:LAX3-YFP). Letters depict different statistically significant classes,

p<0.05, One-Way-ANOVA. Error bars show SEM (n=10-12). Scale bar equals 20 µm.

47



3. HY5 and auxin signaling in low R:FR-induced root responses

lo
g

2
re

la
ti

v
e

e
x

p
re

s
s

io
n

0.0

0.5

1.0

1.5 Col-0

Pro35S:HA-HY5

ARF19 PIN3 LAX3

Figure 3.8. HY5 overexpression leads to lower ARF19, PIN3 and LAX3 expression levels. qPCR

experiment on root material of six days old Col-0 and Pro35S:HA-HY5 seedlings. Three biologi-

cal replicateswere performedwith 15 seedlings per sample. Relative expressionwas calculated

using the ΔΔct method. Error bars show the SEM.

Discussion

We have shown that supplemental FR enrichment of the shoot leads to a reduction in LR den-

sity. This decrease was caused by a reduction in LR emergence, which was HY5 dependent.

HY5-YFP was detected at higher levels in the LRP in WL+FR. The plasma membrane abundance

of PIN3-GFP and LAX3-YFPwas downregulated inWL+FR in the cortex cell above the developing

LRP in a HY5-dependent manner, putatively decreasing the auxin concentration in this cortex

cell, as measured with DII-YFP. This reduction in auxin can lead to a reduced IDA expression

(Kumpf et al., 2013) and a reduction in LR emergence (Fig. 3.9).

Although HY5 could be controlled by FR light transmission from the shoot into the

roots, we did not find evidence in our experiments for a functional consequence of such po-

tential light piping. Direct application of FR light to the root did lead to a reduced root growth

similar to shoot applied FR; however, only when FR-light was directly applied to the root did

we observe changes in root-localized PHYB-GFP photobodies. FR enrichment of the shoot had

no such effect on photobodies in the roots. Also, FR light applied to the root did not lead to

changes in hypocotyl length. Since transmission of light through tissues should not be direction

dependent, FR light application on the root would be expected to stimulate hypocotyl length if

FR light transmission occurred at physiologically meaningful levels. Possibly, light transmission

through the vasculature in physiologically meaningful quantities likely occurs mostly in mature,

woody, tissues of adult plants (Sun et al., 2003; Sun et al., 2005; Lee et al., 2016). We propose,

therefore, thatWL+FR signaling in the shoot initiates a signaling transduction cascade that con-

trols LR formation remotely in the root system with HY5 playing a central role.

HY5 is known to act negatively on auxin signaling (Cluis et al., 2004) and LR develop-

ment (Sibout et al., 2006). In our system HYH acted redundantly with HY5, but gauging from

the single mutant phenotype, probably plays a minor role. In WL+FR, PIN3-GFP and LAX3-YFP

plasma membrane abundance in the cortex was decreased in a HY5-dependent manner. The

PIN3 and LAX3 signals in the cortex are thought to be tightly regulated transcriptionally in time

(Péret et al., 2013), but PIN3 and LAX3 have not been identified as HY5 targets in ChIP-seq

analyses.
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Figure 9: Enhanced availability of HY5 under FR enrichment inhibits lateral root emergence. 
Model depicting our hypothesis for the stabilization of HY5 in WL+FR (supplemental FR light, low R:FR ratio) and its 
subsequent action in the LRP leading to decreased LR emergence. Upper part = shoot: In WL+FR, phyB is converted to 
the inactive form (Pr) by FR light (dark T-bar), which releases repression of PIFs, leading to shoot elongation. In WL, phyB 
indirectly promotes HY5 degradation (dashed T-bar), which is relieved in WL+FR, where phyA indirectly promotes HY5 
stabilization (dashed arrow). HY5 indirectly represses shoot elongation in both WL and WL+FR (dashed T-bar). The size 
of the boxes reflects the protein amounts.). Lower part = root: HY5 is small enough to be transported to the root through 
the phloem and in the root HY5 can induce its own transcription (circular arrow). HY5 has a negative effect on PIN3 and 
LAX3 levels in the cortex overlaying the LRP, although it is not clear if this is a direct effect (dashed T-bar). One way of 
achieving this is to reduce the expression of ARF19 (dark T-bar and arrow). Lower PIN3 and LAX3 abundance leads to 
reduced auxin concentrations in the overlaying cortex cell (red box, black arrows), which is necessary for IDA induction 
and cell separation. Ultimately this leads to a reduced LR emergence . Red colored boxes are the PHYs, green colored 
boxes are auxin signaling and transport components and HY5 is blue.  
 

Figure 3.9. Enhanced availability of HY5 under FR enrichment inhibits lateral root emergence.

Model depicting our hypothesis for the stabilization of HY5 in WL+FR (supplemental FR light,

low R:FR ratio) and its subsequent action in the LRP leading to decreased LR emergence. Upper

part = shoot: In WL+FR, phyB is converted to the inactive form (Pr) by FR light (dark T-bar),

which releases repression of PIFs, leading to shoot elongation. InWL, phyB indirectly promotes

HY5 degradation (dashed T-bar), which is relieved in WL+FR, where phyA indirectly promotes

HY5 stabilization (dashed arrow). HY5 indirectly represses shoot elongation in both WL and

WL+FR (dashed T-bar). The size of the boxes reflects the protein amounts. Lower part = root:

HY5 is small enough to be transported to the root through the phloem and in the root HY5 can

induce its own transcription (circular arrow). HY5 has a negative effect on PIN3 and LAX3 levels

in the cortex overlaying the LRP, although it is not clear if this is a direct effect (dashed T-bar).

One way of achieving this is to reduce the expression of ARF19 (dark T-bar and arrow). Lower

PIN3 and LAX3 abundance leads to reduced auxin concentrations in the overlaying cortex cell

(red box, black arrows), which is necessary for IDA induction and cell separation. Ultimately

this leads to a reduced LR emergence. Red colored boxes are the PHYs, green colored boxes

are auxin signaling and transport components and HY5 is blue.

Indeed, PIN3 does not have a high affinity for the HY5 binding site in its promoter

(RRTGACGTVD), while LAX3 has one 2.5 kb upstream of the start codon and both have a few

core C/G box motifs (ACGT) 2.5 kb upstream of the start codon (Song et al., 2008). The ex-

pression change observed in Fig. 3.8 does suggest HY5 can regulate PIN3 and LAX3 expression

negatively, either directly or indirectly. It is at the same time likely that HY5 regulates ARF19,

whose promoter it can bind (Lee et al., 2007) and whose expression is also lowered by HY5

overexpression. Previously it was shown that ARF19 acts redundantly with ARF7 to control LR

emergence (Okushima et al., 2005); however, we found that the inhibition of LR emergence

by WL+FR was dependent on ARF19, but not ARF7. It has been shown that ARF7 induces the
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expression of PIN3, LAX3 and IDA and ARF19 is assumed to induce the same targets (Lavenus

et al., 2013). We therefore propose that HY5 negatively affects the transcription of ARF19,

thereby affecting PIN3 and LAX3 transcription in a negativemanner (Fig. 3.9). It is possible that

in the micro-array (and qPCR) experiments with Col-0 in WL+FR, the rest of the root material

diluted out the changes in the LRPs. A future direction of study would probably benefit from

cell type-specific expression analyses.

HY5 was upregulated in WL+FR and HY5 is known to be stabilized in low R:FR (Pacin

et al., 2016). HY5-GFP can be transported towards the root, probably through the phloem

(Chen et al., 2016). We observed that HY5-YFP increased in the LRPs and overlaying cortex

during WL+FR, so HY5 may well be the shoot-to-root mobile factor in this context. Although

grafting experiments could test this hypothesis, we found that grafted very young seedlings are

not suited for quantitative physiological experiments: the vasculature in the grafting junction

is typically perturbed (Marsch-Martı́nez et al., 2013), grafting recovery takes several days, and

grafted plant sizes are variable. It is thus still an open question how and when HY5 is unloaded

in the root. According to recent literature, small proteins (<70 kD) can be freely taken up into

the phloem of the shoot via the companion cells next to the sieve elements, after which they

could then be unloaded at the root tip into the phloem pole pericycle (Ross-Elliott et al., 2017).

Since HY5-GFP was shown to be mobile despite the increased size of the HY5-GFP protein as

compared to HY5 itself, we expect that HY5-YFP (38 kD) can also be mobile via the phloem.

HY5 can induce transcription of its own gene in the root (Supplemental data Fig. S3.2) and thus

an increase in HY5 protein can lead to an increase in HY5 expression (Lee et al., 2007; Binkert

et al., 2014; Campos et al., 2016; Zhang et al., 2017). It is possible that HY5 unloaded at the

root tip remains in the cells close to where LRPs are initiated and then upregulates their own

expression, leading to increased HY5 in the LRP. It is not known if small proteins like HY5, can

be unloaded directly at the site of developing LRPs.

The fact that LR density in phyA-501 did not respond to WL+FR is interesting, since

recently it has been shown that phyA and phyB both bind the SUPPRESSOR OF PHYOTCHROME

A (SPA) proteins (Sheerin et al., 2015; Lu et al., 2015; Zheng et al., 2013). The degradation of

HY5 involves ubiquitination by COP1 and its SPA cofactors (Huang et al., 2014). HY5 is stabilized

in low R:FR (Pacin et al., 2016), whereas in WL (high R:FR) phyB promotes the nuclear accu-

mulation of SPA1 and COP1 and thereby the degradation of HY5 (Zheng et al., 2013). Contrary

to phyB, low R:FR allows active phyA in the nucleus (Rausenberger et al., 2011) and phyA

negatively influences COP1 activity (Osterlund and Deng, 1998; Osterlund et al., 2000), while

phyA interacts with multiple SPAs (Sheerin et al., 2015; Lu et al., 2015). Therefore, we hypoth-

esize that in WL+FR (low R:FR), phyA indirectly enhances the stability of HY5 (summarized in

Fig. 3.9).

In several mutant lines such as phyA-501, pif457, pin3-3, lax3-1 and ida-2, we ob-

served the uncoupling of shoot and root responses to WL+FR, indicating that either the shoot

or the root alone responded to the WL+FR stimulus. A spectacular genotype is the hyh hy5

double mutant; these seedlings had drastically elongated hypocotyls that still displayed pro-

nounced elongation upon exposure to WL+FR, and a root system with an even higher LR den-

sity thanWT in WL, which is not inhibited by WL+FR. This shows that the growth investment in

the shade avoidance response of the shoot itself does not have to occur at the expense of LR

growth.
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FR enrichment of the shoot resulted in increased auxin signaling in the shoot; how-

ever, wedid not observe a coinciding general reductionor increase of auxin signaling in the root.

We therefore challenge the hypothesis that auxin is the shoot-to-root signal during WL+FR-

induced LR growth inhibition. Physiologically relevant light transmission itself is also unlikely

causal, as discussed above. We hypothesize that HY5 is the most likely candidate for shoot-

to-root communication in response to shoot signaling of WL+FR, consistent with the recent

observation that HY5 can move from the shoot to the root (Chen et al., 2016). Future studies

should establish the tissue types involved in HY5 transport, its mode of transport and its cell

type-specific site of action in modulating root development in response to neighbor-induced

phytochrome signaling.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana plants were grown in a controlled environment growth chamber, the light

and temperature conditions were given in Chapter 2 in this thesis. The following genotypes

were used: pin3-3 (Friml et al., 2002), hy5-215 (Oyama et al., 1997), pif457 (deWit et al., 2015),

wei8-1 (Stepanova et al., 2008), ida-2(SALK_133209) (Stenvik et al., 2008), lax3-1 (Swarup et

al., 2008), arf7-1 (SALK_040394) and arf19-1 (SALK_009879) (Okushima et al., 2005), hy5-2

(SALK_056405C), hyh (WiscDsLox253D10), yuc8-1 (SALK_096110) (Sun et al., 2012), yuc9-1

(sail_871G01), hy5-1 ProHY5:HY5- YFP (Oravecz et al., 2006), Pro35S:HA-HY5 (Li et al., 2011b),

pin3-4 ProPIN3:PIN3-GFP (Zádníková et al., 2010), lax3-1 ProLAX3:LAX3-YFP (Swarup et al.,

2008), Pro35S:YUC8 (Hentrich et al., 2013), phyB-9 Pro35S:PHYB-GFP (Hiltbrunner et al., 2005),

Pro35S:DII-YFP (Brunoud et al., 2012) and Prodr5V2:tdTom (Liao et al., 2015).

hy5_SALK (SALK_056405C) and hy5-215were crossed with pin3-4 ProPIN3:PIN3-GFP

and lax3-1 ProLAX3:LAX3-YFP, respectively. The hyh hy5 double mutant was created by cross-

ing hyh (WiscDsLox253D10) and hy5-2 (SALK_056405C); a similar cross was recently published

(Zhang et al., 2017).

Genotyping on T-DNA insertions was performed with a left border primer on the T-

DNA combined with a left and right primer on the genome. The right primer + left border

primer yielded the T-DNA PCR fragment. Genotyping on point mutations was performed by

sequencing a PCR fragment made with primers flanking the mutation. All primers used for

genotyping can be found in Supplemental data Table S3.1.

Plant growth on square plates and root quantification

For root phenotyping, seeds were surface sterilized using a 2-3 hour treatment with chlorine

gas. Seeds were sown on 0.5 MS 0.1% MES, pH 5.8, 0.8% plant agar plates, at 25 per plate

(12.5x12.5x1.75 cm) on a single line at 9 cm height. The D-root insert was placed in the plate

just below the seeds and then the plates were put in darkness at 4°C for six days for seed

stratification. Plates were put in the growth chamber (16/8 light/dark photoperiod, PAR = 140

μmol𝑚 𝑠 , 21 °C) for 2-3 hours after subjective dawn and allowed to germinate for 24 hours,

after which either white light treatment continued or the WL+FR treatment started. The root
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part of the plates was covered with a custom made black paper cover measuring 12.5 x 9 x 1.7

cm. For the WL+FR treatment, plates were placed 20 cm in front of a row of FR LEDs (Phillips

GreenPower LED research module far red, 24Vdc/10W, 730 nm peak), to achieve a R:FR ra-

tio of 0.1 in the shoot part, which was measured inside the plate using a small, flexible R:FR

light meter (Skye Spectrosense2, with a custom-made sensor part). For further specific on LED

Lamps, growth lights and spectra, see Gommers et al., 2017. For the experiments with direct

application of red light Phillips GreenPower deep red LEDs were used at 20 cm distance and

in this case larger black covers were constructed to cover the whole 20 cm from the red light

source to the plate. After four days of growth, seedlings were transferred in the afternoon to a

new plate at 5 seedlings per plate to ensure homogeneous growth and prevent intermingling

of root systems. Square Petri dishes were scanned at 600 dpi using an EPSON V850 photoneg-

ative scanner. Time series were analyzed using Smartroot (Lobet et al., 2011), while scans of

8 days old plants were analyzed using WinRhizo Arabidopsis (http://regent.qc.ca/assets/win-

rhizo_software.html). After scanning, seedling hypocotyl lengths were determined manually.

Plant growth on sand

Seedlings were stratified on soil for four days. Plants were grown in control light conditions

(as described above) for four days and then transferred to 70 mL pots containing sand and

were kept covered to prevent dehydration. Pots were initially watered with 12 ml nutrient

solution per pot (composition: 2.6 mM KNO , 2.0 mM Ca[NO3] , 0.6 mM KH PO , 0.9 mM

MgSO , 6.6 mM MnSO , 2.8 mM ZnSO , 0.5 mM CuSO , 66 mM H BO , 0.8 mM Na MoO ,

and 134 mM Fe-EDTA, pH 5.8; based on Millenaar et al. (2005). At day 3 and day 6, 2 mL of

tap water was added per pot. When the plants were transferred to sand they were put in a

WL+FR compartment (R:FR 0.1) or a control WL compartment. After seven days of treatment,

plants were carefully removed from the pots, the roots carefully washed and scanned at 600dpi

using an EPSON V850 photonegative scanner. LRs were countedmanually from the images and

hypocotyl lengths were determined by manual measurement.

DIC and epifluorescence microscopy and LRP analysis

Seedlings used for LRP analysis were fixed and cleared according to a previously published pro-

tocol (Malamy and Benfey, 1997). The seedlings were mounted in 50% glycerol and analyzed

using a Zeiss Axioskop2 DIC microscope (40x Plan- NEOFLUAR DIC objective) with a Lumenera

Infinity 1 camera. Primordia were counted manually. To image Prodr5V2:tdTom we used a Le-

ica MZ16FA stereo fluorescence microscope with a Planapo 2.0x objective, a Leica DFC420 C

camera, and a dsRed filter.

Confocal microscopy and analysis

For confocal microscopy, seeds were sown at 14 per plate and were not transferred to another

plate during their six days of growth. The remaining conditions were as described for the root

analysis. Whole seedling roots were mounted on glass slides in water with 1 μg/ml propidium

iodide or incubated for 1 minute in 1 μg/ml DAPI in water and then washed in water before

mounting. For PIN3-GFP, DII-YFP, LAX3- YFP and HY5-YFP analysis a Zeiss axioplan LSM5 Pascal
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microscope was used with an excitation laser of 488 nm and a 500-530 bandpass filter for GFP

and a 505- 560 nm bandpass for YFP. Images were acquired using a 40x NA1.2 water immersion

objective. Within experiments, pinhole, gain, laser power and detector offset were the same.

Single slice images were taken medially through the LRP. For PHYB-GFP, confocal microscopy

was performed with a Zeiss Observer Z1 LSM7 confocal imaging system, with a 488 nm excita-

tion laser and a 505-560 bandpass filter. Slice thickness was always 70 μm and confocal z-stack

images were made of 18-20 slices of the elongation zone using a 63x NA1.4 oil immersion ob-

jective. Within experiments, pinhole, gain, laser power and detector offset were the same. All

images were analyzed using ICY (http://icy.bioimageanalysis.org/). Z-stacks were projected us-

ing the built-in projection plugin at max and PHYB-GFP photobodies were semi-automatically

analyzed using the Spotdetector plugin (Olivo-Marin, 2002).

RNA extraction and qPCR

For all expression analyses, plants were not transferred at day four but were sown 25, 19,

16, and 14 in a row for 4 ,5, 6 and 7 days of growth, respectively. The other growth con-

ditions were as described above. The Qiagen plant RNeasy kit was used for RNA extraction.

First-strand cDNA was made using the Thermo Scientific RevertAid H Minus Reverse Transcrip-

tase, RiboLock RNase inhibitor and Invitrogen random hexamer primers. RNA input into the

cDNA reaction was kept equal within experiments. Primers were designed preferably across

introns and for 100-150 bp fragments with an annealing temperature of 60°C with primer3plus

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Primers were tested for

efficiency using generic Col-0 cDNA at a concentration range of 2.5-40 ng of cDNA per 5μl re-

action. qPCR reagents used were Bio-Rad SYBR-Green mastermix on 384 well plates in a Life

technologies ViiA7 real time PCR system. All CT values were normalized against two validated

housekeeping genes: ADENINE PHOSPHORIBOSYL TRANSFERASE 1 (APT1) and PROTEIN PHOS-

PHATASE 2A SUBUNIT A3 (PP2AA3). The ΔΔCTmethodwas used to calculate relative expression

values. Primer sequences are provided in Supplemental data Table S3.1.

Micro-array analysis

Material for the micro-array analysis was obtained by extracting RNA from 25 seven days old

whole root systems of plants exposed to WL or WL+FR. The other growth conditions were

as described above. From this RNA, cDNA from 3 independent replicate samples was hy-

bridized with a Aragene 1.0 micro-array. Raw CEL-files were processed using R with Bioconduc-

tor and oligo (documentation: http://wiki.bits.vib.be/index.php/Analyze_your_own_microar-

ray_data_in_R/Biocondu ctor# Open_CEL_files_from_newer_Affymetrix _Arrays _.28HTA.2C

_Gene _ST....29 _using _oligo). However, background noise correction was omitted, due to

excessively high medium expression intensities making this method unusable. DEGs were se-

lected based on an FDR rate of p<0.05.

Statistical analyses

All statistical significance (except for micro-array data) calculations were made using Graphpad

Prism software. One-Way or Two-Way ANOVAs were performed with a post-hoc Tukey test at
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a significance level of p<0.05. All root phenotype experiments had an N of 15-20.
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Supplemental data

Supplemental figure 2: Direct red and Far-Red light applied to the root leads to reduced LR 

density and PHYB-GFP photobody differences, but not to changes in hypocotyl length 
Figure S3.1. Direct red (R) and Far-Red (FR) light applied to the root leads to reduced LR density

and PHYB-GFP photobody differences, but not to changes in hypocotyl length. (A) Schematic

view of the setup used in (B-D) with the approximate R:FR ratios depicted and the local light

intensity of R or FR light. (B-D) Analysis of seedling growth in light box shown in (A)with four dif-

ferent light treatments: WL andWL+FR (standard setup),WL (in FR(root) box) andWL+FR(root).

(B) Hypocotyl length after 8 days, (C) LR density and (D) main root length. (E) Schematic view of
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the setup used in (F-H) with the approximate R:FR ratios depicted and the local light intensity

of R or FR light. (F-H) Analysis of seedling growth in light box shown in (E) with four differ-

ent light treatments: WL andWL+FR (standard setup), WL+R(root) andWL+FR(shoot)+R(root).

(I-N) PHYB-GFP photobody analysis using the setup shown in (A). (A-C) confocal microscopy

images of elongation zone nuclei of 4-6 days old phyB-9 Pro35S:phyB-GFP seedlings in (I) WL,

(J) WL+FR(shoot) and (K) WL+FR(root), the blue/white signal being PHYB-GFP and the red sig-

nal being a propidium iodide staining. The images are projections from 18-20 z-stack slices

and incorporate the signal from the whole nucleus. (L-N) A semi-automatic analysis of PHYB-

GFP photobodies from 9 nuclei per seedling, with >8 seedlings per treatment. (L) the average

amount of photobodies per nucleus, (M) average photobody size per nucleus and (N) the av-

erage photobody intensity per nucleus. (O-T) PHYB-GFP photobody analysis using the setup

shown in (E). Experimental setup is similar as (I-N), with only the light conditions being differ-

ent: (O) WL, (P) WL+R(root) and (Q) WL+FR+R(root) and (R-T) the semi-automatic quantifica-

tions. Letters depict different statistically significant classes, p<0.05 One-Way-ANOVA. All error

bars show the SEM. Phenotyping experiments n=≥15≤20 seedlings per treatment, microscopy

experiments n=10 seedlings per treatment. Scale bar equals 5 µm.
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Figure S3.2. Transcriptional responses in the root and shoot toWL+FR light experienced by the

shoot. (A) Root material of seven days old Col-0 seedlings grown in WL or WL+FR was used

as input for an Aragene 1.0 micro-array. *The 409 differentially expressed genes (DEGs) were

compared against the CHIP-microarray dataset of Lee et al. (2007) and Zhang et al. (2011) to

identify HY5 binding targets. Promoter binding targets from the Lee et al. (2007) dataset which

were only identified with single oligo hit were omitted, when combined with all the binding

targets found in the Zhang et al. (2011) dataset this resulted in a total of 10716 HY5 binding

targets ofwhich 283were foundwithin the set of 409DEGs. **Expected number of HY5 binding
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targets to be found in a set of 409 DEGs taking into account the total number of Arabidopsis

genes and HY5 binding sites. Three biological replicates were used on the array, with 2 plates

of 10 seedlings per sample. (B-E) qPCR experiments performed with root (B-D, F) or shoot (E)

material from Col-0 seedlings grown in WL or WL+FR, harvested at 4-7 days. Expression values

are normalized to WL control, which is depicted by the black bar (Error bars show SEM). (B

and C) Primers designed against HY5mRNA. (D and E) Primers against the full-length (fl, black)

or splice variant (alt, gray) transcript of HYH (Sibout et al., 2006). (F-K) qPCR experiment with

four days old Col-0 and hy5-215 cotyledon, hypocotyl and root material grown inWL or WL+FR

used as input. (F-H) primers designed against HY5 mRNA. (I and K) Primers against the full-

length HYH splice variant. Values are normalized against Col-0 WL, hy5WL, and Col-0 WL+FR.

Error bars show SEM. For qPCR samples 4 biological replicates and 2 technical replicates were

tested, each replicate consisted of 2 plates of seedlings.

Supplemental figure 4: Auxin application can rescue the WL+FR-induced decrease in LR 

emergence (Supports Figure 5). 

(A-H) Experiment using Col-0 genotype with 0, 0.1, 1, 10 and 30 nM IAA added to the agar plates 

either in WL or WL+FR. Seedlings were grown for 8 days. (A) Average hypocotyl length, (B) 

average LR density, (C) average main root length, (D) average lateral root length, (E) position of 

emergence for all lateral roots in the dataset, plotted along the main root axis. (F-H) 

Representative images of seedlings treated with 0, 1 or 30 nM of IAA in WL or WL+FR, scale bar 

equals 1 cm. (I and J) Separate experiment with and without 10 nM IAA in WL and WL+FR with (I) 

LR density and (J) LRP stages. Stages were grouped into 1+2, 3+4, 5+6 and 7+Emerged 

(*difference between means is significant p<0.05, t-test). (K,L) Four-day-old ProDR5v2:tdTomato 

seedlings were treated grown in either WL or WL+FR and imaged by fluorescent 

stereomicroscopy (K) (scale bar equals 1 mm). (L) Fluorescent intensity in different tissues of 

images such as those (K) were quantified (1 datapoint = 1 image). *significant difference p<0.05, 

One-Way-ANOVA. Error bars show SEM. 

Figure S3.3. Auxin application can rescue theWL+FR-induced decrease in LR emergence. (A-H)

Experiment using Col-0 genotype with 0, 0.1, 1, 10 and 30 nM IAA added to the agar plates

either in WL or WL+FR. Seedlings were grown for 8 days. (A) Average hypocotyl length, (B)

average LR density, (C) average main root length, (D) average LR length, (E) position of emer-

gence for all LRs in the dataset, plotted along themain root axis. (F-H) Representative images of

seedlings treatedwith 0, 1, or 30 nMof IAA inWL orWL+FR, scale bar equals 1 cm. (I and J) Sep-

arate experiment with and without 10 nM IAA in WL and WL+FR with (I) LR density and (J) LRP

stages. Stages were grouped into 1+2, 3+4, 5+6 and 7+Emerged (*difference between means

is significant p<0.05, Students’ t-test). (K and L) Four days old ProDR5v2:tdTomato seedlings

were treated grown in either WL or WL+FR and imaged by fluorescent stereomicroscope, scale

bar equals 1 mm. (L) Fluorescent intensity in different tissues of images such as those (K) were
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quantified (1 datapoint = 1 image). * Denotes significant difference, p<0.05, One-Way-ANOVA.

Error bars show SEM.

Supplemental figure 5: Auxin biosynthesis mutants have a reduced LR density in WL+FR. 

In WL+FR YUC8 is regulated in the shoot, but not the root and PIN3, LAX3 and IDA are not 

translationally regulated during WL+FR (Supports Figure 5). 

 (A-D) LR density (day 8) in WL and WL+FR for 35S::YUC8 (A), yuc8-1 (B), yuc8-1 yuc9-1 (C) 

and wei8-1 (D). (E-H) hypocotyl length (day 8) in WL and WL+FR for 35S::YUC8 (E), yuc8-1 (F) , 

yuc8-1 yuc9-1 (G) and wei8-1 (H). (I) qPCR experiment using primers for YUC8 mRNA performed 

on root, hypocotyl (+SAM) and cotyledon material of Col-0 or hy5-215 in WL and WL+FR, same 

material as Fig. S3F-K, normalized against Col-0 WL (black bar).  (J) Main root length parameters 

after 8 days of growth in WL or WL+FR, from experiment shown in Figure 6C-E. (I) Primers for 

PIN3, LAX3 and IDA in root tissue (same as (G)) normalized against Col-0 WL (black bar). All 

error bars show SEM, letters indicate statistically significant classes, One-Way-ANOVA, p<0.05. 

Figure S3.4. Auxin biosynthesis mutants have a reduced LR density inWL+FR. InWL+FR YUC8 is

regulated in the shoot, but not the root and PIN3, LAX3 and IDA are not translationally regulated

during WL+FR. (A-D) LR density (day 8) in WL and WL+FR for 35S::YUC8 (A), yuc8-1 (B), yuc8-

1 yuc9-1 (C) and wei8-1 (D). (E-H) hypocotyl length (day 8) in WL and WL+FR for 35S::YUC8

(E), yuc8-1 (F) , yuc8-1 yuc9-1 (G) and wei8-1 (H). (I) qPCR experiment using primers for YUC8

mRNA performed on root, hypocotyl (+SAM) and cotyledon material of Col-0 or hy5-215 in WL

and WL+FR, same material as Fig. S3.2 F-K, normalized against Col-0 WL (black bar). (J) Main

root length parameters after 8 days of growth in WL or WL+FR, from experiment shown in Fig.

3.6 B and C. (K) Primers for PIN3, LAX3 and IDA in root tissue (same as (G)) normalized against

Col-0 WL (black bar). All error bars show SEM, letters indicate statistically significant classes,

One-Way-ANOVA, p<0.05.
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Table S3.1 Primers used in this study

 

Primers used in this study 

NAME SEQUENCE GENE DESCRIPTION 

PhyB-exon1_FWD CTGCGCTTTCTATTGCTGGT AT2G18790 phyb-1 genotyping (sequencing) 

PhyB-exon1_REV CCATTTCCGCAGTTTCCCAT AT2G18790 phyb-1 genotyping (sequencing) 

phyd-1 FW 

genotyping GGCCATCGCCGAAGTCGTC AT4G16250 phyd-1 genotyping (sequencing) 

phyd-1 rev 

genotyping GATTCTGTGACCTTAGGGC AT4G16250 phyd-1 genotyping (sequencing) 

phye-1 FW 

genotyping GTCACTTGCCGATGAGATTG AT4G18130 phye-1 genotyping (sequencing) 

phye-1 rev 

genotyping CTCCAAAGACTTCACCGGG AT4G18130 phye-1 genotyping (sequencing) 

lax3-1 RP TACTTCACCGGAGCCACCA AT1G77690 lax3-1 genotyping 

lax3-1 en 966 CCCCCTCTCTCAAATCAGCA AT1G77690 lax3-1 genotyping 

lax3 LP ACCCGAACCCAACTACGAAT AT1G77690 lax3-1 genotyping 

pin3-3 LP TCTGGAGCTCAAACGGGTC AT1G70940 pin3-3 genotyping 

pin3-3 RP CTAACCGGAAAGCGACGAGAG AT1G70940 

loss of StyI restriction site (89 bp 

442 bp) 

SALK_014575C_LP TCAACCGAAAGACCAGTCAG AT1G09570   

phyA-501 genotyping (+SALK 

LB) 

SALK_014575C_RP AACATGCTAGGGTGCTTCAA AT1G09570   

phyA-501 genotyping (+SALK 

LB) 

hy5-215 FW ATCAAGCAGCGAGAGGTCAT AT5G11260 hy5-215 genotyping (sequencing) 

hy5-215 rev TTCAGCCGCTTGTTCTCTTT AT5G11260 hy5-215 genotyping (sequencing) 

pif4-1_wt_fwd CTCGATTTCCGGTTATGG AT2G43010 pif4-1 genotyping 

pif4-1_mut_fwd GCATCTGAATTTCATAACCAATC AT2G43010 pif4-1 genotyping 

pif4-1_rev CAGACGGTTGATCATCTG AT2G43010 pif4-1 genotyping 

pif5-1_fwd TCGCTCACTCGCTTACTTAC AT3G59060 pif5-1 genotyping 

pif5-1_wt_rev TCTCTACGAGCTTGGCTTTG AT3G59060 pif5-1 genotyping 

pif5-1_mut_rev GGCAATCAGCTGTTGCCCGTCTCACTGGTG AT3G59060 pif5-1 genotyping 

pif7-1_fwd CATCCTCTGGTTTATCCTATCACGCCG AT5G61270 pif7-1 genotyping 

pif7-1_wt_rev CCGTTCATGGTCTAGGCG AT5G61270 pif7-1 genotyping 

pif7-1_T-DNA_rev TGATAGTGACCTTAGGCGACTTTTGAACGC AT5G61270 pif7-1 genotyping 

wei8-1_mut_fwd CATACTCATTGCTGATCCATGTAGATTTCC AT1G70560 wei8-1 genotyping 

wei8-1_wt_fwd CATCAGAGAGACGGTGGTGAAC AT1G70560 wei8-1 genotyping 

wei8-1_rev GCTTTTAATGAGCTTCATGTTGG AT1G70560 wei8-1 genotyping 

IDAfw CAAATGGCTCCGTGTCGTAC AT1G68765 ida-2 genotyping (+SALK LB) 

IDArev GAGCAGAAGGAGGAATGGGA AT1G68765 ida-2 genotyping (+SALK LB) 

yuc8 LP ATTCTGCATTTGGTTCCACAC AT4G28720 yuc8 genotyping (+SAIL LB) 

yuc8 RP GACTCACTCTTCGACACGGTC AT4G28720 yuc8 genotyping (+SAIL LB) 

SAIL LB 

GCCTTTTCAGAAATGGATAAATAGCCTTGCT

TCC left border primer for SAIL insertion lines 

SALK LB CGTCAAGCTCTAAATCGGGG left border primer for SALK insertion lines 

SALK_040394_LP TTGCACTCCTCTTTGAACCA AT5G20730 arf7-1 genotyping (+SALK LB) 

SALK_040394_RP TGTTGTCTGTTGTTTTCGCC AT5G20730 arf7-1 genotyping (+SALK LB) 

SALK_009879C_LP GTGCATACTGTCGCTGGATA AT1G19220 arf19-1 genotyping (+SALK LB) 

SALK_009879C_RP ACAGCGAGCAAGTAAGTTCA AT1G19220 arf19-1 genotyping (+SALK LB) 

HY5 N679707 LP TTCACTCTCGATATCCGTTCG AT5G11260 

hy5-2 SALK_056405C 

genotyping (+SALK LB) 

HY5 N679707 RP ATGCGAGTGAATGACCATTTC AT5G11260 hy5-2 SALK_056405C 
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genotyping (+SALK LB) 

HYH wiscdslox RP ACTCGCATAAGAACATGTGGG AT3G17609 WiscDsLox253D10 genotyping 

HYH wiscdslox LP ACCCACACGCTCTGTGAATAC AT3G17609 WiscDsLox253D10 genotyping 

p745 BP AACGTCCGCAATGTGTTATTAAGTTGTC AT3G17609 WiscDsLox left border primer 

pin3-4 LP TGCCACCTTCAATTCAAAAAC AT1G70940 

SALK_038609 

genotyping(+SALK LB) 

pin3-4 RP TGATTTTCTTGAGACCGATGC AT1G70940 

SALK_038609 

genotyping(+SALK LB) 

flHYH Sibout FW CCCACAAGAAGCACAAAACTGAGGAAA AT3G17609 HYHfl qPCR primer 

flHYH rev Sibout CTTCCACGGCGGCGTTTAGCTGTAGAGA AT3G17609 HYHfl qPCR primer 

altHYH FW Sibout CCCACAAGAAGCACAAAACTGCTGGAT AT3G17609 HYHalt qPCR primer 

altHYH rev Sibout CACGGCGGCGTTTAGCTGTAGAGA AT3G17609 HYHalt qPCR primer 

HY5 1st exon FW CTCTCGCCTGATCGATCTTC AT5G11260 HY5 qPCR primer 

HY5 1st exon rev ATGTGGAGCAGAGCTTGATG AT5G11260 HY5 qPCR primer 

PIN3_F ATCTTCTCACCCGACCAATG AT1G70940 PIN3 qPCR primer 

PIN3_R GATGCTCCACTCGAGGCTAC AT1G70940 PIN3 qPCR primer 

LAX3fw ACTGTCTACATCATCCCCGC AT1G77690 LAX3 qPCR primer 

LAX3rev ACCCGAACCCAACTACGAAT AT1G77690 LAX3 qPCR primer 

ARF19 qPCR FW AGGCTCACAATGGCGTAATC AT1G19220 ARF19 qPCR primer 

ARF19 qPCR rev AAGGAGTTATGACGGGTTCG AT1G19220 ARF19 qPCR primer 

IDAfw CAAATGGCTCCGTGTCGTAC AT1G68765 IDA qPCR primer 

IDArev GAGCAGAAGGAGGAATGGGA AT1G68765 IDA qPCR primer 
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Abstract

Dense cropping patterns result in shade conditions. The predominant shade cue is reduced

Red:Far-red light ratio (R:FR), which induces shade avoidance. One aspect of shade avoidance,

discussed in the previous chapters of this thesis, is a changed root system architecture (RSA).

Here, we investigated the role of the phytohormone gibberellin (GA) and its signaling com-

ponent DELLA proteins in regulating RSA adjustments in response to low R:FR. Prior studies

of DELLA proteins in light responses had focused on the shoot only and did not on the root

system. We show here that DELLAs are essential for the RSA response to low R:FR and the con-

trol of root development by light signals from the shoot is GA dependent. Low R:FR induces

DELLA accumulation in the lateral root primordium, which is associated with the root growth

reduction. Furthermore, as shown by the ga20ox2 and ga20ox1ga20ox2mutants, reduced GA

biosynthesis reduces the shoot responses to low R:FR and the number of lateral roots in gen-

eral, yet the lateral root density was further reduced in response to low R:FR. We propose a

conceptual model where the shoot and the root response to low R:FR regulated by GA-DELLA

is described.



4. GA-DELLA signaling in low R:FR induced root responses

Introduction

Plant plasticity to environmental cues largely relies on hormone regulation. For example salt

stress responses of root development are orchestrated by abscisic acid and auxin (Galvan-

Ampudia and Testerink, 2011). For shade avoidance, the morphological changes include elon-

gation of internode and petioles, upward movement of the leaf (hyponasty), reduction of

branching and reduction of root growth (Salisbury et al., 2007; Franklin, 2008; Pierik and Tes-

terink, 2014). These changes are regulated by hormones, and several reviews have covered this

topic (Pierik et al., 2013; Chaiwanon et al., 2016; Yang and Li, 2017). However, the mechanism

of hormonal regulation in the root response to shade signals (low R:FR) is still largely unknown.

Amongst plant hormones, GA would be an interesting candidate in the root response to low

R:FR for three reasons: 1) GA signaling in endodermis is important for root growth (Ubeda-

Tomás et al., 2008; Heo et al., 2011), 2) GA biosynthesis in the shoot is regulated by R/FR light

(Hisamatsu et al., 2005; Hedden and Thomas, 2012), 3) GA , a precursor of bioactive GA, can

travel from shoot to root and act as a long-distance signal (Regnault et al., 2015).

GAs are diterpenoid tetracyclic carboxylic acids, and have been found in fungi, bac-

teria and also plants. At least 136 forms were identified but only a few are biologically active

in plants, which are GA and GA (Hedden and Thomas, 2012; Hedden and Sponsel, 2015).

Before bioactive GA is synthesized, it takes at least 10 steps from the precursor and 7 differ-

ent enzymes are involved. These enzymes serve as the regulation points in response to envi-

ronmental stimuli, for example, GA2-OXIDASE 7 (GA2ox7) is upregulated by salt, GA2ox3 and

GA2ox6 were upregulated by cold, and GA2ox, GA20ox and GA3ox members were found to

be regulated by light (Hedden and Thomas, 2012). Furthermore, GA20ox2 is upregulated in

response to FR enrichment in a phyB dependent manner, which stimulates petiole elongation

in Arabidopsis (Hisamatsu et al., 2005). Interestingly, biologically inactive GA has been iden-

tified as a long-distance growth signal that is transported from the shoot to the root. Once it

arrives in the root, GA is converted into the active form by GA20ox and GA3ox enzymes and

subsequently promotes root growth in Arabidopsis (Regnault et al., 2015). It is yet unknown if

low R:FR-induced production of bioactive GAs in the shoot affects downward GA transport.

GA promotes growth by inducing the degradation of nuclear growth repressors pro-

teins, called DELLAs. Upon binding to GA, the GA receptor (GIBBERELLIN INSENSITIVE DWARF1,

GID1) undergoes a conformation change, which allows it to interact with DELLAs (Davière and

Achard, 2013; Hedden and Sponsel, 2015). The GA-GID1-DELLA complex then interacts with

an E3 ubiquitin ligase, leading to degradation by the 26S proteasome pathway. There are five

DELLAs encoded in Arabidopsis, which are REPRESSOR of ga1-3 (RGA), GIBBERELLIC ACID IN-

SENSITIVE (GAI), RGA-LIKE PROTEIN 1 (RGL1), RGL2 and RGL3. Among them, RGA and GAI

express in all the tissues of Arabidopsis (source: eFP browser, http://bar.utoronto.ca/efp/cgi-

bin/efpWeb.cgi) and repress vegetative growth (Dill and Sun, 2001; King et al., 2001). There

are at least three ways through which DELLAs act to repressing growth. First, DELLAs are tran-

scriptional regulators that bind to transcription factors, where the interaction with DELLAs pre-

vents the target protein from interacting with DNA and hence represses transcriptional output.

Binding targets of DELLAs include amongst others the PHYTOCHROME INTERACTING FACTORS

(PIFs) (shade avoidance), JASMONATE INSENSITIVE 1 (JIN1/MYC2) (GA-jasmonic acid crosstalk),

and BRASSINAZOLE-RESISTANT 1 (BZR1) (GA-brassinosteroid crosstalk) (Li et al., 2012; Wild et
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al., 2012; Li et al., 2016). A second mechanism through which DELLAs can regulate growth is

through direct interaction with, and even transcriptional induction of, the GRAS-domain tran-

scription regulator SCARECROW-LIKE 3 (SCL3), which regulates root development. SCL3 ex-

presses specifically in the endodermis of the root and the SCL3-DELLA complex is important for

GAhomeostasis and root elongation (Heo et al., 2011; Zhang et al., 2011). A thirdmechanismof

DELLA-mediated growth control is through direct interaction with the prefoldin complex (PFD)

in the nucleus. In the presence of GA, DELLA is degraded and PFD is released into the cytoplasm

where it promotes tubulin dimer production, which is necessary for an organized corticalmicro-

tubule array. With an organized (transverse) cortical microtubule alignment, the cell is guided

to expand in the direction perpendicular to the alignment. On the other hand, when PFD is

bound to DELLA in the nucleus in the absence of GA, tubulin dimer levels stay low resulting in

a disorganized cortical microtubule array and reduced growth (Locascio et al., 2013).

Chapters 2 and 3 showed that lateral root (LR) development is repressed under low

R:FR, which requires hormonal regulation and signals from the shoot. Here we investigate if

and howGA and DELLA proteins regulate the inhibition of LR development under low R:FR con-

ditions of the shoot. This is done using a combination of mutants, pharmacological inhibitors

and hormones and confocal microscopy imaging of DELLA abundance.

Results

DELLAsare required forLR inhibition in response to lowR:FR

As DELLAs are the integration point between GA signaling and growth, we tested the Arabidop-

sis global knock-out line of all DELLAs, della-p, to see if DELLAs are necessary for the root re-

sponse to low R:FR (achieved through white light supplemented with far-red light, WL+FR).

The della-pmutant showed a longer hypocotyl in WL+FR than in WL, indicating that the shoot

response is not DELLA-dependent (Fig. 4.1 A). This was consistent with previously published

Figure 4.1. Mutation of all DELLA proteins alters the root response but not the shoot response

under low R:FR. The responses in the shoot and the root were compared in Ler (wild-type) and

della-p on 8 days old seedlings. Response parameters of the shoot and root: hypocotyl length

(A), lateral root density (B), primary root length (C), and number of emerged lateral roots (D).

Data are means ± SEM (n= 15-20). Letters denote significant difference, p<0.05, Two-Way-

ANOVA.
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experiments on a DELLA quadruplemutant (Djakovic-Petrovic et al., 2007). In contrast, the root

system architecture in della-p in terms of LR number and density were the same between low

R:FR and WL, showing that DELLAs are required for the root response to low R:FR (Fig. 4.1 C

and D). Interestingly, WL+FR mildly increased the primary root length of della-p, which is the

opposite of the wild-type response.

To confirm whether the abundance of DELLAs in the root is affected by WL+FR, we

studied an rga pRGA::RGA-GFP reporter line with confocal microscopy to focus on the LR pri-

mordium (LRP). In stage 5 and 6 LRPs we observed a modestly elevated RGA-GFP fluorescence

signal inWL+FR (Fig. 4.2 C). This elevated RGA-GFP abundancemost likely represents a reduced

GA concentration in the LRP upon low R:FR. Next to RGA, we tested another important DELLA

*

Figure 4.2. RGA accumulates in the LRP under WL+FR. Confocal images of LRP under WL and

WL+FR treatment on 6 days old seedlings (A-D) stained with propidium iodide (PI). GFP-RGA in

LRP under WL (A) and WL+FR (C), and brightfield images (B and D) respectively. (E) Quantifi-

cation of GFP-RGA signal of LRP nuclei, normalized against the PI signal. Error bars show SEM

(n=22-24). * Data significantly different, p<0.05, Students’ t-test.

protein, GAI, by using the gain-of-function line, gai-1where the mutated protein remains non-

degradable in response to GA due to the deletion of a 17-amino-acid segment from GAI. The

hypocotyl elongation in response to WL+FR was reduced in gai-1 (Fig. 4.3 A), which was con-

sistent with previously published experiments (Djakovic-Petrovic et al., 2007). However, the

root traits were the same as in wild-type Ler (Fig. 4.3, B, C, and D) in both WL and WL+FR. This

suggests that the constant presence of the GAI protein does not affect root growth in both light

conditions. Thus, although DELLAs are required for the WL+FR root response, GAI may not be

involved.

GAbiosynthesismutantshave reduced shoot response, butun-

affected root response to low R:FR

GA20ox in Arabidopsis is a family of five proteins (Hedden et al., 2002) and oxidizes GA and

GA in the synthesis route for bioactive GA, the enzyme is known to be upregulated in the

petiole upon low R:FR (Hisamatsu et al., 2005). The single mutant, ga20ox2-1, showed a re-

duced hypocotyl elongation response to WL+FR (low R:FR) and this was further reduced in the
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Figure 4.3. The gaimutation does not impact root responses to lowR:FR exposure of the shoot.

The gain-of-function line, gai-1, was compared with the wild-type Ler on 8 days old seedlings.

Response parameters of the shoot and root: hypocotyl length (A), lateral root density (B), pri-

mary root length (C), and number of emerged lateral roots (D). Data are means ± SEM (n=

15-20). Letters denote significant difference, p<0.05, Two-Way-ANOVA.

double mutant ga20ox1-3 ga20ox2-1 (Fig. 4.4 A). On the other hand, the root response was

Figure 4.4. Partial loss of GA20ox function reduces the response to low R:FR in the shoot but

not in the root. The responses in the shoot and the root were compared in Col-0 (wild-type),

ga20ox2-1, and ga20ox1-3ga20ox2-1 on 8 days old seedlings. Response parameters of the

shoot and root: hypocotyl length (A), lateral root density (B), primary root length (C), and num-

ber of emerged lateral roots (D). Data are means ± SEM (n= 15-20). Letters denote significant

difference, p<0.05, Two-Way-ANOVA.
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still present in both mutant lines (Fig. 4.4 B, C, and D). The primary root length of ga20ox2-1

and ga20ox1-3ga20ox2-1was similar to the wild-type Col-0 in bothWL andWL+FR (Fig. 4.4 B),

while the LR number and LR density in the ga20ox2-1 were higher than that in the ga20ox1-

3ga20ox2-1 but both still showed a reduction in WL+FR (Fig. 4.4 C and D). This shows the root

response to low R:FR is probably not mediated by regulation of GA20ox1 and GA20ox2. The

constitutively reduced LR density of the ga20ox1-3ga20ox2-1 double mutant is consistent with

the idea that sufficient GA is needed for standard LR formation as observed in wild-type.

Pharmacologicalmodulation ofGA levels alters shoot and root

responses to low R:FR

In addition to the mutant line analysis, we used chemical ways to manipulate the endogenous

GA level by applying Paclobutrazol (PAC) and GA . PAC blocks GA synthesis in the step of ox-

idation of ent-kaurene to ent-kaurenoic acid (Rademacher, 2000), which is upstream to the

above-studied enzyme GA20ox. PAC reduced the length of hypocotyl in WL already at 0.1 µM

and also reduced the hypocotyl elongation in WL+FR (Fig. 4.5 A), this growth reduction also

occurred in the root in terms of primary root length (Fig. 4.5 C) and LR number (Fig. 4.5 D)

in WL and WL+FR. As a result, the LR density response to WL+FR was absent in the presence

Figure 4.5. Inhibiting GA synthesis with paclobutrazol (PAC) affects root responses to low R:FR.

Response parameters when applying PAC from 0.1 to 10 µM: hypocotyl length (A), lateral root

density (B), primary root length (C), and number of emerged lateral roots (D). Parameters were

measured on 8 days old seedlings. Data are means ± SEM (n= 15-20). Letters denote significant

difference.
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of PAC, except at very high concentration (10 µM) (Fig. 4.5 B), the latter likely being due to a

strong inhibition of primary root length (Fig. 4.5 C). In contrast to PAC, application of GA led to

a less severe response. Applying GA increased hypocotyl length in a dose-dependent manner

in both WL and WL+FR (Fig. 4.6 A) saturating at 10 µM GA . The primary root was not much

affected by GA (Fig. 4.6 C). For LR number and LR density, there was a reduction at 1 and 10

µM, leading to no difference between WL and WL+FR at 10 µM (Fig. 4.6 D and B).

Figure 4.6. GA application affects the root traits in high and low R:FR. Response parameters

when applyingGA from0.1 to 100µMare hypocotyl length (A), lateral root density (B), primary

root length (C), and number of emerged lateral roots (D). Shoot and root parameters were

measured on 8 days old seedlings. Data are means ± SEM (n= 15-20). Letters denote significant

difference.

Discussion

Wedemonstrated that functional DELLA proteins are needed for root responses to low R:FR ex-

posure of the shoot, and that there is more DELLA (RGA) accumulation in the LRP in low R:FR.

The ga20ox mutants experiment revealed that the root response to low R:FR was still present

despite the malfunction of GA biosynthesis genes. In addition, there are five GA20ox genes

encoded in Arabidopsis, amongst which GA20ox3 acts redundantly to GA20ox1 and GA20ox2

while GA20ox4 and GA20ox5 play minor roles (Plackett et al., 2012). Although we managed to

study the ga20ox1 ga20ox2 double mutant, which gave a similar response as wild-type Col-0,

we could not study the triple ga20oxmutant since it fails to germinate in our system. With the
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application of PAC, the root response to low R:FR was eliminated. As PAC blocks GA biosynthe-

sis upstream to GA20ox, this suggests that either PAC is more effective at inhibiting GA levels

than the mutants, or that GA intermediates between the targets of PAC and GA20ox may be

important for the root response to low R:FR, including ent-7α-hydroxykaurenoic acid, GA -

aldehyde, GA , and GA (Hedden and Thomas, 2012). Among them, GA was shown to be

the predominant formof GA traveling between shoot and root (Regnault et al., 2015), and is the

substrate of GA20ox. Possibly, GA abundance in the root is determined by the amount of sub-

strate rather than the GA biosynthesis capacity, as illustrated conceptually in Fig. 4.7. Finally,

applying GA to the root rescued the repression of LR growth inWL+FR at 10 µMGA , indicating

that GA indeed is an important factor of low R:FR-induced LR inhibition. In combination with

the della-p data (Fig. 4.1), wewould speculate that adding GA leads to full degradation of DEL-

LAs and therefore no low R:FR response in the root. But this is not what was found in the GA

application experiment at 100µM.One explanationmaybe that aGA transporter, NPF3 is found

to be required in the accumulation of fluorescein-tagged GA (GA-FI) in the endodermal cells of

the root elongation zone (Tal et al., 2016). As the experiment was conducted by immersing the

roots into liquid medium containing GA-FI, suggesting a role of NPF3 in transporting GA from

themedium to the endodermal cells of the root elongation zone. Moreover, in the same paper

the authors also show NPF3 is transcriptionally repressed by GA. Therefore, at 100 µM GA , it

is likely that NPF3 is downregulated and hence the GA uptake from the medium into the root

is reduced. Detailed imaging of RGA-GFP in the endodermis and LRPs under GA treatment

would be required to verify if DELLAs are indeed degraded in all cells upon GA treatment.

Taken together, we propose a model where GA integrates the shoot and root re-

sponse to low R:FR (Fig. 4.7). Upon perceiving low R:FR, active phyB (Pfr) is inactivated to

Pr. In this conceptual model, this would prevent GA20ox from being downregulated by phyB,

leading to a higher bioactive GA production compared to that in high R:FR and enhanced shoot

elongation (Hisamatsu et al., 2005). GA20ox targets GA , which is the mobile GA precursor

(Regnault et al., 2015). The expected turnover of GA by GA20ox in the shoot could lead

to less GA that can be transported to the root. As a consequence less bioactive GA would

be available to degrade DELLAs in the root and root growth would be repressed by DELLAs in

low R:FR. GA synthesis in the shoot in the ga20ox1-3 ga20ox2-1 mutant is inhibited severely

enough to suppress hypocotyl elongation under low R:FR, which would then leave more GA

for transport to the root system. Nevertheless, there is still a reduction of LR formation, as

found in wild-type, under low R:FR and this could result from reduced turnover over of GA

to bioactive GA in the roots, which also relies on GA20ox in the root system.

In Chapter 3, we showed that the reduction of LR growth under low R:FR is associated

with an arrest of LRP in stage 1-2 and stage 5-6 in WL+FR (Fig. 3.1 A). Here we show that low

R:FR induces RGA accumulation in the LRP (Fig. 4.2), which could imply that there is less GA in

the LRP. Low GA in the root represses the abundance of auxin transporter PIN3 (Willige et al.,

2011). PIN3 controls auxin reflux between endodermal and pericycle cells, which is important

for LR initiation (Vilches-Barro and Maizel, 2015). Furthermore, PIN3 in the overlaying cell of

stage 5-6 LRP is important for LR emergence (Vilches-Barro and Maizel, 2015). Future studies

should include quantification of DELLA abundance at 10 µM of GA application under WL and

WL+FR, and an LRP analysis in della-p to see which process of LR development in response

to low R:FR is disrupted by the mutation. In addition, it would be important to research the
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relationship under these conditions between the auxin and GA-DELLA network to investigate if

these are part of the same pathway. Indeed, it has been shown that auxin transport from the

apex is needed for full DELLA degradation in the primary root upon treatment with exogenous

GA (Fu and Harberd, 2003).

We demonstrated the importance of DELLAs and GA signaling in coordinating the

shoot and root response to low R:FR. The mobility of GA makes it a potential candidate car-

rying the environmental signal of light quality from the shoot to the root.

Figure 4.7. Schematic hypothetical model of GA action in regulating shoot and root re-

sponses to low R:FR. Upon low R:FR, phyB is inactive leading to an upregulation of GA20OX,

which increases the synthesis of bioactive GA and induces hypocotyl elongation. The bioac-

tive GA synthesis results in the depletion of the GA pool in the shoot that could travel

to the root. Eventually, the bioactive GA synthesized in the root is limited and more DEL-

LAs remain non-degraded, which represses LR growth. The size of the shapes symbol-

izes the relative amount of the product. Dashed lines represent long distance transport.

Plant illustration modified from Illustrations, Plant (2017): Shoot illustrations. Figshare

(https://doi.org/10.6084/m9.figshare.c.3701035.v7)

Materials and Methods

Plant materials and growth conditions

The following genotypeswere used: rga pRGA::RGA-GFP reporter line (Silverstone et al., 2001),

ga20ox2-1(GABI-KAT line 734G06), ga20ox1-3 ga20ox2-1 (Rieu et al., 2007); della-p (gai-t6 rga-

t2 rgl1-1 rgl2-1 rgl3-4), and gai-1 (Peng et al., 1997). Details of the growth conditions and
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root assays are given in Chapter 2. Details on the confocal microscopy and image analysis are

provided in Chapter 3.

Application of PAC and GA3 experiments

Seeds were sown on MS medium-containing plates (Chapter 2) for stratification and germina-

tion, on DAG1 (Day after germination) before the light treatment they were transferred to MS

plates that were supplementedwith PAC, GA ormock solution. GA and PAC (1x1000 stocks in

95% EtOH) were added to the medium after autoclaving, when the temperature had dropped

to around 55∘C.

Statistical analysis

All statistical analyses were performed with Graphpad Prism 6 (Windows, v6.01, 2012). Gra-

dient response curve means were analysed with multiple t-tests and corrected for multiple

comparisons using the Holm-Sidak method. All other experiments were analysed by Two-Way

analysis of variance (ANOVA), and a post-hoc Tukey test.
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Abstract

The increasing human population has led to an urgent need for increased food production,

which turns agricultural activities towards more dense cropping patterns or exposure to stress-

ful conditions, e.g. saline soil or infertile soil. In this case, plants encounter both light compe-

tition and abiotic stress simultaneously. Both abiotic stress and shade signals affect root and

shoot growth, but it is unknown how they interact. Previous chapters of this thesis showed

that the shade signal, low red (R): far-red (FR) alters the root system architecture (RSA) un-

der nutrient-sufficient and well-watered conditions. In this chapter, we aimed to answer if the

low R:FR signal is dominant to the RSA when encountering abiotic stresses. We focus on three

stresses: high salinity, phosphate (Pi) deficiency, and nitrogen (N) deficiency, coupled with and

without low R:FR to the shoot. Salt stress and low R:FR had an additive inhibitory effect on root

development, whereas both Pi and N deficiency override the low R:FR signal. In addition, we

showed that a high-affinity nitrate transporter, NRT2.1, is associated with the root response to

low R:FR. Taken together, nutrient deficiency (Pi and N) have a dominant effect as compared to

low R:FR, whereas low R:FR and salt signaling are possibly acting through differentmechanisms

on RSA reduction. This suggests plants prioritize nutrient deficient signals over low R:FR in the

root while salt stress is possibly parallel to the low R:FR signaling.
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Introduction

To feed the world’s anticipated 9 billion people by 2050, and with little new productive land

available, agricultural activities have been moving towards more dense cropping patterns

or/and to utilize adverse lands. High densities of cropping result in changes of light quality,

as green plant tissues absorb red light (R) but not far-red light(FR). Consequently, the ratio of

R:FR is reduced, which is signaled by plants and induces the shade avoidance syndrome. As it is

expensive and unrealistic to restore the adverse lands, an alternative solution may be to grow

more crop plants to compensate yield. In this case, plants encounter both light competition

and stress from the belowground simultaneously. However, the integration of shoot and root

in response to low R:FR coupled with belowground signals has not been studied. To this end,

we selected three conditions that are commonly known to affect root development; salt stress,

Pi deficiency, and N deficiency.

Saline lands result from poor irrigation and natural reasons, which account for 40%

of the total lands (FAO and ITPS, 2015). Salinity induces two major threats to plant growth:

osmotic stress which is similar to the stress caused by drought, and ionic stress (e.g. Na or

Cl toxicity) (Galvan-Ampudia and Testerink, 2011). Salt stress results in a reduction of primary

root (PR) growth through a rapid inhibition of mitotic activity, leading to a smaller meristem

(West et al., 2004). In addition, lateral root (LR) emergence is inhibited by salt stress through

inducing abscisic acid signaling and repressing gibberellin signaling (Duan et al., 2013).

Phosphate (Pi) is required for synthesis of essentialmolecules, such as DNA, RNA, ATP,

proteins, and lipids, etc, and is, therefore, a crucial nutrient for plant growth. Pi has very low

mobility and is present in the top layer of soil. For better Pi acquisition, plants adjust their root

system architecture (RSA) into a shallow and wide root system (Lynch, 2011), by inducing LR

initiation and arresting PR in Arabidopsis (Zhang et al., 2014). Such changes of RSA are mainly

mediated by auxin, through upregulation of auxin receptor TRANSPORT INHIBITOR RESPONSE

1 (TIR1) that leads to increases auxin sensitivity and promotion of LR formation (Pérez-Torres

et al., 2008).

Nitrogen (N) serves as a macronutrient and can be utilized by plants in two forms,

i.e. nitrate and ammonium. Under N deficiency, plants can use two strategies to increase the

N acquisition efficiency, which are modulation of RSA and increasing uptake capacity (Kiba and

Krapp, 2016). The responses of RSA vary upon the level of N limitation, under relatively mild N

limitation the length of PR and LR is increased (Giehl et al., 2014; Ma et al., 2014) while under

severe N limitation the overall growth is hindered resulting in shorter PR and LR (Gruber et al.,

2013). Herewe focus on the relativelymild N limitation. The RSA responses tomild N limitation

are primarily regulated through modifications of the auxin homeostasis (Giehl et al., 2014; Ma

et al., 2014). Another strategy to increase N uptake plants is through regulation of nitrate or

ammonium transporters (Kiba and Krapp, 2016). Amongst these transporters, a high-affinity

nitrate transporter, NRT2.1 seems to be a promising candidate to study the combined stresses

since it is controlled by HY5, which carries the light signals from the shoot to the root (Chen

et al., 2016).

In the previous chapters, we discovered that the low R:FR light signal plays a role in

regulating root development. In low R:FR, the root development is mediated by the mobile

transcription factor HY5 that affects the auxin transport in the LR primordia (LRP), and hence
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arrests LR emergence (Chapter 3). Auxin also regulates root responses to soil-borne stresses

(Rellán-Álvarez et al., 2016). We investigate here if the shoot-derived control of LR develop-

ment prevails over the belowground signals, such as salt stress, Pi deficiency, and N deficiency.

This is done using a vertical agar platform with different media supplied with NaCl or different

concentrations of Pi and nitrate. Also, root assays of a nitrate transporter mutant, nrt2.1nrt2.2,

and microscopy of LRP were conducted.

Results

To compare the shoot and the root responses to various treatments, we show four parameters

to represent the growth of a seedling, which are hypocotyl length, PR length, LR number, and

LR density. For belowground conditions, we tested salt stress, P deficiency, and N deficiency,

in a combination of high or low R:FR to the shoot. The concentrations and compositions of

the media were based on Kellermeier et al. (2014) for Pi and N deficiency experiments. NaCl

manipulations were based on Julkowska et al. (2014).

Low R:FR and salt affect RSA in an additive manner

We first investigated the effects of low R:FR and salt stress on the RSA in Arabidopsis seedlings.

We applied salt treatment on DAG4 (Days After Germination) which is three days after the start

of low R:FR treatment due to the severe inhibition on germination by salt stress. Nevertheless,

we checked if the relative timings of FR enrichment and salt treatment would affect the effects

of these two treatments and their combination. Only when low R:FR and salt were applied to-

gether did the additional reduction of LR density occur (Supplemental data Fig. S5.1 B) WL+FR

and WL/WL+FR treatments), which confirms the interactions between low R:FR and salt do

exist. If the treatments were consecutive, without overlap, the interaction effect was not de-

tected. In the shoot, salt treatment reduces the hypocotyl elongation induced by WL+FR (low

R:FR)(Fig. 5.1 A). In the root, bothWL+FR and salt treatment reduced the PR length (Fig. 5.1 C),

LR number (Fig. 5.1 D), and LR density (Fig. 5.1 B), and these RSA traits were further reduced

in the combination of low R:FR and salt treatments. This indicates the effects of low R:FR and

salt on the root are additive. Furthermore, as salt stress is composed of both osmotic and ionic

stresses, we conducted an experiment using an osmoticum (PEG) to create the same osmotic

potential value as with 75 mM NaCl, see Supplemental data Fig. S5.2. The results suggest that

at this salt concentration, the inhibitory effects on the hypocotyl (Supplemental data Fig. S5.2

A) and LR number (Supplemental data Fig. S5.2 D) result mainly from osmotic stress since the

osmoticum triggers similar responses as does NaCl. Ionic stress may reduce PR length (Supple-

mental data Fig. S5.2 C) and slightly stimulate LR density (Supplemental data Fig. S5.2 B) since

these two NaCl effects are not copied by osmoticum exposure.

Low R:FR effects on RSA are overridden by Pi deficiency

Under Pi deficiency (0.02 mM Pi), the hypocotyl elongation response to low R:FR was similar

to that under Pi sufficient (0.5 mM Pi) conditions (Fig. 5.2 A). In the root system, however, PR

length was reduced by Pi deficiency treatment (Fig. 5.2 C) while LR number and LR density
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Figure 5.1. Low R:FR and salt affect RSA in an additive manner. Response parameters in the

shoot and the root are hypocotyl length (A), lateral root density (B), primary root length (C), and

number of emerged lateral roots (D). Parameters were measured on 8 days old seedlings. Data

are means ± SEM (n= 15-20). Letters denote significant difference, P<0.05, Two-Way-ANONA.

were increased (Fig. 5.2 D and B), which is consistent with previous observations (Pérez-Torres

et al., 2008). The latter is of importance since published studies on Pi deficiency were typically

performed under conditions where root systems were exposed to light, rather than being kept

in dark as was done here. Interestingly, the inhibition of LR density by low R:FR was absent

under Pi deficient conditions (Fig. 5.2 B). This indicates that the Pi response dominates the FR

responses in the root system.

Figure 5.2. Low R:FR effects on RSA are overridden by low Pi. Response parameters in the

shoot and the root are hypocotyl length (A), lateral root density (B), primary root length (C), and

number of emerged lateral roots (D). Parameters were measured on 8 days old seedlings. Data

are means ± SEM (n= 15-20). Letters denote significant difference, P<0.05, Two-Way-ANONA.

Low R:FR effects on RSA response are overridden by N defi-

ciency

Under N deficiency (0.2mMnitrate), low R:FR-induced hypocotyl elongationwas reduced com-

pared to N sufficient (2 mM nitrate) condition (Fig. 5.3 A). In the root, the LR density and LR

number were not affected by low R:FR under N deficient conditions, although they were gen-
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erally lower than in N sufficient condition (Fig. 5.3 B and D). PR lengths were the same among

the four treatments (Fig. 5.3 C). These data indicate that N deficiency overrides and does not

Figure 5.3. Low R:FR effects on RSA are overridden by lowN. Response parameters in the shoot

and the root are hypocotyl length (A), lateral root density (B), primary root length (C), and

number of emerged lateral roots (D). Parameters were measured on 8 days old seedlings. Data

are means ± SEM (n= 35-40). Letters denote significant difference, P<0.05, Two-Way-ANONA.

interact with root response to FR-enrichment in the shoot, but it does interact with the shoot

response itself to FR enrichment. Prior studies showed that HY5 upregulatesNRT2.1 in the root

(Chen et al., 2016), and NRT2.1 is nitrate transporter involved in N-uptake. To confirm if NRT2.1

is a downstream target in controlling RSA under low R:FR we tested a T-DNA insertion mutant

which has disturbed NRT2.1 and NRT2.2 expression. The nrt2.1nrt2.2mutant showed a similar

level of shoot response to low R:FR (Fig. 5.4 A) as did wild-type Col-0, but lacks a LR density re-

sponses (Fig. 5.4 B). Furthermore, LRP analysis shows that in nrt2.1nrt2.2 there is no difference

*

*

Figure 5.4. Mutations of nrt2.1 and nrt2.2 alter the root response but not the shoot response

to low R:FR. Response parameters in the shoot and the root are hypocotyl length (A) and lateral

root density (B). (C) Average amount of LRP stages per seedling (fraction of total primordia) in

WL or WL+FR. The stages have been grouped in 1+2, 3+4, 5+6 and 7+Emerged. All data were

measured on 8 days old seedlings Data are means ± SEM (n= 15-20). Letters and * denote

significant difference, P<0.05, Two-Way-ANONA (A and B) or Students’ t-test (C).

in the fraction of total primordia of all stages betweenWL andWL+FR, while in wild-type there

is an accumulation of LRP in stage 3+4 under WL+FR (Fig. 5.4 C). Taken together, the results of

85



5. interactions between low R:FR and abiotic stress responses

both mutant and LRP experiments suggest that root responses to low R:FR are mediated partly

through at least NRT2.1 or/and NRT2.2, which stalls LRP progression and result in less emerged

LR.

Discussion

We described the shoot-root integration in response to low R:FR combined with three be-

lowground stress signals, salinity, P-deficiency, and N-deficiency, in terms of LR density and

hypocotyl elongation using Col-0 Arabidopsis seedlings. In the combination of salt stress and

low R:FR, the LR density was additively reduced by these two signals (Fig. 5.1 B) suggesting low

R:FR and salt acting through different signaling pathways to control LR development. However,

it cannot be excluded that both salinity and FR-enrichment would activate only part of one and

the same pathway and together elicit the full LR inhibition. Moreover, the osmotic stress com-

ponent of salinity plays a dominant role in both shoot and root responses to low R:FR compared

to ion toxicity, as shown in the Supplemental data Fig. S5.2. Therefore, the reduction in the

hypocotyl elongation under low R:FR and salt that was observed, is probably the consequence

of water uptake deficiency.

Under deficiency of Pi and N, the low R:FR-induced LR density reduction was overrid-

den by the nutrient signals (Fig. 5.2 B and Fig. 5.3 B, respectively) while the hypocotyl elonga-

tion was unaffected by Pi deficiency (Fig. 5.2 A) and was reduced by N deficiency (Fig. 5.3 A).

This suggests the shoot response to low R:FR is more sensitive to deficiency of N than Pi. The

nitrate transporter mutant line nrt2.1nrt2.2was shown to lose the low R:FR-induced LR density

reduction under N sufficient condition (Fig. 5.4 B and C), suggesting NRT2.1 and NRT2.2 may

play a role in LR repression in response to low R:FR. It is likely that in the N sufficient conditions,

lowR:FR stabilizes HY5which inducesNRT2.1 in the root (Chen et al., 2016), andNRT2.1 inhibits

LR initiation (Little et al., 2005). On the other hand, the hypocotyl elongation in response to

low R:FR in nrt2.1nrt2.2 was similar to the wild-type (Fig. 5.4 A), indicating the loss of partial

nitrate uptake ability (Li et al., 2007) doesn’t affect the shoot response to low R:FR. This is unlike

in the plants growing from N-deficiency in the mediumwhere wild-type showed less hypocotyl

elongation compared to N sufficient condition (Fig. 5.3 A), suggesting a positive correlation be-

tweenN availability and hypocotyl elongation. Perhaps in nrt2.1nrt2.2 the nitrate uptake ability

remains similar like in the wild-type in response to low R:FR, possibly through the extended LR

density (Fig. 5.4 B), which in wild-type would be reduced. Future studies should focus on the

nutrient acquisition ability in response to low R:FR, since it is unknown if the low R:FR-induced

reduction of RSA has a direct effect on the nutrient uptake efficiency. Plants may use other

strategies than modifying RSA to increase the uptake efficiency, such as increasing root hair or

increasing transporter density. In addition, these experiments were done in only one geno-

type. It is likely that natural variations exist and more studies among different accessions are

necessary to understand the integration of multiple signals.

From an agricultural point of view, our results may shed light on the consequences

of dense cropping on stressful lands in the vegetative stage. Dense cropping conditions are

typically sensed by FR-enrichment leading to a low R:FR as applied here in the treatments. On

saline soil, dense cropping modestly promotes shoot elongation but reduces LR development.
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In the Pi-deficient soil, dense cropping leads to amaximally increased shoot elongationwithout

any root reduction, but it is unknown if other trade-offs exist such as pathogen defenses. In

the relatively mild N-deficient soil, dense cropping results in only very minor shoot elongation

and no reduction in the root.

Materials and Methods

Plant materials and growth conditions

Details of the growth conditions and root assays are given in Chapter 2. All experiments were

done using the D-root system to shield the root systems from light. For salt treatment, the

seedlings were transplanted to the salt medium on DAG4. Salt medium was prepared using

the 0.5 MS medium supplemented with 75 mM NaCl, 0.1 % MES buffer, 1 % Daishin agar, pH

was adjusted to 5.8 using KOH to maintain the Na concentration. For Pi and N deficiency

treatment, the medium compositions were modified from Kellermeier et al. (2014), same mi-

cronutrient was used, but without adding sucrose, and with additional vitamin and organic to

be more similar like in 0.5 MS, 0.1 % MES buffer, 1 % Daishin agar, pH was adjusted to 5.8 us-

ing NaOH. For detailed compositions of mediums, refer to supplemental data table S5.1. The

seedlings were germinated and grown on the nutrient-conditioned mediums throughout the

experimental period. In addition to Col-0 wild-type, also the nrt2.1nrt2.2 mutant was used

(Salk_035429)(Li et al., 2007). The root assay and LRP analysis were conducted using the con-

trolmedium stated in supplemental data Table S5.1. Details on themicroscopy and LRP analysis

are provided in Chapter 3.

Statistical analysis

All statistical analyses were performed with Graphpad Prism 6 (Windows, v6.01, 2012). One-

Way or Two-Way-ANOVA were performed with a post-hoc Tukey test at significance level

p<0.05.
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Supplemental data

Figure S5.1. Alternative light treatments counteract with salt stress. Salt treatment was started

always on DAG4. WL: white light treatment for 8 days. WL+FR: white light with additional FR

light (low R:FR) starting from DAG1 lasting for 7 days. WL+FR/WL: white light with additional

FR light (low R:FR) starting from DAG1 lasting for 3 days followed by white light for 4 days.

WL/WL+FR: white light for first 4 days followed by 4 days white light with additional FR light.

Response parameters in the shoot and the root are hypocotyl length (A), lateral root density (B),

primary root length (C), and number of emerged lateral roots (D). Parameters were measured

on 8 days old seedlings. Data aremeans ± SEM (n= 15-20). Letters denote significant difference,

P<0.05, Two-Way-ANONA.
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Figure S5.2. Salt and osmoticum treatment show similar LR number in response to low R:FR

(WL+FR). 75mMNaCl has similar osmosis potential as 16.5mMPEG-8000 (van derWeele et al.,

2000; Verslues and Bray, 2004). Response parameters in the shoot and the root are hypocotyl

length (A), lateral root density (B), primary root length (C), and number of emerged lateral roots

(D). Parameters were measured on 8 days old seedlings. Data are means ± SEM (n= 15-20).

Letters denote significant difference, P<0.05, Two-Way-ANONA.
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Table S5.1. Compositions of mediums used in the Pi and N deficiency experiments

 

  Control Pi deficiency N deficiency 
 Stock 

(mM) 
Volumes (mL) of stock solutions used to prepare 0.5 

L of medium 
Calcium chloride (CaCl2 · 2H2O)  250 0.5 0.5 0.5 
Magnesium chloride (MgCl2 ·6H2O) 250 0.5 0.5 0.5 
Magnesium sulphate (MgSO4 · 7H2O)  250 0.5 0.5 0.5 
Potassium chloride (KCl) 195 0 0 4.62 
Potassium nitrate (KNO3)  200 5 5 0.5 
Sodium dihydrogen phosphate 
(NaH2PO4) 

500 0.5 0.02 0.5 

Sodium chloride (NaCl) 800 7.5 7.8 7.5 
Fe(III)Na-EDTA 4.25 5 5 5 
micronutrients stock1 100x 5 5 5 
vitamins stock2 1000x 0.5 0.5 0.5 
  final concentration of nutrients in media (mM) 
NO3

-  2 2 0.2 
P04

3-  0.5 0.02 0.5 
K+  2 2 2 
SO4

2-  0.25 0.25 0.25 
Mg2+  0.5 0.5 0.5 
Ca2+  0.25 0.25 0.25 
Na+  12.5 12.5 12.5 
Cl-  13 13.5 14.8 
Osmolarity  31 31 31 

 

1micronutrients stock  
(100x) 

final 
concentration 

 (g/mol) (uM) (uM) 
MnCl2  · 4H2O 223.07 180 1.8 
H3BO3 61.83 4500 45 
ZnSO4  · 7H2O 287.5 38 0.38 
(NH4) 6 Mo7O24 1235.9 1.5 0.015 
CuSO4 · 5H2O 249.68 16 0.16 
CoCl2 129.84 1 0.01 

 

2Vitamins and organics stock stock 
(1000x) 

 (g/mol) gram 
(100ml) 

myo-Inositol 100 mg/l 180.16 5 
Niacin 0.5 mg/l 123.109 0.025 
Pyridoxine · HCl 0.5 mg/l 205.64 0.025 
Thiamine · HCl 0.1 mg/l 337.23 0.005 
Glycine (recrystallized) 2.0 mg/l 75.05 0.1 
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Brief summary and integration

For humans, light serves as the illumination source to project objects onto the retina so we

can see things. But for plants, light has many more functions such as being the sole energy

source that drives photosynthesis, enhancing pathogen resistance (Ballaré et al., 2012), and

signals indicating vegetation (Pierik and de Wit, 2014). As a consequence, light conditions, like

other environmental cues, can also affect plant growth and fitness. Shade avoidance responses

are induced by reduced Red:Far-red light ratio (R:FR) and are well-established responses of the

shoot to enhance light capture under high planting densities, and these include upward leaf

movement, stem and petiole elongation and reduced shoot branching (reviewed in Franklin,

2008; Ballaré and Pierik, 2017). Although most plants are shade-avoiding, also shade toler-

ant plants exist and these do not display shade avoidance responses. Instead, they remain

mostly non-plastic and prevent spending resources on responses that will not allow them to

outcompete neighbors, which in case of shade tolerant plants are typically trees around them

(Valladares and Niinemets, 2008; Gommers et al., 2013). Despite the substantial knowledge on

these aboveground responses, hardly anythingwas known about responses in the root systems

to light cues sensed above-ground.

In this thesis, I aimed to investigate how light quality conditions associated with

neighbor density affect root development, taking advantage of the molecular-genetic tools

available in the genetic model plant Arabidopsis thaliana. Three types of light transmissions

that can affect root development were reviewed in Chapter 1, which are shoot-perceived light

signals, direct light perception in roots, and stem-piped light transmission to roots. Considering

the presumed relevance under natural conditions over varying developmental stages in nature,

I focused on the effects of shoot-perceived light signaling on root development. In Chapter 2 I

demonstrated a system which is modified based on the D-root system described in Silva-Navas

et al. (2015), tomaintain the roots in darknesswhile the shoots perceive light. In contrast to the

conventional vertical agar plate system where the roots experience light, this system enables

uncoupling direct and indirect light effects on root system architecture, whilst maintaining the

possibilities of imaging root systems. With this system, we identified the light-responsive tran-

scription factor HY5, which acts downstream to phytochromes and mediates a change in the

root system through regulating auxin transporters, PIN3 and LAX3 in response to low R:FR in

Chapter 3. We postulated that under low R:FR light conditions, HY5 abundance increases and

HY5 is transported rootward where we observed accumulation in the lateral root primordia.

Next to auxin, the roles of gibberellins (GAs) and their signaling repressors DELLAs in the shoot-

root integration in response to low R:FR were confirmed in Chapter 4. Taken together, low R:FR

seems to have a negative effect on auxin and GA signaling in the root, as concluded from the

fluorescence signals of DII-VENUS for auxin and RGA-GFP for GA. Both HY5 and GA have been

shown in literature to be mobile and transported from the shoot to the root system (Regnault

et al., 2015; Chen et al., 2016). Finally, as the roots are exposed to various conditions that may

exist in soil under natural and agricultural conditions, the interactions of light signal and nutri-

ent deficiencies and abiotic stress were studied in Chapter 5. We observed cross-talks between

light signaling and root-derived signaling events, for example the nitrate transporter-encoding

geneNRT2.1 is upregulated byHY5 and inhibits lateral root growth upon lowR:FR. This indicates

a strategy used by plants to respond to neighbor plants, perhaps increasing the abundance of
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transporters on the existing roots and to decrease the growth of new lateral roots. Based on

these results, we conclude that plants use light cues indicating neighbor density to regulate

root development and possibly also nutrient uptake efficiency. These findings are summarized

in Fig. 6.1.

Figure 6.1. Summarized overview of the shoot-derived low R:FR signaling pathway coupled

with abiotic stresses in regulating root development studied in this thesis. Light is used as a

cue to detect neighboring plant competition via sensing of the R:FR ratio. Plant tissues reflect

FR, which lowers the nearby R:FR ratio, leading to shade avoidance responses mediated by,

amongst others, HY5, auxin and GA. These transcription factor and hormones can be trans-

ported rootward where they affect root development. There are also indications that low R:FR

signal to the shoot, in a negative feedbackmechanism, decrease the amount of rootward auxin

and GA transport. Grey lines represent indirect evidence and dashed lines represent long dis-

tance transport. In addition, abiotic stresses affect root development throughmodulating auxin

homeostasis, could override the low R:FR signal on root development. This graph is modified

from Chapter 1 Fig. 1.4.
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Lessons and opportunities from the shoot and root

responses to low R:FR

Shoot and root integration

Our studies demonstrated simultaneously occurring shoot and root responses to the low R:FR

light signal of high planting density, facilitating a whole-plant level understanding of shade

avoidance. We tested several mutants and the phenotypes can be categorized into three

groups based on their responses to low R:FR: 1) defect in shoot response such as pif457 and

ga20ox1ga20ox2, 2) defect in root response such as lax3, hy5, della-p, and nrt2.1nrt2.2, and

3) defect in both shoot and root responses such as phyBDE and pin3-3. This suggests the re-

sponses to low R:FR in shoot and root are a cascade of events starting from the phytochromes

and that can be uncoupled at more downstream steps. In addition, other root developmental

events controlled by light signaling were recently discovered (reviewed in Ko and Helariutta,

2017), such as cytokinins promoting root hair formation in a phyA- and phyB- dependent man-

ner (Dobisova et al., 2017), and nodulation in Lotus japonicas being suppressed upon low R:FR

exposure through jasmonic acid signaling (Suzuki et al., 2011). However, the rootward signal

factors that would underly these events are still unknown. It is therefore essential to identify

what are the mobile signals controlling various root development aspects upon photoreceptor

activation in response to different light spectra.

Ecological meaning of shoot and root responses to low R:FR

We showed that upon low R:FR perception to the shoot, biomass accumulation increases in the

shoot, but decreases in the roots. This is consistent with increased elongation of the hypocotyl

and petioles, and inhibition of lateral root formation. When low R:FR exposure is combined

with encountering abiotic stresses that naturally occur in soil, it depends on which stress is

encountered if the root response to low R:FR is overridden or becomes additive leaving full or

partial shoot responses. Overall, plants growing under abiotic stresses and low R:FR light have

similar root biomass but bigger shoot biomass compared to those under control R:FR. It will be

interesting to study if competitive interactions between plant individuals will shift, depending

on the above- and below-ground competition cues and depending on the presence of abiotic

stress, such as salinity. There are indeed indications suggesting that under stressful conditions,

plant-plant interactions shift from competition towards facilitation (Fajardo andMcIntire, 2011;

He et al., 2013). The data presented here provide a mechanistic framework that may facilitate

designing functional studies on plant competition versus stress responses.

Natural variation and responses to low R:FR

I used Arabidopsis Col-0 and Ler accessions as wild-types to study the root responses to low

R:FR. In this thesis, these two accessions respond to low R:FR in a similar manner: their lat-

eral root development is reduced while the hypocotyl elongation is increased upon low R:FR

perception in the shoot. In addition, two crop species, Brassica nigra (black mustard) and Lac-

tuca sativa (lettuce) were recently observed to display similar responses as Col-0 and Ler to FR
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enrichment (van Gelderen, Paalman, and Pierik, unpublished data). These observations sug-

gest that these root responses to shoot-sensed low R:FR may be rather conserved throughout

the higher plant kingdom. On the other hand, substantial variation for hypocotyl elongation

responses to FR-enrichment has been observed between different naturally occurring acces-

sions of Arabidopsis (Filiault and Maloof, 2012, St. Onge, Sasidharan, and Pierik, unpublished

data). Also, root development responses to abiotic stress and nutrient availabilities are highly

variable between different accessions of Arabidopsis (Kawa et al., 2016; Julkowska et al., 2017).

This indicates that there may be quantitative contributions by several genetic loci in controlling

these responses to low R:FR among different ecotypes, or the different ecotypes may have dif-

ferent sensitivities to the nutrient conditions so the response to low R:FR may be overridden

by the nutrient signals (Chapter 5).

Future perspective

Multiple light components

As discussed in previous section, shifts to facilitation of plant-plant interactions under stressful

conditions have been observed. Future studies focusing on the low R:FR light signal in relation

to abiotic stresses at a whole-plant level can help to understand the physiology of individual

plants and would likely be instrumental to crop improvement programs. Although here we fo-

cus on low R:FR which is perceived by phytochromes, there are several other photoreceptors

such as UV-B RESISTANCE LOCUS8 (UVR8), cryptochromes, and phototropins (Chapter 1) and

the knowledge regarding to their signaling events are of great economic importance. For ex-

ample, UVR8 signaling may be important for growers using glass-made greenhouses, as glass

filtered UV light and therefore affect UVR8-mediated signaling events so the required plant

management is different than that in an open field (Dzakovich et al., 2016). Importantly, at

high planting densities all wavelengths are affected, but not all in the same way. Furthermore,

the light quality distribution is highly heterogeneous inside canopies, depending on exactly

where shading and reflection occur. Action and co-action between different photoreceptors

are therefore occurring (e.g. de Wit et al., 2016b) and may determine the competitive posi-

tions of plant individuals. Furthermore, co-action between different photoreceptor activities

may have effects on root development that could be different from the strict FR effects studied

here.

Direct light exposure and response of roots

Direct effects of light exposure of the roots were not studied in this thesis and it was argued in

Chapter 1 that these may not always persist in most species, due to lack of light-piping capacity

in for example young seedlings or due to the great distances at which light would have to travel

internally to reach bioactive zones of the root systems. Nevertheless, direct light effects might

certainly be of interest and relevance for specific plant species and conditions. The commer-

cially grown plant, Phalaenopsis (orchid), has aerial roots that are expose to light directly in

nature. This feature may serve as a good system to study direct light effects on root develop-

ment. Studies in orchids relevant to light effects on root development mostly focused on the
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effects of environmental conditions during transportation on the survival rate (Su et al., 2001),

or optimizing the production parameters to maximum yield (Blanchard and Runkle, 2008; Hsu

and Chen, 2010). However, understanding the fundamental molecular mechanism of root biol-

ogy in Phalaenopsis is very limited. Blanchard and Runkle (2008) reported that orchids grown

in opaque pots had formed three timesmore roots outside of each container compared to that

grown in translucent containers, suggesting orchid roots are light responsive and may be pho-

totropic. Besides, Hsu and Chen (2010) showed that orchids grown under either white, red,

or blue LED light sources had no significant differences in root length, which is quite different

from what has been observed in Arabidopsis roots (Silva-Navas et al., 2015), further stressing

the earlier point that there may be substantial variation between species in their responsive-

ness to light.

Multiple signals from the shoot to the root

As summarized in Fig. 6.1, at least three mobile factors have been studied here that may trans-

fer information about the light environment from the shoot to the root system. These are auxin,

GA and HY5. Although much is known about auxin transport and control over auxin transport

by light (Keuskamp et al., 2010; Ding et al., 2011; Kohnen et al., 2016; de Wit et al., 2016a), in

Chapter 3 we also discuss why a putative change in auxin delivery from the shoot to the root

may not suffice to explain the observed root developmental responses to shoot-sensed R:FR.

For GA transport one transporter has been identified (Tal et al., 2016), NPF3 (Nitrate Trans-

porter1/Peptide Transporter 3) and it is unknown if this would be under control of light quality.

Importantly, even though HY5 has been shown to be transported from the shoot to the root

using such tools as grafting and tissue-specific expression, the transport mechanisms remains

unknown. Future studies on shoot-sensed R:FR effects on root development, should there-

fore address the precise means of transport of mobile components relaying this information

from the shoot to the root. Such studies should include tissue-specific approaches to investi-

gate precisely which cell types contribute to this transport of information carriers between the

extreme ends of the plant: the leaves and the roots. Such studies should also verify to what

extent the established pathways are independent, or part of one and the same signal trans-

duction web. Once these mechanisms are fully elucidated, this holds great potential for future

crop improvement programs since it would deliver genetic components at a tissue-specific res-

olution for which target crop species could be improved. Combining such knowledge with a

whole-plant understanding of interactions between these signaling webs and those involved

with abiotic stress resistance and nutrient responses, has great potential to tailor such crop

improvement to specific climatic and/or soil conditions.

98



6. Summarizing discussion and future perspectives

References

Ballaré, C. L., C. A. Mazza, A. T. Austin, and R. Pierik (2012). Canopy light and plant health. Plant

Physiol. 160, pp. 145–155.

Ballaré, C. L. and R. Pierik (2017). The shade-avoidance syndrome: Multiple signals and ecolog-

ical consequences. Plant Cell Environ. 40, pp. 2530–2543.

Blanchard, M. G. and E. S. Runkle (2008). Container opacity and media components influence

rooting of potted Phalaenopsis and Doritaenopsis orchids. Acta Hortic. 788, pp. 115–120.

Chen, X., Q. Yao, X. Gao, C. Jiang, N. P. Harberd, and X. Fu (2016). Shoot-to-Root Mobile Tran-

scription Factor HY5 Coordinates Plant Carbon and Nitrogen Acquisition. Curr. Biol. 26,

pp. 640–646.

Ding, Z. et al. (2011). Light-mediated polarization of the PIN3 auxin transporter for the pho-

totropic response in Arabidopsis. Nat. Cell Biol. 13, pp. 447–453.

Dobisova, T., V. Hrdinova, C. Cuesta, S. Michlickova, I. Urbankova, R. Hejatkova, P. Zadnikova,

M. Pernisova, E. Benkova, and J. Hejatko (2017). Light Controls Cytokinin Signaling via Tran-

scriptional Regulation of Constitutively Active Sensor Histidine Kinase CKI1. Plant Physiol.

174, pp. 387–404.

Dzakovich, M. P., M. G. Ferruzzi, and C. A. Mitchell (2016). Manipulating Sensory and Phyto-

chemical Profiles of Greenhouse Tomatoes Using Environmentally Relevant Doses of Ultra-

violet Radiation. J. Agr. Food Chem. 64, pp. 6801–6808.

Fajardo, A. and E. J. McIntire (2011). Under strong niche overlap conspecifics do not compete

but help each other to survive: Facilitation at the intraspecific level. J. Ecol. 99, pp. 642–650.

Filiault, D. L. and J. N. Maloof (2012). A Genome-Wide Association Study Identifies Variants

Underlying the Arabidopsis thaliana Shade Avoidance Response. Plos Genet. 8, e1002589.

Franklin, K. A. (2008). Shade avoidance. New Phytol. 179, pp. 930–944.

Gommers, C. M.M., E. J. W. Visser, K. R. St Onge, L. a. C. J. Voesenek, and R. Pierik (2013). Shade

tolerance: when growing tall is not an option. Trends Plant Sci. 18, pp. 65–71.

He, Q., M. D. Bertness, and A. H. Altieri (2013). Global shifts towards positive species interac-

tions with increasing environmental stress. Ecol. Lett. 16, pp. 695–706.

Hsu, H.-C. and C. Chen (2010). THE EFFECTOF LIGHT SPECTRUMONTHEGROWTHCHARACTER-

ISTICS OF IN VITRO CULTURES OF PHALAENOPSIS. Propagation of Ornamental Plants Acta

Horticulturae 10, pp. 3–8.

Julkowska, M. et al. (2017). Genetic Components of Root Architecture Remodeling in Response

to Salt Stress. Plant Cell, tpc.00680.2016.

Kawa, D., M. M. Julkowska, H. M. Sommerfeld, A. Ter Horst, M. A. Haring, and C. Testerink

(2016). Phosphate-Dependent Root System Architecture Responses to Salt Stress. Plant

Physiol. 172, pp. 690–706.

Keuskamp, D. H., S. Pollmann, L. A. C. J. Voesenek, A. J. M. Peeters, and R. Pierik (2010). Auxin

transport through PIN-FORMED 3 (PIN3) controls shade avoidance and fitness during com-

petition. P. Natl. Acad. Sci. USA. 3, pp. 22740–22744.

Ko, D. and Y. Helariutta (2017). Shoot-Root Communication in Flowering Plants. Curr. Biol. 27,

R973–R978.

Kohnen,M., E. Schmid-Siegert,M. Trevisan, L. Allenbach Petrolati, F. Sénéchal, P.Müller-Moulé,

J. N. Maloof, I. Xenarios, and C. Fankhauser (2016). Neighbor Detection Induces Organ-

99



6. Summarizing discussion and future perspectives

specific Transcriptomes, Revealing Patterns Underlying Hypocotyl-specific Growth. Plant

Cell 28, pp. 2889–2904.

Pierik, R. and M. de Wit (2014). Shade avoidance: phytochrome signalling and other above-

ground neighbour detection cues. J. Exp. Bot. 65, pp. 2815–2824.

Regnault, T., J.-M. Davière,M.Wild, L. Sakvarelidze-Achard, D. Heintz, E. Carrera Bergua, I. Lopez

Diaz, F. Gong, P. Hedden, and P. Achard (2015). The gibberellin precursor GA12 acts as a

long-distance growth signal in Arabidopsis. Nature Plants 1, p. 15073.

Silva-Navas, J., M. A. Moreno-Risueno, C. Manzano, M. Pallero-Baena, S. Navarro-Neila, B.

Téllez-Robledo, J. M. Garcia-Mina, R. Baigorri, F. J. Gallego, and J. C. Pozo (2015). D-Root: A

system for cultivating plants with the roots in darkness or under different light conditions.

Plant J. 84, pp. 244–255.

Su, V., B. D. Hsu, andW. H. Chen (2001). The photosynthetic activities of bare rooted Phalaenop-

sis during storage. Sci. Hortic-amsterdam. 87, pp. 311–318.

Suzuki, A. et al. (2011). Lotus japonicus nodulation is photomorphogenetically controlled by

sensing the red/far red (R/FR) ratio through jasmonic acid (JA) signaling. P. Natl. Acad. Sci.

USA. 108, pp. 16837–16842.

Tal, I. et al. (2016). The Arabidopsis NPF3 protein is a GA transporter.Nat. Commun. 7, p. 11486.

Valladares, F. and Ü. Niinemets (2008). Shade Tolerance, a Key Plant Feature of Complex Nature

and Consequences. Annual Review of Ecology, Evolution, and Systematics 39, pp. 237–257.

de Wit, M., V. C. Galvão, and C. Fankhauser (2016a). Light-Mediated Hormonal Regulation of

Plant Growth and Development. Annu. Rev. Plant Biol. 67, pp. 513–537.

deWit,M., D. H. Keuskamp, F. J. Bongers, P. Hornitschek, C.M.Gommers, E. Reinen, C.Martínez-

Cerón, C. Fankhauser, and R. Pierik (2016b). Integration of Phytochrome and Cryptochrome

Signals Determines Plant Growth during Competition for Light. Curr. Biol. 26, pp. 3320–

3326.

100



Summary

Summary

The increasing human population has led to an urgent need for increased food production. One

way to achieve this is by turning agricultural activities towards more dense cropping patterns.

Plants in dense vegetation, however, compete for resources such as light, water and nutrients

and detect their competitors through sensing light quality changes. The changes in composition

of the light that is reflected by or transmitted through leaves include reduced red (R):far-red

(FR) light ratios via FR reflection and depletion in blue (and R) light for photosynthesis. R and

FR light are sensed via the phytochrome family of photoreceptors that are activated by R and

inactivated by FR light. When the R:FR decreases, this indicates proximate neighbor plants. In

response, plant initiate so-called shade avoidance responses, which include shoot elongation

to grow towards the light, early flowering, and altered distribution of assimilates, all enhancing

the opportunities for light capture. However, in agriculture, these responses often cause yield

loss because the shade avoidance investments typically go at the expense of investments into

the harvestable organs. Although shade avoidance responses are well-studied, very little is

known about effects of light quality on root development.

The core light signaling mechanisms, their impact on root development and plastic-

ity, and the functional implications of these above-belowground interactions are reviewed in

Chapter 1. The chapter distinguishes direct light effects from indirect effects that are mediated

by long-distance signal transduction from the shoot to the root system.

Chapter 2 describes how light signals affect root development, by comparing the con-

ventional vertical agar plate system with the D-Root system. In the conventional system, roots

are light-exposed, whereas in the D-Root set-up they are shielded. It is shown here that the

very presence of light alreadymodulates root development. Using this setup, it is subsequently

shown how two light signals occurring in shade, low R:FR and blue light depletion, affect root

system architecture. Low R:FR was found to suppress lateral root formation, and slightly in-

hibit primary root length. These responses on the root system of Arabidopsis seedlings are FR-

specific and not induced by blue light depletion. FR enrichment reduced primary root length,

lateral root number and lateral root length. Arabidopsis has five phytochromes, of which only

phyA is active in FR light, whereas phyB, phyD, and phyE are R:FR-reversible sensors of future

shade. Interestingly, mutants for phyA and for phyB,D,E were both FR-insensitive for the root

response to shoot-exposed low R:FR, implying their importance for root responses to shoot-

sensed R:FR. These phytochromes are also important for the aboveground growth responses

to R:FR.

In Chapter 3 the mechanisms regulating the root responses to low R:FR are further

investigated. It is shown that this shoot-derived control of lateral root development is medi-

ated by the mobile transcription factor ELONGATED HYPOCOTYL 5 (HY5). HY5 accumulation

in the lateral root primordia is increased under low R:FR conditions of the shoot. HY5 then

regulates the auxin transport and response network in lateral root primordia. As a result of

HY5-dependent suppression of the PIN-FORMED 3 (PIN3) and LIKE-AUX1 3 (LAX3) auxin trans-

porters, the required auxin accumulation in the relevant cells is reduced and consequently lat-

eral root emergence is arrested in low R:FR. In addition to this HY5-auxin axis of light-control

of root development, Chapter 4 shows how another hormone, gibberellin (GA), is involved in

this response to light quality as well, and that this involvement acts through DELLA proteins;
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suppressors of GA-responses. I show here that DELLAs are essential for the root system ar-

chitecture response to low R:FR and the control of root development by light signals from the

shoot is GA dependent. I propose a mechanism in which less of the biochemical precursors

of bioactive GA are transported from the shoot to the root under low R:FR conditions as com-

pared to under control light. This is not likely via inhibition of the transport routes themselves

but rather via increased turnover of this precursors into bioactive GA in the shoot itself, as

triggered by low R:FR detection. This would leave a smaller precursor pool for rootward trans-

port. Low R:FR induces DELLA accumulation in the lateral root primordium, which is associated

with the root growth reduction. Furthermore, as shown by the ga20ox2 and ga20ox1ga20ox2

mutants, reduced GA biosynthesis reduces the shoot responses to low R:FR and the number of

lateral roots in general, yet the lateral root density was further reduced in response to low R:FR.

I propose a conceptual model where the shoot and the root response to low R:FR regulated by

GA-DELLA is described.

Roots, are essential for nutrient acquisition, but are also typically exposed to the abi-

otic stresses that can exist in soils. It is therefore studied in Chapter 5 how the R:FR-mediated

adjustments of root system architecture interact with root responses to nutrient deficiencies

and to abiotic stress. Both abiotic stress and shade signals affect root and shoot growth, but it is

unknown how they interact. Previous chapters of this thesis showed that the shade signal, low

R:FR, alters the root system architecture under nutrient-sufficient andwell-watered conditions.

In this chapter, I studied if the low R:FR signal is dominant to controlling root system architec-

ture when encountering abiotic stresses. I focused on three stresses: high salinity, phosphate

(Pi) deficiency, and nitrogen (N) deficiency, coupled with and without low R:FR to the shoot.

Salt stress and low R:FR had an additive inhibitory effect on root development, whereas both

Pi and N deficiency override the low R:FR signal. Under these nutrient-deficient conditions,

therefore, only the nutrient effect on root system architecture is visible. Taken together, nutri-

ent deficiency (Pi and N) have a dominant effect as compared to low R:FR, whereas low R:FR

and salt signaling are possibly acting through additive mechanisms on root system architec-

ture. This suggests plants prioritize nutrient deficient signals over low R:FR in the rootwhile salt

stress is possibly parallel to the low R:FR signaling. It is possible that during aboveground plant

neighbor detection the root system is only suppressed under optimal soil conditions where a

reduced root system size is still sufficient to acquire the required nutrients.

The results from Chapters 2-5 are summarized and briefly integrated in the general

discussion of Chapter 6.

102



Samenvatting

Samenvatting

De voortdurende groei van de wereldbevolking maakt het in de toekomst nodig om constant

de voedselproductie te verhogen en deze efficiënter te maken. Een mogelijke manier om dit te

bereiken is het verhogen van de plantingsdichtheid op akkers. Echter, wanneer planten dichter

bij elkaar worden gezet kan dat leiden tot ongewenste bij-effecten op de plantengroei. Planten

zijn bij hogeplantdichthedenmet elkaar in competitieom licht datde energiebron vanplanten is

die wordt vastgelegd in suikers via fotosynthese, en ondergrondse grondstoffen zoals water en

minerale nutriënten. Via veranderingen in de samenstelling van het licht dat planten doorlaten

of reflecteren kunnen planten elkaar waarnemen. Een verhoogde plantingsdichtheid leidt tot

een toename van de hoeveelheid ver-rood (FR: far-red) licht in het spectrum, doordat planten

deze golflengten niet absorberen voor fotosynthese, maar juist reflecteren. Andere kleuren

zoals rood (R) en blauw licht worden juist sterk geabsorbeerd voor fotosynthese. Deze toe-

name van FR licht wordt waargenomen door een groep lichtreceptoren die we fytochromen

noemen. Deze fytochromen worden geactiveerd door R licht en geïnactiveerd door FR licht.

Wanneer er meer FR in het licht aanwezig is en de ratio van R:FR dus daalt, leidt dit tot ef-

fecten zoals strekkingsgroei, verhoogde bladhoeken, vervroegde bloeitijd en een reductie in

wortelgroei. Deze effecten worden collectief ‘schaduw ontwijking’ genoemd en brengen de

bladeren in de beter belichtte, hogere lagen van de vegetatie. Echter, deze reacties zijn veelal

ongewenst in de landbouw, omdat ze ten koste gaan van investeringen in oogstbare delen. In

dit proefschrift behandel ik een relatief weinig bestudeerd fenomeen, de reductie van wortel-

groei tijdens schaduw ontwijking.

In hoofdstuk 1wordt een overzicht gegeven van de reeds bekende signaleringsmech-

anismen van schaduw ontwijking en de effecten van verschillende golflengtes in het licht op de

wortelgroei. Hier worden de verschillende routes van signaal overdracht besproken en wordt

onderscheid gemaakt tussen directe effecten van lichtwaarneming in het wortelstelsel en indi-

recte signaal overdracht vanuit de bovengrondse delen naar het wortelstelsel.

Hoofdstuk 2 beschrijft allereerst hoe een bovengronds waargenomen lage R:FR ratio

leidt tot een vermindering van dewortelgroeimet behulp van een agar-plaat systeem genaamd

‘D-root’. In deze opstelling kunnen wij de wortels van Arabidopsis thaliana beschermen tegen

het licht en alleen de scheut blootstellen aan extra FR. Hier wordt aangetoond dat de aan-

wezigheid van licht uberhaupt een effect heeft op de precieze ontwikkeling van het wortels-

telsel. Vervolgens bleek een lage R:FR als gevolg te hebben dat de laterale wortelvorming, pri-

maire wortelgroei, en laterale wortellengte verminderd zijn. Deze effecten zijn afhankelijk van

de fytochroom lichtreceptoren. Arabidopsis heeft vijf fytochromen, phyA, phyB, phyC, phyD

en phyE. Mutanten met een verlies van de phyA of PhyB,D,E fytochroomfunctie reageren niet

meermet hunwortels op de FR stimulus, wat aangeeftdat deze receptoren betrokken zijn bij de

reactie van de wortel op scheut-waargenomen licht. Deze fytochromen zijn tevens belangrijk

voor de regulatie van de bovengrondse schaduw vermijdingsreacties.

In Hoofdstuk 3 wordt het mechanisme van de wortelrespons op laag R:FR verder

uitgediept. Hierin laat ik zien dat de transcriptiefactor ELONGATED HYPOCOTYL 5 (HY5) de ver-

mindering van laterale wortels in laag R:FR reguleert. Deze vermindering van laterale wortels

wordt veroorzaakt door een defect in de uitgroei van de vroege laterale wortels, de zogeheten

primordia. HY5 is eenmobiele transcriptiefactor en wij laten zien dat de hoeveelheid HY5 eiwit
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in de laterale wortelprimordia verhoogd is onder laag R:FR condities. Waarschijnlijk wordt HY5

getransporteerd van de scheut naar het wortelstelsel, en neemt dit proces toe in laag R:FR. HY5

kan in de primordia het transport van het planthormoon auxine negatief beïnvloeden. Auxine

zorgt ervoor dat de buitenste cellagen, de cortex en epidermis, elkaar loslaten en zodoende de

juiste uitgroei van het laterale wortelprimordium mogelijk maken. Door de hoeveelheid van

de auxine transporters PIN-FORMED 3 (PIN3) en LIKE-AUX1 3 (LAX3) te verminderen kan HY5

de auxine benodigde stijging van niveaus in de relevante cellen verminderen en daardoor de

uitgroei van het laterale primordium in laag R:FR vertragen.

Behalve auxine, laat hoofdstuk 4 zien dat een ander planhormoon, gibberellinezuur

(GA), ook betrokken is bij de vermindering van laterale wortels in laag R:FR. Door GA toe te

voegen of GA aanmaak te blokkeren verdween ook de respons van de wortels op scheut-

waargenomen FR licht. De GA respons eiwitten ‘DELLA’s’ zijn ook betrokken bij deze wortel-

respons. In dit hoofdstuk stel ik een mechanisme voor waarbij het transport van biochemis-

che voorlopers van GA vanuit de scheut naar het wortelstelsel verminderd wordt. Dit komt

waarschijnlijk niet door interferentie met transport banen, maar doordat de aanmaak van

bioactieve GA uit de biochemische voorlopers in de scheut omhoog gaat voor de benodigde

stengelstrekking. Hierdoor zou er minder beschikbaar blijven voor transport naar het wortel-

stelsel. Dit zorgt ervoor dat er minder DELLA eiwitten in de laterale wortelprimordia worden

afgebroken, resulterend in hogere DELLA concentraties waardoor de uitgroei negatief beïn-

vloed wordt.

Plantenwortels zijn essentieel voor de opname van voedingsstoffen en wortels rea-

geren ook op verschillen in de hoeveelheid nutriënten in de grond door hun groei aan te passen.

Ook reageren wortels op abiotische stress signalen zoals een verhoogde zoutconcentratie. In

hoofdstuk 5 onderzoek ik hoe deze factoren zich verhouden tot de respons op laag R:FR. Drie

condities worden hierin bekeken, namelijk limitaties in de hoeveelheid fosfaat en de hoeveel-

heid stikstof en een verhoging van de hoeveelheid zout in het medium. Zout stress heeft net

als laag R:FR een negatief effect op de algehele wortelgroei, en deze effecten blijken cumu-

latief te zijn als ze tegelijk voorkomen. Laag fosfaat en laag stikstof zijn echter dominant ten

opzichte van laag R:FR en zorgen ervoor dat de vermindering van de lateralewortels door het FR

signaal niet meer optreedt. Onder deze nutriënten-arme condities is derhalve uitsluitend het

nutriënten effect zichtbaar. Dit suggereert dat de plant in het wortelstelsel prioriteit geeft aan

de aanpassing op de vermindering van voedingsstoffen ten opzichte van de aanpassing op laag

R:FR. Wellicht is het dus zo dat bij bovengrondse buurplantdetectie het wortelstelsel uitslui-

tend wordt geremd als de bodemcondities goed genoeg zijn om met een kleiner wortelstelsel

toch voldoende nutriënten op te nemen.

De resultaten van hoofdstukken 2 tot en met 5 worden samengevat en kort bedis-

cussieerd in de algemene discussie van hoofdstuk 6.
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