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Branching is a highly plastic trait, enabling plants to adapt their growth form in response
to environmental stimuli. In flowering plants, shoot branching is regulated through the
activity of axillary buds, which grow into branches. Several classes of plant hormones
have been shown to play pivotal roles in regulating bud outgrowth. Auxin derived from the
primary shoot apex and active branches inhibits bud outgrowth, whereas cytokinin promotes
it. Strigolactones also inhibit bud outgrowth, by changing properties of the auxin transport
network, increasing the competition between buds. This occurs by modulating access to
the polar auxin transport stream (PATS) in the main stem. The PATS provides directional,
long distance transport of auxin down the stem, involving basal localisation of the auxin
transporter PIN-FORMED1 (PIN1). Buds need to export their auxin across the stem towards
the PATS in order to activate, but since PIN1 is mainly expressed in narrow files of cells
associated with the stem vasculature, PINT itself it is unlikely to facilitate this connectivity.

This thesis re-examines the role of auxin transport in the stem, showing that, besides the
PIN1-mediated PATS, other auxin transport proteins constitute a more widespread and less
polar auxin transport stream, allowing auxin exchange between the PATS and surrounding
tissues. Disruption of this transport stream is shown to reduce bud-bud communication and
to partially rescue the increased branching observed in strigolactone mutants. Furthermore, it
is shown that distinct classes of auxin transport proteins within this stream can differentially
affect bud outgrowth mediated by BRANCHED1 (BRC1). BRCI1 is a transcription factor
proposed to determine bud activation potential. Taken together, the data presented here
provide a more comprehensive understanding of the shoot auxin transport network and its
role in shoot branching regulation.
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Chapter 1
Introduction

This thesis concerns the hormonal control of shoot branching and, specifically, the role of

transport of the plant hormone auxin.

1.1 Plant architecture

The sessile nature of plants means that they are unable to escape from unfavourable habitats.
Instead they need to adapt to the prevailing environmental conditions. Plants are able to
do so by changing their body architecture. The root system can change its architecture in
response to soil nutrient availability and increases nutrient foraging when there is a shortage
of nutrients. The shoot system has to cope with a range of biotic and abiotic factors, such as
herbivory and optimising photosynthetic input.

The ability of plants to adapt their body architecture lies in the indeterminate nature of
their development. The general body plan is determined very early in the plant’s life cycle,
during embryogenesis. Here the apical-basal axis is formed, with a shoot apical meristem at
the apex and a root apical meristem at the base. The shoot apical meristem determines the
subsequent growth of all above ground parts of the plant. It does so in a modular manner
by forming phytomers. A phytomer is a repeating unit, which consists of a node and its
associated leaf or leaves and axillary meristem, and an internode connecting the phytomer to
the next node (Fig. 1.1). Axillary meristems have the same growth potential as the primary
shoot apical meristem and can give rise to higher order plant structures. Axillary meristems
can form axillary buds, which can either remain dormant or continue to grow and form a
branch. The number of phytomers formed, and the activity of the axillary buds thus make an
important contribution to determining shoot architecture.

The regulation of axillary bud outgrowth is important because it can influence the

reproductive success of the plant. Lateral branches provide a new source of growth when the
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shoot apex

cauline branch

leaf

internode

rosette branch

Fig. 1.1 Arabidopsis plant architecture.
Photograph of a 5-week old Arabidopsis plant, grown under long day conditions. The main architecture
of the plant is indicated. Bar = 50 mm.

plant is damaged. Lateral branches also produce flowers, which in turn can determine the
number of seeds the plant produces in its life. Furthermore, lateral branches can optimise
light capture for photosynthesis. All these factors are strongly affected by environmental
conditions, making the axillary bud a crucial integrator for the plant’s growth response to its
environment.

The outgrowth of lateral branches is strongly affected by the activity of the primary shoot
apex which, when active, is able to prevent lateral branches from growing. This process is
called apical dominance and prevents excessive proliferation of lateral branches when the
primary shoot is growing. Directing growth at the shoot apex can have adaptive advantages
to the plant, since concentrating growth in the vertical axis can optimise light capture for
photosynthesis and allows the plant to outcompete neighbouring plants. The mechanism of
apical dominance also ensures rapid activation of lateral branches when, for example due to
herbivory, the primary shoot is damaged and the degree of apical dominance is reduced.

The inhibitory effect of the primary shoot apex on lateral branch outgrowth would suggest
that branches activate in a basal to apical pattern, since the lateral buds closest to the apex
would experience the strongest inhibition. Axillary meristems are formed in the rosette leaf
axils when they are approximately 17 nodes removed from the primary shoot apex (Stirnberg
et al., 1999). This normally only occurs during prolonged vegetative growth, since under
standard long day growth conditions the plant transitions to flowering and at this transition
the formation of rosette leaves normally stops. During prolonged vegetative growth lateral
buds activate in a basal to apical pattern (Grbic and Bleecker, 1996). However, after floral
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transition lateral branches activate rapidly along the primary shoot axis in an apical to basal
pattern (Hempel and Feldman, 1994; Stirnberg et al., 1999).

Branching patterns are highly influenced by plant hormones, which change their distri-
bution and activity throughout development and according to growth conditions. As such,
they enable the plant to regulate its growth. The role of several hormones in this process is

discussed in the following section.

1.2 Plant hormones in shoot development

Plant hormones are substances that affect plant growth and are able to do so at very low
concentrations. Hormones are active throughout the entire life cycle of the plant and can
have major effects on the shoot architecture of the plant. Transition from a dormant to an
active state in axillary buds is strongly influenced by the activity of plant hormones. Three
hormones, auxin, cytokinin and strigolactone, appear to be particularly important in the

switch to activation and are the focus of the following discussion.

1.2.1 Auxin

Auxins are a class of plant hormones of which indole-3-acetic acid (IAA) is the most
abundant. The two main sources of free IAA are de novo synthesis of IAA and release of
TAA from stores of conjugates. Synthesis of IAA in plants can occur via different biosynthetic
pathways. In most pathways the aromatic amino acid tryptophan is used as a precursor,
but mechanisms independent of tryptophan also exist (reviewed in Zhao, 2010). The main
biosynthetic pathway for IAA in Arabidopsis uses the intermediate indole-3-pyruvate (IPA),
which is catalysed from tryptophan by TAA1 (TRYPTOPHAN AMINOTRANSFERASE
of ARABIDOPSIS) and several other closely related proteins (Stepanova et al., 2008; Tao
et al., 2008). Members of the YUCCA protein family then catalyse the conversion of IPA to
IAA (Mashiguchi et al., 2011; Stepanova et al., 2011; Won et al., 2011; Zhao, 2012).
Auxin conjugates are formed when amino acids or sugars are added to IAA. Auxin
conjugates are thought to be inactive, providing a pool of auxin that can be released into its
biologically active form (Bartel and Fink, 1995; Jakubowska and Kowalczyk, 2005; Rampey
et al., 2004; Ostin et al., 1998). The addition of amino acids to IAA is facilitated by the GH3
(GRETCHEN HAGEN3) family of proteins (Staswick et al., 2005). Sugar addition to TAA is
catalysed by UGTs (UDP GLUCOSYL TRANSFERASE) (Jackson et al., 2001; Szerszen
et al., 1994). Auxin is also degraded and the oxidised form of IAA, 2-oxindole-3-acetic acid
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(oxIAA), is a primary catabolite in Arabidopsis (Peer et al., 2013; Péncik et al., 2013; Ostin
et al., 1998).

Perception of auxin occurs through an Skp1-Cullin-F-box (SCF) E3 ubiquitin ligase
complex. In Arabidopsis, ASK1 (ARABIDOPSIS SKIP-LIKE1) and CUL1 (CULLINT)
form the Skp1 and Cullin subunits, respectively. Target specificity is mediated by the F-box
protein subunit, of which the TIR1 (TRANSPORT INHIBITOR RESPONSEL!) protein is
an important member (Dharmasiri et al., 2005; Gray et al., 2001; Kepinski and Leyser,
2005; Ruegger et al., 1998). The SCF complex targets proteins for ubiquitination, which
marks them for degradation via the 26S proteasome. The TIR1 protein is related to a
family of F-box proteins, called AFBs (AUXIN RESPONSE F-BOX) and collectively these
proteins mediate transcriptional auxin responses (Dharmasiri et al., 2005). Upon binding with
auxin, TIR1/AFBs interact with Aux/IAA (AUXIN/INDOLE-3-ACETIC ACID) proteins,
which act as co-receptors. Aux/IAAs contain the conserved DII domain, which forms a
lid-like structure upon binding to auxin and TIR1/AFBs (Tan et al., 2007). Auxin affinity is
largely determined by the differential auxin sensing properties which arise from the different
TIR1/AFB - Aux/IAA combinations (Calderén Villalobos et al., 2012). Through these
interactions, auxin brings the Aux/IAAs to the SCF complex, resulting in their ubiquitination
and degradation via the 26S proteasome pathway (Gray et al., 2001; Maraschin F dos et al.,
2009). Aux/TAAs act as transcriptional repressors and in the absence of auxin they bind to
AUXIN RESPONSE FACTOR (ARF) transcription factors, which prevents the ARFs from
activating the transcription of auxin-inducible genes (Guilfoyle and Hagen, 2007; Guilfoyle
et al., 1998; Ulmasov et al., 1997).

Transport of auxin occurs predominantly through the activity of specialised transport

proteins. The function of these proteins is discussed in Section 1.3.

1.2.2 Cytokinin

Cytokinins are a class of plant hormones that induce cytokinesis, or cell division, in the
presence of auxin. Several natural cytokinins occur in plants, of which trans-zeatin (tZ)
and isopentenyladenine (iP) are most abundant in angiosperms. The initial step of iP and
tZ cytokinin synthesis is mediated through the activity of ADENYLATE ISOPENTENYL-
TRANSFERASE (IPT) genes (reviewed in Kudo et al., 2010), which are expressed throughout
the plant (Miyawaki et al., 2004). Active cytokinin is formed by conversion of iP and tZ
nucleotides by LONELY GUY (LOG) family members (Kurakawa et al., 2007; Kuroha et al.,
2009).

Degradation of cytokinins in Arabidopsis is catalysed by the members of the CYTOKININ
OXIDASE/DEHYDROGENASE (CKX) gene family. Overexpression of CKX genes results in
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enhanced breakdown of cytokinins and the catabolism of cytokinins contribute to the correct
regulation of cytokinin function in development (Werner et al., 2003).

Perception of cytokinin occurs through a two-component phosphorelay system (reviewed
in Hwang et al., 2012). The ARABIDOPSIS HIS KINASE (AHK) receptors are membrane
localised and autophosphorylate upon binding with cytokinin. The phosphate is relayed
to the ARABIDOPSIS HIS PHOSPHOTRANSFER PROTEINS (AHP), which then move
from the cytoplasm into the nucleus. Within the nucleus there are two types of ARABIDOP-
SIS RESPONSE REGULATORS (ARRs), type A and type B. The type B ARRs act as
DNA-binding transcription factors, promoting cytokinin signalling responses. They directly
promote the expression of type A ARRs. Type A ARRs are positively regulated by cytokinin
and complete a negative feedback loop through their ability to negatively regulate the activity
of the type B ARRs, although the mechanism by which they do this is still unclear. Down-
stream, CYTOKININ RESPONSE FACTORS (CRFs) can mediate further the cytokinin
response (Rashotte et al., 2006).

Transport of cytokinins can take place in multiple ways. Movement of tZ can occur from
the root towards the shoot, via the xylem. In the opposite direction iP can move in the phloem
(reviewed in Kudo et al., 2010). To date, three different protein families involved in cytokinin
transport have been identified, PUP, ENT and ABCG. The first member of the PURINE
PERMEASE] (PUP) family was shown to be able to transport kinetin and zeatin in adenine-
deficient yeast mutants that were complemented with Arabidopsis cDNA libraries (Gillissen
et al., 2000). Recently, PUP14 was shown to localise to the plasma membrane in Arabidopsis
embryos, removing apoplastic cytokinin and regulating development by inhibiting perception
of cytokinin by plasma membrane-localised cytokinin sensors (Zurcher et al., 2016). However,
it is unlikely that much plasma membrane perception of cytokinin occurs, because the AHK
receptors are predominantly localised on the endoplasmic reticulum (Wulfetange et al., 2011).
Another family of putative cytokinin transporters are the EQUILIBRATIVE NUCLEOTIDE
TRANSPORTER (ENT) proteins. The ENTs are thought to transport inactive forms of
cytokinin (reviewed in Hirose et al., 2008), but are also able to transport many non-cytokinin
compounds, suggesting that they might not act specifically in cytokinin transport. Both the
PUP and ENT proteins have been shown to affect the uptake of cytokinin. Cytokinin export
has been reported for the ABCG14 protein, which belongs to a sub-clade of the ATP-binding
cassette family. Loss-of-function abcgl4 mutants show reduced long distance cytokinin
transport of root-derived trans-zeatin and use of radiolabelled tZ shows that the protein acts
as an efflux pump (Ko et al., 2014; Zhang et al., 2014).
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1.2.3 Strigolactone

Strigolactones are a class of cartenoid-derived hormones that were first discovered as a
germination stimulant for parasitic plants, such as Striga (Cook et al., 1966). Strigolactones
are exuded from roots into the rhizosphere. They promote hyphal branching of arbuscular
mycorrhizal (AM) fungi, which form symbioses with most land plants, and enhance the
efficiency of AM colonisation (Akiyama et al., 2005; Besserer et al., 2006). They have only
been identified recently as important regulators of shoot branching control (Gomez-Roldan
et al., 2008; Umehara et al., 2008) and have been shown to influence other plant developmental
processes, such as cambial growth (Agusti et al., 2011) and leaf shape (Stirnberg et al., 2002).

Strigolactone synthesis in Arabidopsis occurs in sequential steps catalysed by DWARF27
(D27), MORE AXILLARY GROWTH3 (MAX3), MAX4 and MAX1, where all-trans-f3-
carotene is converted into carlactone, a common precursor of diverse strigolactones (Alder
et al., 2012). In Arabidopsis, MAXI converts carlactone into carlactonoic acid, which
is then methylated to produce MeCLA (Abe et al., 2014). LATERAL BRANCHING
OXIDOREDUCTASE (LBO) further converts MeCLA into an unidentified strigolactone-like
compound (Brewer et al., 2016).

Similar to the auxin hormone signalling pathway in Section 1.2.1, strigolactone signalling
is based on targeted protein degradation via an SCF complex (Fig. 1.2). The F-box protein
determines the specificity of the complex, which in strigolactone signalling is mediated by
the MAX?2 protein (Stirnberg et al., 2007, 2002). Mutants lacking functional MAX?2 are
unable to respond to the synthetic strigolactone, GR24, suggesting that MAX2 is involved in
strigolactone signalling (Gomez-Roldan et al., 2008; Umehara et al., 2008). The SCFMAX2
complex leads to polyubiquitination of SUPPRESSOR OF MORE AXILLARY GROWTH2-
LIKE (SMXL) proteins SMXL6, SMXL7, SMXLS8, which act as growth regulators, and
whose activity is suppressed by strigolactone signalling (Soundappan et al., 2015; Wang
et al., 2015).

Recent advances have shown that strigolactone perception occurs through the a/f3-
hydrolase superfamily protein DWARF14 (D14), which has been identified in different
species, such as Arabidopsis, petunia and rice (Hamiaux et al., 2012; Kagiyama et al., 2013;
Waters et al., 2012; Zhao et al., 2013). D14 proteins function as strigolactone receptors by
cleaving strigolactone, and retain one of the hydrolysis products, leading to a conformational
change that allows interaction with MAX2 (de Saint Germain et al., 2016; Yao et al., 2016).

Strigolactone binding enhances the physical interaction of D14 and MAX2, with the
latter named D3 in rice, which apparently destabilises D14 (Chevalier et al., 2014; Hamiaux
et al., 2012; Zhao et al., 2015). The structure of the D14-D3-ASK1 complex showed that
during strigolactone hydrolysis the lid-like structure collapses, reducing the volume of the
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hydrophobic cavity and triggering strigolactone signalling (Yao et al., 2016). The D3-ASK1
complex apparently stabilises the closed state of D14, which provides an explanation for
the failure to capture D14 in its active signalling state. The d/4-5 mutant retains its ability
to hydrolyse strigolactone, but is unable to interact with MAX?2/D3 and fails to act as a
strigolactone receptor, demonstrating that the enzymatic activity and signalling functions of
D14 can be uncoupled (Yao et al., 2016).

Movement of strigolactones in Arabidopsis occurs from the root towards the shoot, but not
vice versa, as demonstrated by grafting experiments (Turnbull et al. 2002; Booker et al. 2002).
Strigolactones have recently been discovered in the xylem sap from tomato and Arabidopsis,
which provides further support for their unidirectional movement (Kohlen et al., 2011). To
date, the only characterised strigolactone transporter is the ABC transporter PLEIOTROPIC
DRUG RESISTANCEI (PDR1) in petunia (Kretzschmar et al., 2012). Strigolactone excretion
into the soil in petunia pdrl mutants is strongly compromised, and overexpression of PDR]
in Arabidopsis confers increased tolerance to high concentrations of GR24 (Kretzschmar
et al., 2012). No other strigolactone transporters have been identified to date, and there is no
orthologue of PDRI in Arabidopsis, so the role of strigolactone transport and any possible
contribution to shoot branching control remains unclear.

1.3 The auxin transport network

Hormonal movement through stems is tightly regulated and plays an important role in the
regulation of many plant developmental processes, including the control of shoot branching.
A key example of tightly controlled hormone movement is the transport of auxin. Because
auxin movement plays a central role in the regulation of shoot branching (see Section 1.5),
its transport is explained in more detail below.

1.3.1 The mechanism of auxin transport

Transport of auxin can occur both passively and actively. Auxin is a weak acid and the
pH of the environment determines whether it exists as a negatively charged anion (IAA”)
or as an uncharged proton-associated molecule (IAAH). The pH of the apoplast is acidic
(pH ~5.5), and here a relatively large proportion of auxin molecules will exist in their
uncharged, protonated state. In this state the auxin molecule can passively cross the plasma
membrane. The pH within the cell is higher than in the apoplast, usually around 7, which
results in disassociation and formation of IAA", which is unable to passively cross the plasma

membrane. This traps the auxin inside the cell and transporters are required to move auxin out
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Fig. 1.2 The strigolactone signalling pathway in Arabidopsis.

Strigolactones are synthesised from all-trans-f-carotene, which is converted into strigolactones by
sequential action of D27, MAX3, MAX4 and MAX1. Perception occurs through D14, which cleaves
strigolactone and retains one of the hydrolysis products. The resulting conformational change enables
interaction with the MAX?2 F-box protein. MAX?2 forms part of an SCF-complex which enables
ubiquitination and targeted protein degradation of SMXL6,7,8. This allows growth responses to
strigolactones. Redrawn and adapted from Morffy et al. (2016).
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of the cell. This mechanism is known as the chemiosmotic model of auxin transport (Raven,
1975; Rubery and Sheldrake, 1974).

The ability of auxin to move passively across the plasma membrane suggests that active
import into the cell might not be important. However, there is a family of four closely related
auxin importers, which in Arabidopsis are the AUXIN RESISTANTI1 (AUXT1) and three
LIKE-AUXIN RESISTANTI1 (LAX1-3) proteins (Bennett et al., 1996; Peret et al., 2012;
Swarup et al., 2001). Measurements on auxin influx in protoplasts show that auxin influx
mediated by AUXI1 is of a comparable magnitude as that of auxin efflux, suggesting active
AUX1-mediated import may dominate auxin influx into the cell (Rutschow et al., 2014).

Auxin efflux from cells is mediated by several protein families, of which the PIN-
FORMED (PIN) family is of particular importance. The PIN family of proteins in Arabidopsis
consists of 8 members. The PIN1 protein plays an important role in the movement of auxin
down the stem and the regulation of auxin distribution at the shoot apex (Bennett et al., 1995;
Gilweiler et al., 1998; Okada et al., 1991). Three other members, PIN3, PIN4 and PIN7,
cluster closely together phylogenetically and share the most similarity with PIN1 (Krecek
et al., 2009; Paponov et al., 2005). These four proteins often polarise to particular plasma
membranes of cells, giving directionality to the auxin movement across tissues. Other
members, such as PINS, PIN6 and PIN8 appear to affect mainly auxin movement within
cells (Dal Bosco et al., 2012; Mravec et al., 2009; Sawchuk et al., 2013).

Auxin transport has also been shown to depend on another class of proteins, the ATP-
BINDING CASSETTE (ABC) transporters, sub-class B (Geisler et al., 2005; Noh et al.,
2001). These proteins localise predominantly in a non-polar manner, although localisation
can be polar (Geisler et al., 2005). Apart from their role in auxin export, some ABCB proteins
are able to act as both importers and exporters (Kamimoto et al., 2012; Kubes et al., 2012).

Active auxin export can be blocked through pharmacological inhibitors. Two commonly
used inhibitors are 1-N-naphthylphthalamic acid (NPA) and 2,3,5-triiodobenzoic acid (TIBA).
How they function exactly remains unclear, but both inhibitors appear to have a rather general

effect on protein transport (Geldner et al., 2001).

1.3.2 Energising auxin transport through proton ATPase activity

In order to function, transport proteins need energy. In ABCB proteins, the protein itself
is able to generate the required energy. ABC transporters have cytoplasmic ATP-binding
domains which are able to bind to ATP and the subsequent hydrolysis of ATP drives the
transport. Proteins without such ATP-binding domains, like PIN and AUX1/LAX proteins,
rely on the proton motive force to energise their transport. The proton motive force across
the plasma membrane consists of a membrane potential and a pH gradient, both of which
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are generated through the activity of H"-ATPases. The H"-ATPases are proton pumps which
pump positive charges (H") out of the cell. This creates a membrane potential and the
increase in protons also acidifies the apoplast. The pH of the apoplast is typically between 5
and 6, whereas the pH of the cytoplasm inside the cell is around 7, and this difference results
in a pH gradient across the plasma membrane.

There are 11 isoforms of the Arabidopsis H"-ATPase (AHA). These proteins are a sub-
family of the P-type ATPase superfamily of ion pumps (Axelsen and Palmgren, 2001), which
appear to be the only members to specifically catalyse the ATP-dependent efflux of protons
across the plasma membrane (Haruta et al., 2010). Two of the genes encoding these proteins,
AHAI and AHA?2, are expressed at high levels throughout the plant. Relatively more AHA 1
transcript is found in shoots, whereas AHA?2 transcript is more abundant in roots (Haruta
et al., 2010). They play an important role in plant growth, since mutants carrying mutations
in both these genes are embryo-lethal (Haruta et al., 2010).

1.3.3 Feedback between auxin and proton ATPase regulation

The activity of H"-ATPases is at least in part regulated by auxin, since auxin promotes plasma
membrane H*-ATPase activity (Takahashi et al., 2012). This can affect auxin transport and
growth. An increase in plasma membrane H*-ATPase activity increases the proton gradient
across the plasma membrane, which is predicted to enhance the accumulation of auxin within
the cell and increase both the influx and efflux of auxin (Steinacher et al., 2012).
Auxin-induced H*-ATPase activity also leads to acidification of the cell wall, which can
loosen the cell wall and result in cell expansion (Hager, 2003). This mechanism underlies
the acid growth theory, which predicts that growth can occur through rapid elongation of
cells in response to an acidic environment (reviewed in Rayle and Cleland, 1992). The
molecular mechanism underlying auxin-induced H*-ATPase activity has only recently been
uncovered. In etiolated hypocotyls, auxin application is able to phosphorylate a critical Thr-
947 residue in the auto-inhibitory domain of AHAs, activating the proton pump (Takahashi
et al., 2012). This effect is mediated through the transcriptional upregulation of members
of the SMALL AUXIN UP-RNA (SAUR) gene family, which are primary auxin response
genes. SAUR proteins are highly unstable, but use of stabilised proteins has shown that a
cluster of these proteins, including SAUR19, can positively regulate cell expansion (Spartz
et al., 2012, 2014, 2017). Stabilised SAUR19 plants exhibit increased plasma membrane
H*-ATPase activity, which results from increased phosphorylation at the critical Thr-947
residue (Spartz et al., 2014). SAUR19 and several other SAUR proteins mediate this effect by
physically interacting with the PP2C.D subfamily of protein phosphatases, which negatively
regulate plasma membrane H*-ATPase activity and Thr-947 phosphorylation status (Spartz
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et al., 2014). Upon binding to SAURs, PP2C.D phosphatase activity is inhibited, leading to
auxin-mediated cell expansion (Spartz et al., 2014, 2017).

Although cell expansion contributes to growth, sustained growth also requires plants to
transport their auxin effectively from the shoot towards the root. The vasculature in the stem

is important for this, as discussed below.

1.3.4 Auxin transport in stems

Active auxin transport is also strongly associated with the vasculature. The polar auxin
transport stream (PATS) in stems makes a major contribution to the transport of auxin from
the shoot towards the root. The PATS is associated with the vascular bundles, particularly the
xylem parenchyma and the cambium (Goldsmith, 1977) and the composition and number
of vascular bundles within the stem is likely to affect auxin transport. The arrangement of
tissues within a stem can vary greatly between species. In the majority of higher plants the
vascular system is organised in discrete vascular bundles, which have a collection of xylem
cells, with phloem cells opposite them. The xylem and phloem are set in the ground tissue,
or parenchyma cells, and are separated by the cambium, which consists of meristematic cells
that give rise to the xylem and phloem cells. In monocots, the arrangement of the vascular
bundles is more or less irregular whereas in dicots the discrete vascular bundles are arranged
in a ring. In dicots in the mature stem the cambium can extend between the vascular bundles,
forming a complete ring of vascular tissue. This can give rise to extensive xylem and phloem
development, which is most obvious in woody plants, such as trees (reviewed in Scarpella
and Meijer, 2004).

The stem anatomy in Arabidopsis follows the general arrangement of dicot stems and
the different tissues in Arabidopsis stems can be distinguished in cross sections (Fig. 1.3).
Following the tissues from the outside towards the centre of the stem at the position of
a vascular bundle, there is the epidermis, cortex, phloem, cambium, xylem and xylem
parenchyma. Surrounding the vascular bundles, the sclerenchyma cells have very thick cells
walls and form a fibrous tissue that provides support to the plant. The inner tissue of the stem
is comprised of pith parenchyma cells.

Auxin in the stem moves in a basipetal manner, from the apex towards the root. The bulk
of the auxin transport occurs through the PATS, to which the PIN1 protein makes a major
contribution (Gélweiler et al., 1998). In the stem, PIN1 is localised predominantly on the
basal plasma membrane of xylem parenchyma and cambium cells (Gélweiler et al., 1998). In
accordance with this role, the bulk movement of radiolabelled auxin through pin/ mutants

stems is strongly decreased (Bennett et al., 1995; Okada et al., 1991). Conversely, stem auxin
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Fig. 1.3 Arabidopsis stem anatomy.

Cross section through the basal internode an Arabidopsis inflorescence stem, grown under long day
growth conditions, at terminal flowering. Cell walls are stained with toluidine blue. The main types
of tissues discussed in the text are indicated. Bar = 100 um.
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transport in max mutants, which show high levels of PIN1 in the stem, is increased (Bennett
et al., 2006; Crawford et al., 2010; Shinohara et al., 2013).

Other PIN proteins also contribute to stem auxin transport (Bennett et al., 2016a; Boot
et al., 2016). Furthermore, ABCBs, which are expressed in much broader domains in the
stem than PINs (Bennett et al., 2016a) can also contribute to stem auxin transport (Noh
et al., 2001). The presence of many different auxin efflux proteins in the stem suggests that
stem auxin transport dynamics are likely to be complex. In accordance with this, auxin
pulses applied to stems generally show a degree of spreading (e.g. Brewer et al., 2009;
Rashotte et al., 2003), which would not be expected if auxin moved simply from shoot to
root with linear kinetics. Interestingly, the rate of spreading of a pulse over time can provide
information about the underlying transport mechanism (Mitchison, 2015) and auxin pulse
dynamics suggest that stem auxin transport is likely comprised of multiple auxin transport
regimes with different transport properties (Bennett et al., 2016a; Boot et al., 2016; Mitchison,
2015).

1.4 Development and regulation of shoot apices

The capability of long term growth in lateral branches lies at the axillary meristem. Meris-
tematic cells in the axillary meristem give rise to all the tissues that make up the branch and,
for branches to grow, these meristematic cells must be formed, maintained and regulated.
The regulation of meristems is under tight genetic control. The three hormones discussed
above, auxin, cytokinin and strigolactone, all affect axillary meristem activity and their roles

are discussed below.

1.4.1 Formation of shoot apices

All aerial parts of the plant derive from the primary shoot apical meristem (SAM). In
Arabidopsis, the SAM is a dome of cells with a specific spatial arrangement. The outer L1
layer of cells divides predominantly anticlinally, forming the shoot epidermis. Immediately
subtending the L1, the L2 also typically acts as a single layer of cells contributing to sub-
epidermal tissues. Further inwards, the L3 divides in both anticlinal and periclinal directions
and cells derived from it form core tissues in leaves and stems. Radially, distinct functional
zones can be distinguished in the SAM with, at the centre of the dome, a central zone
which contains slow dividing meristematic cells, which give rise to the surrounding tissues.

Adjacent to this is the peripheral zone, where an increased rate of division amplifies cell
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populations and new organs are initiated. Underlying these two zones is the rib zone, where
division and elongation contribute to the stem tissues.

Axillary meristems in Arabidopsis exhibit the same cellular and functional organisation
as the primary SAM. The SAM is initiated very early in embryogenesis, whereas axillary
meristems form post-embryonically in leaf axils. Axillary meristem formation is under the

control of at least two hormones, auxin and cytokinin. Their role is discussed below.

1.4.2 Hormonal control of shoot meristem initiation and activity

Recent analyses have characterised the role of plant hormones in the specification of axillary
meristem formation (Wang et al., 2014a,b). Low auxin levels in leaf axils precede the
initiation of axillary meristems and artificially elevating auxin concentration in this region
disrupts axillary meristem formation (Wang et al., 2014a,b). Axillary meristem formation is
also impaired when auxin transport is disrupted. Mutants lacking PIN1 form significantly
fewer axillary meristems than wild type plants and a similar effect is seen in plants lacking
PINOID, an important regulator of PIN1 activity (Wang et al., 2014a,b). Axillary meristem
formation is not only compromised in backgrounds where auxin export is impaired, but also
in auxllaxllax2 auxin importer mutants (Wang et al., 2014a).

Axillary meristem formation is also dependent on cytokinin. Cytokinin signalling,
perception and biosynthesis are increased during axillary meristem formation (Wang et al.,
2014b) and mutants impaired in these processes show decreased levels of axillary meristem
formation (Muller et al., 2015; Wang et al., 2014b).

Apart from their roles in meristem formation, auxin and cytokinin also play important
roles in the regulation of meristem activity. The initiation of new organs at the SAM coincides
with the accumulation of high concentrations of auxin (Benkova et al., 2003; Heisler et al.,
2005; Vernoux et al., 2011). These auxin maxima correspond to the polarisation pattern of
PIN1 in the SAM. Here, PIN1 localisation in the L1 layer is polar, and directed towards
sites of inferred high auxin accumulation (Bayer et al., 2009; Benkova et al., 2003; Heisler
et al., 2005; Reinhardt et al., 2003). Using computational models, the phyllotactic patterns
at the shoot apex can largely be reproduced using a system where PIN1-mediated auxin
accumulation controls patterning (Jonsson et al., 2006; Smith et al., 2006). Mutants lacking
PIN1 provide further evidence. The Arabidopsis pin/ mutant fails to produce flowers, and
applying pharmacological inhibitors of auxin transport to wild type plants can mimic this
effect (Bennett et al., 1995; Okada et al., 1991). Conversely, exogenous application of
auxin to such barren meristems can trigger flower production, but only when applied to the
peripheral zone of the meristem, suggesting that the role of auxin maxima in organ initiation
is highly tissue specific (Reinhardt et al., 2003).
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The formation of auxin maxima at the SAM depends on the correct localisation of auxin
exporters, but it is also influenced by auxin importers. The aux!laxllax2lax3 quadruple
mutant, lacking all four known auxin import proteins, displays disrupted phyllotactic pattern-
ing (Bainbridge et al., 2008). The formation of auxin maxima, as well as PIN polarisation
is disrupted in this mutant background and it appears that auxin importers are necessary to
stabilise PIN-mediated patterning mechanisms (Bainbridge et al., 2008). Further evidence
for this comes from the observation that PIN1 expression in the L1 alone is not sufficient
to restore a normal phyllotactic pattern in pinlauxilax] mutants, and that in these mutants
PIN1 is ectopically expressed in the L2 (Kierzkowski et al., 2013).

1.5 Models for shoot branching control

The outgrowth of branches is a coordinated interaction between the shoot apices and the stem.
It is likely that systemic and local effects are involved in the regulation of bud outgrowth and

models which attempt to explain this are discussed below.

1.5.1 The effect of auxin on lateral bud outgrowth

Auxin produced by the shoot apex has an inhibitory effect on the outgrowth of underlying
axillary buds. Experiments conducted in the 1930s showed that when the shoot apex is
removed through decapitation, axillary buds which were previously inhibited were able to
activate. Application of auxin to the decapitated stump was shown to restore bud outgrowth
inhibition, demonstrating that auxin is the signal responsible for the inhibition (Thimann and
Skoog, 1933). However, the inhibitory effect of auxin is indirect, since auxin itself does not
enter the bud (Booker et al., 2003; Prasad et al., 1993). Auxin movement through the stem
occurs in a basipetal manner, which precludes upward movement into the bud. Interestingly,
this basipetal movement of auxin does not only result in inhibition of buds located basally to
the growing shoot, but more apical buds can also be inhibited (Ongaro et al., 2008; Snow,
1929). Together, these observations suggest that auxin inhibits bud outgrowth in an indirect
manner.

Two main non-exclusive hypotheses have been proposed to explain the indirect effect
of auxin on bud inhibition. One model predominantly takes into account the manner in
which auxin transport is dynamically regulated in the context of bud outgrowth. The other
model suggests that second messengers relay the inhibitory effects of auxin. Both models are

discussed next.
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1.5.2 The auxin transport canalisation model for shoot branching

control

The auxin transport canalisation model for shoot branching control proposes that buds need
to efficiently export their auxin in order to activate and that this export occurs through a
process called canalisation. The concept of auxin transport canalisation was proposed to
explain patterns of vascular strand formation in response to wounding and describes the
process where an initial auxin flow from an auxin source towards an auxin sink is upregulated
and polarised, and becomes limited to increasingly narrower files of auxin transporting cells,
and thus becomes ‘canalised’ (Sachs, 1981). This process relies on a positive feedback
between auxin flux and transport. Auxin flux upregulates and polarises its own transport in
the direction of the flux (Sachs, 1981). Although the concept of canalisation was proposed
prior to the molecular genetic era, observations on PIN auxin efflux proteins have confirmed
the positive feedback auxin exerts on its own transport, as well as the importance of auxin
transport in vascular patterning (Paciorek et al., 2005; Sauer et al., 2006; Sawchuk et al.,
2013; Scarpella et al., 2006). Furthermore, when PIN localisation was traced in experiments
comparable to Sachs’, the dynamic behaviour was consistent with the early predictions (Balla
et al., 2011; Sauer et al., 2006).

In the context of shoot branching, canalisation is thought to play an important role in
enabling buds to establish efficient and sustained auxin export into the stem. Inactive buds
are potential sources of auxin which produce and export auxin upon activation (Balla et al.,
2011; Li and Bangerth, 1999; Morris, 1977; Thimann and Skoog, 1933). Auxin export from
buds is correlated with their growth (Li and Bangerth, 1999; Morris, 1977; Prusinkiewicz
et al., 2009). An explanation for this export requirement might be that it allows continued
leaf initiation and expansion (Bayer et al., 2009).

The ability of buds to canalise their auxin transport into the stem is predicted to be
influenced by the sink strength of the main stem for auxin, relative to the auxin source
strength of the bud. Crucial in this process is the initial auxin flux from the bud towards the
stem, which, as a result of the positive feedback between auxin flux, and the upregulation and
polarisation its auxin transport, is amplified to establish a polar auxin transport stream out of
the bud. It is important to note that the initial flux out of the bud depends on relative, not
absolute differences between auxin sources and sinks, as well as the strength of the feedback
between auxin flux and its upregulation and polarisation (Prusinkiewicz et al., 2009). For
example, auxin concentrations at an auxin source may remain constant in absolute terms, but
become relatively stronger if the sink strength is reduced. This situation could arise if less

auxin is exported into the sink. In the context of the main stem, this would occur following
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decapitation of the primary shoot apex, or when other sources of auxin reduce their auxin
export into the sink.

A key determinate of sink strength is the amount of auxin that is present in the main
stem. Catabolism and synthesis of auxin in the main stem typically appears to be limited
(discussed in Kramer and Ackelsberg, 2015). Therefore the auxin concentration in the main
stem is primarily determined by the amount of auxin fed into it and the amount of auxin
that is transported away towards the root. Growing shoot apices produce auxin and feed
this into the stem. The amount of auxin produced by each active apex is not necessarily
constant, so the individual source strength of each active apex can vary. However, each
actively growing apex feeds auxin into the stem, thereby affecting the sink strength. The
rate at which auxin is transported towards the root also affects the sink strength, since high
levels of polar auxin transport away to the root will result in a stronger sink. The resulting
relative balance between any given source and sink then determines how readily a bud is able
to activate. A bud acting as a strong auxin source, combined with a stem providing a strong
sink will enable a bud to canalise its auxin export easily and activate. In contrast, a bud
which produces little auxin will find it more difficult to establish an initial auxin flux towards
a comparable sink, and would be predicted to remain dormant. Importantly, this system
assumes dynamic modulation of the auxin transport network as buds activate. All buds feed
into a common sink and as such they compete for access to the polar auxin transport stream
in the main stem that constitutes an important part of this sink. As one bud activates, it
reduces the stem auxin sink strength by exporting auxin into it. In turn, this makes it harder
for other buds to activate. This provides an explanation for the indirect inhibitory effect
of auxin in this process, and also explains how buds are able to prevent other buds from

activating (Prusinkiewicz et al., 2009).

1.5.3 The role of strigolactones in auxin transport canalisation

The importance of the relative differences between auxin source and sink, as well as the
dynamic properties of the auxin transport network, can be used to explain the action of
strigolactone on shoot branching. Mutants impaired in strigolactone signalling or biosynthesis
show high levels of branching (Booker et al., 2004; Sorefan et al., 2003; Stirnberg et al.,
2002; Waters et al., 2012). The high degree of branching in these mutants results at least
in part from reduced competition for outgrowth between buds. Competition between buds
can be measured by taking young inflorescences bearing two cauline buds and removing
the primary shoot apex to release these buds from inhibition (Ongaro et al., 2008). After
decapitation, both buds can activate or only one bud grows out and subsequently inhibits
the activation of the other bud. Interestingly, the top and the bottom bud are both capable
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of inhibiting outgrowth (Ongaro et al., 2008). In strigolactone mutants both buds grow out,
but exogenous application of strigolactone enhances competition between shoot apices, such
that the ability of one bud to inhibit the outgrowth of another bud is enhanced (Crawford
et al., 2010). Applying strigolactone to isolated single buds at physiologically meaningful
concentrations has no effect on bud outgrowth. However, when an additional auxin source is
provided through apical application of auxin to the decapitated stump, the inhibitory effect of
apical auxin is enhanced by basal application of strigolactones, a process that is strigolactone
signalling dependent (Crawford et al., 2010). Strigolactones are able to enhance bud-bud
competition at least in part by affecting the PIN1 accumulation on the basal plasma membrane.
In strigolactone mutants, levels of PIN1 on the basal plasma membrane of xylem parenchyma
cells are increased and, consistent with this, max mutants show increased levels of stem
auxin transport (Bennett et al., 2006; Crawford et al., 2010). The branchy phenotype of these
mutants is correlated with the increased auxin transport, since applying low levels of NPA, an
auxin transport inhibitor, is able to reduce stem auxin transport to wild type levels and results
in a subsequent decrease in branching (Bennett et al., 2006; Lazar and Goodman, 2006).
Strigolactones promote PIN1 endocytosis from the plasma membrane and in the max mutants
this process is impaired, resulting in the observed overaccumulation of PIN1 (Shinohara
et al., 2013). PIN1 endocytosis by strigolactones is dependent on strigolactone signalling
through MAX?2, since the response is abolished in max2 mutants. Furthermore, it occurs
independent of new protein synthesis, suggesting that strigolactone acts post-transcriptionally
on PIN1 (Shinohara et al., 2013).

In the context of auxin transport canalisation, the reduced removal of PIN1 from the
plasma membrane in strigolactone mutants may contribute to higher sink strength in the stem,
because more basal PIN1 is able to transport auxin towards the root. In the bud, the elevated
PIN1 levels may enable the bud to export and canalise its auxin more easily towards the stem,
influencing source strength. Perhaps most significantly, reduced removal of PIN1 from the
plasma membrane will enhance the positive feedback between auxin flux and the polarisation
and upregulation of auxin transport, such that a very small initial flux of auxin from the bud
to the stem will be sufficient to drive auxin transport canalisation (Prusinkiewicz et al., 2009).
This combined effect allows strigolactone mutants to activate their branches more readily,
resulting in increased levels of branching (Bennett et al., 2006; Prusinkiewicz et al., 2009;
Shinohara et al., 2013). Thus, strigolactone is able to regulate the levels of shoot branching

at least partially through its effect on the auxin transport network.
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1.5.4 The second messenger model for shoot branching control

Another model for auxin-mediated inhibition of shoot branching has been proposed in
which auxin acts through one or more second messengers. In this model, auxin in the stem
regulates the production of a second messenger that moves directly into the bud to regulate
its activity (Sachs and Thimann, 1967; Snow, 1929). Both cytokinin and strigolactone fit
well within this model.

In the second messenger model, cytokinin and strigolactone are thought to act antago-
nistically, with cytokinin promoting and strigolactone inhibiting bud outgrowth. Consistent
with these roles, direct application of cytokinin to inhibited buds is able to activate them,
even in the presence of apical auxin (Chatfield et al., 2000; Wickson and Thimann, 1958).
Similarly, direct application of strigolactone to buds is able to inhibit outgrowth (Brewer
et al., 2009; Gomez-Roldan et al., 2008; Umehara et al., 2008). Furthermore, strigolactone is
able to reduce the stimulatory effect of cytokinin on bud outgrowth (Dun et al., 2012).

The indirect effect of auxin on bud outgrowth in this model is proposed to occur via
transcriptional regulation of cytokinin and strigolactone biosynthesis. Here, auxin has
been shown to act through the AXR1-AFB (AUXIN RESISTANCE PROTEIN1-AUXIN
SIGNALLING F-BOX PROTEIN)-dependent auxin signalling pathway (Hayward et al.,
2009; Nordstrom et al., 2004). Through this pathway auxin is able to negatively regulate
transcription of members of the IPT gene family which are involved in cytokinin synthesis,
leading to decreased cytokinin production (Nordstrom et al., 2004; Tanaka et al., 2006).
Upon decapitation, repression is reduced, and cytokinin produced at the stem-bud node is
thought to enter the bud, stimulating bud outgrowth.

Conversely, AXR1-AFB-dependent auxin signalling is likely to positively affect the
production of strigolactones, because strigolactone biosynthesis genes are upregulated by
auxin (Brewer et al., 2009; Foo et al., 2005; Hayward et al., 2009; Sorefan et al., 2003). In
accordance with this, reducing auxin in the main stem through decapitation or NPA treatment
decreases transcript levels of these genes (Foo et al., 2005; Hayward et al., 2009). Movement
of auxin from the shoot to the root could thus stimulate strigolactone production in the root,
which would lead to increased movement of strigolactone from the root to the shoot, where
they could modulate bud activity. Strigolactone levels in the shoot are not only determined
by synthesis in the root. Grafting experiments have demonstrated that wild type shoots
grafted to strigolactone deficient roots can still suppress branching (Booker et al., 2005),
suggesting that strigolactones are also synthesised in the shoot at sufficient levels to modulate
bud outgrowth. Therefore it is possible that auxin is able to locally upregulate strigolactone
production in the shoot, which enables the movement of strigolactone into the bud, where it
can inhibit bud outgrowth.
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1.5.5 The role of BRCI in shoot branching

A proposed mechanism by which cytokinin and strigolactone are able to inhibit bud out-
growth is via the transcriptional regulation of BRANCHED1 (BRC1). The BRCI gene
belongs to the TCP family of transcription factors. These transcription factors contain a
TCP domain, named after the first characterised members TEOSINTE BRANCHEDI in
maize, CYCLOIDEA in snapdragon and PCF1 and PCF2 in rice. In Arabidopsis, BRCI is
closely related to TEOSINTE BRANCHED1 (TB1) in maize (Aguilar-Martinez et al., 2007).
During domestication of maize from its wild relative teosinte, a mutation which confers
overexpression of TB1 has been selected, resulting in reduced branching and different flow-
ering patterns in the shoot. Loss-of-function mutants in TB1 display increased branching
phenotypes, resembling teosinte (Doebley et al., 1997), suggesting that 7B negatively reg-
ulates branching. Consistent with this, 7B/-like mutants in Arabidopsis, such as brcl and,
to a lesser extent brc2, show increased levels of branching (Aguilar-Martinez et al., 2007;
Finlayson, 2007). TB1 in maize and BRC genes in Arabidopsis are predominantly expressed
in the axillary buds (Aguilar-Martinez et al., 2007; Doebley et al., 1997), correlating well
with a possible function in regulating axillary bud activity. Although the function of BRCI is
not specifically known, other TCP transcription factors include cell cycle regulators genes
among their transcriptional targets (Kosugi and Ohashi, 2002; Li et al., 2005; Schommer
et al., 2014; Trémousaygue et al., 2003). This has led to the assumption that BRC1 regulates
cell cycle progression in buds, although there are many other transcriptional targets for this
gene family (reviewed in Li, 2015).

Hormones can regulate the transcript levels of BRCI. In pea, the PsBRC1 orthologue is
positively regulated by cytokinin, and negatively by strigolactone (Braun et al., 2012; Dun
et al., 2012), consistent with the stimulatory and inhibitory effects of these hormones on bud
outgrowth. BRC] transcript levels frequently correlate with bud activity, with high BRC/
levels correlating with bud outgrowth inhibition, and vice versa (Aguilar-Martinez et al.,
2007; Finlayson, 2007; Seale et al., 2017). However, this correlation can be broken. For
example, strigolactone mutants in maize constitutively express high levels of 7B1, but still
exhibit high levels of branching (Guan et al., 2012). In Arabidopsis, brcl buds can remain
inhibited and buds with high levels of BRCI transcript can be active, suggesting that the role
of BRC1 is more complex than that of a straightforward bud outgrowth regulator (Seale et al.,
2017).
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1.5.6 Reconciling models for shoot branching control

Although the second messenger model is able to account for many shoot branching responses,
some data are not easily explained. Application of physiologically meaningful concentrations
of strigolactone to single buds has no effect on bud outgrowth (Crawford et al., 2010), which
is difficult to explain if strigolactones are direct inhibitors of bud outgrowth. Moreover,
the ability of buds to compete for outgrowth is difficult to reconcile with the direct effects
predicted by the second messenger model. Following decapitation, the buds on stems with two
nodes are delayed in their outgrowth, compared to a bud on stem segments bearing only one
node (Crawford et al., 2010). This means that the presence of the more basal bud in the two-
node situation is able to affect the outgrowth of the more apical bud, even though it is located
further away from the decapitation site (Crawford et al., 2010). Auxin concentration changes
at the apical node, with the presumed effects on cytokinin and strigolactone concentration,
would not be able to affect bud-bud competition in this manner. Even more difficult to
explain with the second messenger model is the effect of basal application of strigolactone
on two-node bud outgrowth. Here, strigolactone mostly reduces the growth of only one
bud (Crawford et al., 2010), which is not easy to reconcile with a direct effect of strigolactone
on bud inhibition.

The auxin transport canalisation model for shoot branching readily explains these obser-
vations. Here, the main stem provides a common auxin transport pathway for all the growing
shoot apices. Branching patterns arise from the dynamic properties of the network, which
changes the ability of shoot apices to export their auxin into the stem - a requirement for
activation. In this context strigolactone does not directly regulate bud outgrowth, but instead
affects the auxin transport network, in turn affecting the ability of buds to export their auxin
by dampening polar auxin transport in the stem, leading to enhanced competition (Crawford
et al., 2010; Prusinkiewicz et al., 2009; Shinohara et al., 2013). This dynamic regulation of
auxin transport can also account for the striking observation that strigolactones can actually
promote branching in some instances, such as in the transport inhibitor3 (tir3) auxin transport
mutant, which has increased levels of branching associated with reduced levels of auxin
transport (Ruegger et al., 1997; Shinohara et al., 2013).

Arguing against the auxin transport canalisation model are recent suggestions that strigo-
lactone acts independently of auxin (Brewer et al., 2015). Here, application of the auxin
transport inhibitor NPA to pea buds was unable to fully prevent bud outgrowth in both wild
type and strigolactone-deficient mutants. Application of strigolactone to NPA-treated buds
was able to inhibit bud outgrowth to a greater extent than NPA alone. This suggests that

a bud activation mechanism may exist that is not correlated with auxin transport (Brewer
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et al., 2015), but the limited understanding of the mechanism by which NPA works makes
interpretation of these results difficult.

It is important to note that the auxin transport canalisation and second messenger models
for shoot branching are not mutually exclusive. Both mechanisms could act in parallel, with

the contribution of each varying depending on the circumstances.

1.6 Aims

The aim of this thesis is to increase the understanding of the components of the auxin
transport network that may underlie the auxin transport canalisation hypothesis for shoot

branching control. Specifically, the aim was to answer the following questions:

¢ How does auxin move down the stem?

— Which auxin exporters contribute to stem auxin transport?
— How is auxin distributed in the stem?

— Do auxin importers affect stem auxin transport?
* To what extent does auxin transport regulate bud-bud communication?

— Which auxin exporters are involved in communication between shoot apices?
— Do auxin exporters other than PINT1 act in the strigolactone signalling pathway?
— Does auxin influx play a role in bud outgrowth regulation?

* What is the relationship between the regulation of shoot branching by BRC/ and auxin
transport?

— In what way does the auxin transport network affect BRCI-mediated bud out-
growth?

Does H*-ATPase activity affect shoot branching?

— Do H*-ATPases affect auxin transport in the stem?

— Can H*-ATPase activity affect bud outgrowth?



Chapter 2

Materials and methods

2.1 Materials and methods

2.1.1 Plant lines

Arabidopsis thaliana (‘Arabidopsis’ hereafter) plants were all in the Col-0 ecotype. Wild
type refers to the Col-0 ecotype. Details of the plant lines used are shown in Appendix A.
The physical location on the chromosomes of the most commonly used genes in this study
can be found in Fig. 2.1.

2.1.2 Growth conditions

Arabidopsis seeds were stratified on wet filter paper at 4 °C for two to five days prior to
sowing. Plants were grown on Levington’s F2 compost pre-treated with Intercept at 0.02 g/l
or Exemptor at 0.03 g/l (Levington Horticulture, Ipswich, UK). Plants were grown in P40
cellular trays (16 cm? per pot) or P24 cellular trays (25 cm? per pot). Plants were grown in
glasshouses or in controlled environment rooms according to the growth conditions and light

regimes shown in Table 2.1.

2.1.3 Growth substrates

Arabidopsis thaliana salt (ATS) solution was used for in vitro growth (Wilson et al., 1990).
Sucrose was added at 1 % and agar was added at 0.8 % to solidify the media, where stated.
Nitrate experiments were conducted on a mixture of sand and terra green, as described in
de Jong et al. (2014). Each pot was supplied with 25 ml ATS with nitrate solution at the start
of the experiment. An additional 10 ml ATS with nitrate solution was added weekly after the
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Table 2.1 Plant growth conditions

Condition Light/dark  Temperature day/ Light level Humidity
night
Glasshouse 16/8 h 15-31 °C range min. 88 Wm™2, shad- ambient
ing at 500 Wm™—2
Long days 16/8 h 21/17 °C 170 yumolm—2s~! 65 %
Short days 8/16 h 21/17 °C 170 umolm~2s~! 65 %
Tissue culture  16/8 h 21/17 °C 85 umolm 25! ambient

first two weeks. Lids were kept on the trays for the first two weeks to maintain high humidity
and prevent desiccation. Nitrate concentrations were 1.8 mM for low nitrate availability or
9 mM for high nitrate availability.

2.1.4 Seed sterilisation

Liquid surface sterilisation of seeds was done by washing seeds with 70 % ethanol (w/v) for
15 minutes, followed by treatment with 5 % bleach and 0.005 % Silwet for 25 minutes. Seeds
were washed three times with sterile distilled water.

Alternatively, vapour sterilisation was conducted using chlorine gas. Seeds were kept
in a sealed box for 6 to 18 hours, containing a jar with 100 ml bleach to which 3 ml of 37 %

hydrochloric acid was added to generate chlorine gas.

2.1.5 Crosses

Young flowers were selected where petals were just started to show. Sepals, petals and
stamens were removed from the flower and the style and stigma were left to develop for

approximately 24 hours. Ripe pollen was selected from donor plants for hand pollination.

2.1.6 Hormone solutions

1-NnNaphthylphthalamic acid (NPA, SigmaAldrich) was dissolved in 70 % ethanol (w/v)
and stored at —20 °C. GR24 (LeadGen Labs LLC) was dissolved in 90 % acetone and stored
at —80°C.
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2.2 Physiological assays

2.2.1 One- and two-node explant setup

Plants were grown under glasshouse conditions in P40 cellular trays, with one plant per
pot as described in Section 2.1.2. Liquid ATS was added to 1.5 ml micro centrifuge tubes
and the tubes were covered with parafilm to make ATS tubes. Where applicable, hormones
were added to the ATS solution, prior to making the ATS tubes. The parafilm was pierced to
make a small hole for the inflorescence stem. When the plant inflorescences reached 1-2 cm,
stem segments bearing the primary shoot apex and two axillary buds were harvested. Only
segments with axillary buds smaller than 1 mm were selected. To generate one-nodes, the
primary shoot apex and the uppermost axillary bud were removed under a stereo microscope,
using the tip of a hypodermic needle. To generate two-nodes, only the primary apex was
removed. The resulting explants were placed through the hole in the ATS tubes and kept in
micro centrifuge blocks. The blocks were kept in trays with a layer of water and tight-fitting
lids to provide a high humidity environment and avoid wilting. The ATS tubes were topped
up daily with the appropriate growth solution.

Bud outgrowth in one-node explants was tracked by measuring the branch length for 10
consecutive days post decapitation.

Bud outgrowth in two-node explants was tracked by measuring the branch length of
both buds, either for 10 consecutive days or at 10 days post decapitation only. The level of
competition was determined by using the relative growth index, defined as the length of the
longest branch divided by the sum of the length of both branches (Ongaro et al., 2008).

2.2.2 Jar assays

For jar assays Arabidopsis seeds were sterilised as described above. Weck jars were sterilised
at 200 °C for at least 24 hours. Each jar was supplemented with 50 ml ATS, containing
sucrose and agar. Plants were sown at a density of 7 plants per jar and kept in tissue culture
growth conditions.

Primary branch number was scored 8 weeks after sowing. Primary branch number was
defined as the sum of cauline branches arising from the primary inflorescence and the number
of rosette branches arising from the rosette. A branch was considered active if it was longer
than 5 mm.

Dry weight per sample was determined at the end of the experiment by removing the
plant from the agar and carefully removing any agar from the root system. Each whole plant
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Fig. 2.1 Arabidopsis chromosome map with genes commonly used in this study.

Arabidopsis chromosome map with the five chromosomes numbered from left to right. The physical
locations of genes used in this study are indicated on each chromosome. The centromeric region on
each chromosome are indicated by the indentations.
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was placed in an individual petri dish and dried in an oven at 50 °C for 24 hours. Samples

were weighed using a laboratory scale balance (Sartorius CPA124S, d = 0.1 mg).

2.2.3 Intact branching assays

Arabidopsis seeds were grown on soil in P24 pots. Growth conditions are as stated in the
figure legends. Primary branch number was scored at terminal flowering, which was defined
as the point where all inflorescences stopped flowering. Primary branch number was defined
as the sum of cauline branches arising from the primary inflorescence, and the number of
rosette branches arising from the rosette. A branch was considered active if it was longer

than 5 mm.

2.2.4 Decapitation assay

Rosette branch activation was measured using a modified version of the decapitation assay
described in Greb et al. (2003). Arabidopsis seeds were grown on soil in P24 pots. Plants
were grown for 4 weeks under short day growth conditions. Plants were then moved to long
day growth conditions to induce flowering. The primary inflorescence was removed once it
reached 10-15 cm. The number of active rosette branches was counted at various time points,
as stated in the figure legends. A rosette branch was considered active if it was longer than 5

mim.

2.2.5 Plant height

The length of the primary inflorescence was used as a measure for plant height. The primary
inflorescence length was determined in long day grown plants at terminal flowering, using a

ruler.

2.2.6 Branch angle

The branch angle was determined by measuring the angle between the adaxial side of a
cauline branch and the primary inflorescence of long day grown plants at the terminal
flowering stage. Photos were taken of the two most basal cauline branches and the angle was
determined using ImagelJ. The branch angle of each sample was defined as the average of

these two measurements.
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2.2.7 Stem diameter

Stem diameter was determined by measuring the diameter of the basal internode of the
primary inflorescence of long day grown plants at the terminal flowering stage. The diameter
of the stem at its widest and narrowest point was measured using a digital calliper (Mitutoyo
150 mm digital calliper, 0.01 mm accuracy). The stem diameter of each sample was defined

as the average of these two measurements.

2.2.8 Bulk auxin transport assay

Bulk auxin transport assays were modified from those described in Crawford et al. (2010).
Plants were grown for 6 weeks under long day growth conditions. The most basal internode
was harvested (unless stated otherwise in the figure legend) and from this the basal 15 mm
was excised. The apical end of each segment was submerged in a PCR tube with 30 ul
ATS (pH = 5.6) and 20 uM 14C-IAA (American Radiolabeled Chemicals). Stems were
incubated for 6 or 18 hours, as indicated. Afterwards, the most basal 5 mm of the segment
was excised, cut in half and placed in 200 ul MicroScint-20 scintillation liquid (PerkinElmer).
Samples were shaken overnight at 400 RPM on MixMate microplate shakers (Eppendorf).
Scintillation counting was carried out for 1 minute per well on a MB2 scintillation counter
(PerkinElmer). The counts per minute (CPM) were used as a measure for the auxin content

of each measured sample.

2.2.9 Auxin pulse assay

Pulse assays were conducted using the method described in van Rongen et al. (2013) and
Bennett et al. (2016a). Briefly, the apical ends of 24 mm stem segments from 6-week
old basal internodes were submerged for 10 minutes in 20 ul ATS (pH = 5.6) containing
S uM 14C-TAA and 0.005 % Triton X-100. After 10 minutes samples were transferred to
fresh ATS buffer solution without radiolabel and left for various time periods to allow the
radiolabelled auxin to move through the segments. Samples were cut into 2 mm segments
using stacked razor blades with 2 mm spacers. The radiolabeled content was measured using

the scintillation method described in Section 2.2.8.

2.2.10 Auxin uptake assay

Auxin uptake was measured by modifying the method for measuring bulk auxin transport, as

described in Section 2.2.8. Samples were incubated for 0.5, 1, 3 or 5 hours. Afterwards the



2.3 Molecular biology 29

Table 2.2 DNA extraction buffer

Component Final concentration
Tris-HCI (pH =7.5) 200 mM

NaCl 250 mM

EDTA 25mM

SDS 0.5 %

samples were cut into 2.5 mm segments and the radiolabeled content of each segment was

measured using the scintillation method described in Section 2.2.8.

2.3 Molecular biology

2.3.1 DNA extraction

DNA for genotyping was extracted using a high salt-based protocol. The protocol was
modified from a method used in the Wigge lab (Sainsbury Laboratory, Cambridge University,
UK). Young rosette leaves or part of a young cauline branch were collected and placed in
1.2 ml collection micro tubes containing 3 mm tungsten beads (both from Qiagen). Tissue
samples were left at —80 °C for at least 30 minutes prior to homogenisation with a TissueLyser
IT (Qiagen) for 40 seconds at 27 Hz. Afterwards 300 ul extraction buffer (Table 2.2) was
added to the ground samples. Samples were mixed by inverting the tubes and centrifuged at
2,500 x g for 20 minutes. Afterwards, 200 ul supernatant was transferred to 96-well collection
plates, 200 ul isopropanol was added and samples were mixed. Samples were centrifuged
at 6,000 x g for 35 minutes. The solution was discarded and samples were air dried for
at least 1 hour prior to resuspension of the dry pellet in 75 ul milliQ water by shaking the
plate at 450 RPM on MixMate microplate shakers (Eppendorf) at room temperature for at
least 1 hour. The quantity and quality of the DNA was verified using the NanoDrop 1000
spectrophotometer (NanoDrop Instruments).

DNA for cloning was extracted using the NucleosSpin Plant II kit (Macherey-Nagel)
according to the instructions. The quantity and quality of the DNA was verified using the
NanoDrop 1000 spectrophotometer (NanoDrop Instruments).

23.2 PCR

The PCR conditions were varied according to the primers used and the expected product size.
For genotyping OneTaq (NEB) DNA polymerase was used. For cloning Platinum SuperFi
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Table 2.3 PCR conditions

Component Quantity
OneTaq buffer (NEB) 2.5ul
10 mM each dNTPs 0.5ul
10 uM primers 1ul
5 Uul~! OneTaq DNA polymerase 0.25 ul
DNA template 100 ng
Sterile dH,O up to 25 ul
Temperature °C Time
95 1 min
95 20s

35 cycles Primer Ty, (50-60) 20s
72 1 min per kb product
72 S min

(Thermo Fisher Scientific) high fidelity DNA polymerase was used and PCR conditions were
according to manufacturer’s recommendations. All PCR mixes were made according to
manufacturer’s recommendations.

Typical PCR conditions followed those using the parameters shown in Table 2.3.

2.3.3 Restriction digests

Restriction digests were conducted using restriction enzymes from New England Biolabs
(NEB). All digests were incubated at 37 °C. Reactions were conducted according to the
manufacturer’s guidelines. When digesting PCR fragments, the buffer and restriction enzyme
were added directly to the PCR mix. Digests using high fidelity restriction enzymes were
incubated for 5 to 10 minutes, while digests with regular restriction enzymes were incubated

for 2 hours. Digests were analysed using gel electrophoresis.

2.3.4 Gateway cloning

The genomic DNA sequence of interest was amplified using PAGE-purified (polyacrylamide
gel electrophoresis) primers with Gateway adaptors (SigmaAldrich). PCR fragments were
cleaned using the NucleoSpin II kit (Macherey-Nagel). The 5° fragment was recombined into
the pPDONR-P4-P1R vector and the 3’ fragment was recombined into the pDONR-P2r-P3

vector using BP II Clonase (all from Invitrogen), according to the manufacturer’s protocol. A
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pDONR221 vector (Invitrogen) containing the coding sequence for the citrine fluorescent
protein was kindly provided by Dr. Devin O’Connor.

The final vector was constructed using the Multisite Gateway technology (Invitrogen),
recombining the pDONR vectors with the pH7m34GW vector (VIB, Ghent) using LR

Clonase II (Invitrogen), according to manufacturer’s instructions.

2.3.5 Plasmid isolation

Plasmids were isolated using the GeneElute Plasmid MiniPrep Kit (SigmaAldrich), according

to the manufacturer’s instructions.

2.3.6 Sequencing and analysis

Sanger sequencing reactions (SourceBioscience) were carried out to verify relevant gene
sequences. Sequence data were analysed using CLC Main Workbench 6. Raw sequence data
were assembled to reference sequences obtained from NCBI GenBank and the Arabidopsis
Information Resource (TAIR).

2.3.7 Transformation

Vectors were transformed into electrocompetent DHSa E. coli cells by adding 1 pl of the BP
or LR reaction mix to 40 ul competent cells. Cells were electroporated using an Eppendorf
Multiporator (Eppendorf) at 1,500 V for 5 ms. Cells were placed back on ice for 2 minutes
and allowed to recover for 1 hour in 1 ml of SOC medium (Invitrogen) in a 37 °C shaker.
Afterwards, cells were plated on LB-agar (lysogeny broth) plates containing the relevant
antibiotics and grown at 37 °C. Viable colonies were selected after 16 to 24 hours and
cultured in 5 ml of LB, with addition of relevant antibiotics. E. coli selection was carried
out using 50 ugml~! kanamycin for pDONR vectors and 100 ugml~! spectinomycin for the
pH7m34GW vector.

For transformation into Agrobacterium, 100 pg of vector was added to 40 ul of electro-
competent GV3101 cells. Electroporation was carried out as described above. Cells were
allowed to recover as described before, but at 28 °C. Cells were plated and grown at 28 °C.
Viable colonies were selected after 48-72 h and cultured at 28 °C. Agrobacterium selection
was carried out using 100 uygml~! spectinomycin, 50 ugml~' gentomycin and 10 uygml~! ri-
fampicin. Constructs were transformed into Arabidopsis using the floral dip method (Clough
and Bent, 1998).
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2.3.8 Plant selection

Seeds of transformed plants (T1) were sterilised using vapour sterilisation and plated on ATS
medium containing agar, with addition of 25 ugml~! hygromycin. Plates were stratified for
4-5 days at 4 °C and then subjected to a 6-hour light treatment. Plates were kept horizontal
and seeds were allowed to grow in the dark at room temperature. Resistant plants were
selected based on their elongated hypocotyl phenotype (Harrison et al., 2006). Resistant
plants were transferred to soil, grown to maturity and a segregation analysis was performed
in the following T2 generation based on the resistance to antibiotic selection of least 100
seedlings. Individual lines that showed a 3:1 segregation based on the x? statistical test were
selected and homozygous offspring of these lines were selected in the T3 generation.

2.4 Microscopy

2.4.1 Fluorescence microscopy

Screening for the presence of fluorescent constructs in segregating populations following
crossing was carried out using a Zeiss V12 stereo fluorescence microscope, using a GFP
filter. Seeds were vapour sterilised, stratified and plants were grown vertically for 4 days on

ATS plates containing agar prior to screening.

2.4.2 Confocal microscopy

Confocal microscopy was carried out using a Zeiss LSM700 confocal microscope, using a
40x water-dipping objective. Laser intensities were varied according to conditions, but kept
constant within an experiment. For GFP excitation the 488 nm laser intensity was typically
between 5 % to 10 %. Background fluorescence and chloroplasts were obtained using the
639 nm laser at a laser intensity range between 2 % to 6 %. Transmitted light images were
recorded to verify tissue anatomy. The pinhole was optimised for the objective and Z-stacks
were obtained where necessary.

Image analysis was carried out using Imagel. Fluorescence levels on basal plasma
membranes were quantified according to the method described in Shinohara et al. (2013).
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2.5 Bioinformatics and primer design

2.5.1 Statistics

All statistical tests were carried out using R, version 3.3.2 and RStudio version 1.0.136. For
most analyses linear models were fitted to the data. The simplest model was initially assumed
and additional factors and interactions were implemented if they contributed to a statistically
significant better model and were biologically relevant.

Diagnostic plots for linear regression analysis were used to check the assumptions of the
underlying model, e.g. checking for normal distribution of the residuals. If the model did
not violate the underlying assumptions, the least-square means of the model were calculated
with the Ismeans package in R. Afterwards, Tukey’s HSD test was carried out and different
letters were used to indicate statistically significant results at a threshold of p < 0.05.

If the linear model appeared to violate its underlying assumptions, the data were analysed
using a non-parametric comparison approach. Pairwise Wilcoxon rank-sum tests were
carried out and, where applicable, Holm-Bonferroni corrections were made to account for
the family-wise error rate arising from making multiple comparisons.

Where box plots are shown, the box spans the first to third quartile and the whiskers show
the locations of the minimum and maximum. The line in the box represents the median value,
whereas outliers are indicated by individual points.

The error bars in bar plots and line plots indicate the 95 % confidence interval, unless
noted otherwise in the figure legend. The 95 % confidence interval was calculated as 1.96

times the standard error of the mean.

2.5.2 Primer design

Primers for genotyping were designed using the CLC Main Workbench 6 sequence analysis
software (CLC Bio), unless published primer sequences were available. In the Design
Primers’ function in ’Standard PCR’ mode, regions for primers were selected with primer
lengths of 18 to 22 base pairs and a melting temperature range of 50 °C to 62 °C. Primers
with a high score value and low secondary structures were selected. The primer sequences
and genotyping strategies can be found in Appendix B.

Sequencing primers were designed using the CLC Main Workbench 6 sequence analysis
software. In the *Design Primers’ function in ’Sequencing’ mode, regions for primers were
selected with primer lengths of 18 to 22 base pairs and a melting temperature range of 48 °C
to 58 °C. Primers with the highest score value were selected.
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2.5.3 Graphs and figures

Graphs were plotted using R, version 3.3.2 and RStudio version 1.0.136 and the ggplot2
package. Figures were compiled using Adobe Illustrator CC, version 18.1.1 and Adobe
Photoshop CC, version 2014.2.2. The chromosome map in Fig. 2.1 was generated using the
Chromosome Map Tool (www.arabidopsis.org).



Chapter 3

The auxin transport network in stems

3.1 Introduction

The auxin transport network in the stem plays a pivotal role in the regulation of shoot
branching. Outgrowth of buds appears to depend on their ability to establish canalised auxin
export into the main stem. This is determined by the sink strength of the main stem for auxin
relative to the source strength of the bud, in combination with the positive feedback between
auxin flux and auxin transporter upregulation and polarisation that drives the canalization
process (see Section 1.5.2). An important determinant of stem auxin sink strength is the
PATS, which carries auxin away, down the stem to the root. The PIN1 auxin efflux protein
makes a major contribution to auxin transport in the PATS (Bennett et al., 1995; Okada
et al., 1991). PINI1 is localised to the basal plasma membrane of xylem parenchyma cells
surrounding the vasculature, as well as in the cambium (Gélweiler et al., 1998). Since PIN1
is not expressed in the outer cell layers of the stem, PINT1 is unlikely to be directly involved
in the movement of auxin from an activating bud towards the PATS. It is therefore likely
that the initial movement of auxin between the bud and the stem involves other auxin efflux
proteins.

The aim of the work described in this chapter was to characterise the stem auxin transport
system in more detail. This includes identification of transporters that contribute to stem
auxin transport, and the analysis of their roles in delivering the properties of the network.
This was primarily achieved by measuring movement of radiolabelled auxin through isolated
stem segments of mutants impaired in auxin export or import proteins. Two main assays
were used; a well-established method which measures bulk auxin transport through the stem
over a prolonged period (Bennett et al., 2006), and a newly developed method that measures
dynamic movement of auxin along the stem, by following the progression of an auxin pulse

over time (Bennett et al., 2016a; van Rongen, 2013). Using these two methods, a more
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detailed understanding emerged of the components that make up the auxin transport network

in the stem, which served as a basis to understand its role in shoot branching.

3.2 Results

3.2.1 The role of PIN proteins in auxin movement in the stem

The PIN1 protein has been shown to be a crucial component of the PATS, since auxin
transport is strongly decreased in the pin/ mutant stems. However, if wild type stems are
treated with pharmacological inhibitors of active auxin export, auxin transport is even further
reduced (Bennett et al., 1995; Okada et al., 1991), suggesting that additional auxin efflux
proteins are active in the stem. With respect to the PIN family, there are eight PIN proteins
in Arabidopsis, PIN1 to PINS. Phylogenetically the PIN3, PIN4 and PIN7 proteins cluster
together closely, sharing the most similarity with PIN1 (Krecek et al., 2009; Paponov et al.,
2005). Although the function and localisation of PIN3, PIN4 and PIN7 has been reported in
many different tissues, only recent data show that they are also expressed in the stem (Bennett
et al., 2016a; Boot et al., 2016). All three proteins are expressed in partially overlapping
domains with PIN1 (Bennett et al., 2016a), suggesting that they could contribute to stem
auxin transport. Given the structural similarities and overlapping expression domains, the
three proteins are likely to act redundantly, so to investigate their relative contribution to
stem auxin transport, double and triple combinations of mutants lacking functional PIN3,
PIN4 or PIN7 were created through crossing.

To assess the role of this clade in auxin transport down the stem, bulk auxin transport in
stems of these mutant plants was measured. Inverted isolated 15 mm stem segments were
incubated for 6 hours with their apical ends in a buffer solution containing 1 uM 14C-IAA
radiolabelled auxin. The accumulation of the auxin in the basal 5 mm of the segments
was then measured by scintillation (see Section 2.2.8 ). Compared to wild type Col-0, the
pin3pin4pin7 mutant showed a significant reduction in bulk auxin transport, whereas no
consistent changes were detected in the various double mutant combinations (Fig. 3.1A).

Localisation of PINT1 in roots and floral primordia is known to respond to exogenous
auxin application (Benkova et al., 2003; Heisler et al., 2005). Furthermore, in the xylem
parenchyma cells of the stem auxin promotes retention of PIN1 on the basal plasma mem-
brane (Bennett et al., 2016a). Therefore, it is possible that the reduced bulk auxin transport
in the pin3pin4pin7 mutant results in part from a reduction or relocation of basal PIN1 in
the xylem parenchyma cells of the stem, rather than being directly caused by the loss of
PIN3, PIN4 and PIN7. To test this, a PINI::PIN1:GFP reporter construct (Xu et al., 2006)
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was crossed into the pin3pin4pin7 mutant background to investigate PIN1 levels in mutant
stems. The level of basal PIN1-GFP accumulation in the basal plasma membrane of xylem
parenchyma cells of basal internodes was measured as previously reported (Shinohara et al.,
2013). Stems at a comparable stage to the internodes used in the bulk auxin transport assay
were selected. Basal PIN1-GFP accumulation in pin3pin4pin7 mutant stems was comparable
to wild type (Fig. 3.1B).

Together, these data show that PIN3, PIN4 and PIN7 contribute to stem auxin transport,
and that loss of these PINs does not change basal PIN1 levels in the stem.
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Fig. 3.1 Bulk auxin transport and PIN1 levels in pin3/pin4/pin7 mutant stems.

(A) Bulk auxin transport in 6-week old basal internodes of plants lacking PIN3, PIN4 and PIN7
functionality in two or three genes. Data are representative of at least two independent experiments,
depending on the genotype tested, n = 24. (B) Quantification of PIN1 levels at the basal plasma
membrane of xylem parenchyma cells in basal internodes, at comparable stages as those used in A.
For each genotype analysed, n = 40 membranes (mean of 5 per sample, 8 individual samples per
line). Data are representative for two independent experiments. For A and B, Tukey’s HSD test was
carried out after obtaining the least-square means for a linear model fitting the data and different
letters indicate statistically significant results at p < 0.05.

To assess the relative contributions of PIN1, PIN3, PIN4 and PIN7 to stem auxin transport,
mutant combinations between pinl, pin3, pin4 and pin7 were created by crossing single
or double mutant plants. The pinlpin4 and pinlpin7 double mutants were recovered in
segregating F2 populations and the pinlpin4pin7 triple mutant was generated by crossing

these double mutants. Combinations involving pin/ and pin3 were not recovered despite
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screening several hundred plants in a segregating F2 population. This is not surprising
since these genes are closely linked on chromosome 1 (Fig. 2.1). Bulk auxin transport
was measured in the available pinl/pin4/pin7 mutant combinations and, as expected, the
pinl single mutant transported markedly less auxin down their stems than wild type plants
(Fig. 3.2). Additional loss of PIN4 and/or PIN7 function in the pin/ mutant background did
not lead to a further reduction of bulk auxin transport and these mutants still transported
significantly more auxin than wild type plants treated with the auxin transport inhibitor NPA
(Fig. 3.2). Given the lack of pinlpin3 mutant combinations it is difficult to interpret these
data, since the PIN3 protein in these lines could compensate for the lack of PIN4 and PIN7.
However, since the pinlpin3pin4pin7 is reported to be embryo lethal (Blilou et al., 2005),
assessing the role of PIN3 would in any case be challenging.
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Fig. 3.2 Bulk auxin transport in pinl/pin4/pin7 mutant stems.

Bulk auxin transport in 6-week old basal internodes of plants lacking PIN1, PIN4 and/or PIN7
functionality. The pinlpin4pin7 mutant combination was included in three, and the other genotypes
were included in two independent experiments, n = 24. Tukey’s HSD test was carried out after
obtaining the least-square means for a linear model fitting the data and different letters indicate
statistically significant results at p < 0.05.

In addition to PIN1, PIN3, PIN4 and PIN7, PIN2 is also expressed in stems where it
accumulates in a weakly polar pattern in xylem parenchyma cells (Bennett et al., 2016a).
In addition, PIN6 and PINS are expressed mainly in the cambium (Bennett et al., 2016a).

To test if these proteins could also play a role in auxin transport down the stem, bulk auxin
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transport was measured in mutants lacking functional PIN2, PIN6 or PINS proteins. No
PINS localisation data have been reported for the stem, but a mutant lacking functional PINS
protein was available and included in the assay for completeness. No significant differences
were found in bulk auxin transport between any of these mutants and wild type (Fig. 3.3).

Taken together, these data show that the bulk auxin transport phenotype in pin/ mutants
is not further exacerbated by loss of PIN4 and PIN7. On their own, the PIN2, PINS5, PIN6
and PINS proteins do not appear to contribute to bulk auxin transport in the stem.
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Fig. 3.3 Bulk auxin transport in pin2, pin5, pin6 and pin8 mutant stems.

Bulk auxin transport in 6-week old basal internodes of plants lacking PIN2, PIN5, PIN6 or PINS
functionality. Data are representative of three independent experiments, n = 24. Tukey’s HSD test
was carried out after obtaining the least-square means for a linear model fitting the data and different
letters indicate statistically significant results at p < 0.05.

3.2.2 The role of PIN proteins in auxin transport dynamics in the stem

The data above show that auxin transport in the stem is facilitated by at least PIN1, PIN3,
PIN4 and PIN7. How exactly they contribute to this movement is less clear. The bulk auxin
transport assay measures basal accumulation of radiolabelled IAA over a 6-hour time window
and as such does not provide any information about how auxin is distributed as it moves
through the stem. To get a better understanding of the dynamics of stem auxin movement,

an assay was previously developed to track the progression of a pulse of auxin moving
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through the stem (Bennett et al., 2016a; van Rongen, 2013). In this assay, basal internodes
are incubated with their apical ends in a buffer containing radiolabelled auxin for 10 minutes,
providing a pulse of labelled auxin, after which they are transferred to a buffer without auxin.
Samples can be left in this buffer for varying amounts of time. The distribution of auxin
in the stem can be assayed by cutting the stem into 2 mm segments and determining the
radiolabelled auxin content in each segment individually by scintillation (see Section 2.2.9).
In this way, the distribution of the auxin in the original pulse can be tracked over time. It has
been established that this assay measures active auxin transport, since application of NPA
blocks the movement of auxin along the stem (Bennett et al., 2016a; van Rongen, 2013).

In wild type stems, the auxin distribution shows a clear peak after 30 minutes, which
becomes shallower and broader at later time points, making it difficult to discern a clear peak
(Fig. 3.4A; Bennett et al., 2016a; van Rongen, 2013). At later time points auxin increasingly
accumulates at the basal end of the sample. The broadening of the pulse, together with the
finding that endogenous auxin drains in a non-linear manner from stem segments (Bennett
et al., 2016a), suggests that auxin does not move with simple linear dynamics as would be
expected if it moved solely through the PATS. For example, even for the 30-minute time point,
itis clear that there is a wide range of rates of movement for auxin, while the speed of the main
peak is only 1 cm per hour (Fig. 3.4A; Bennett et al., 2016a). It suggests that there may be
significant exchange of auxin between the PATS and the tissues surrounding it, where auxin
transport has different kinetics. A computational model that can capture these properties
suggests that the auxin transport network in the stem is multimodal, with a high conductance
polar component (such as the PATS), and a less polar and lower conductance component
surrounding it, which has been termed Connective Auxin Transport (CAT) (Bennett et al.,
2016a). The experimental pulse assay data (Fig. 3.4) are best captured if exchange of auxin
between the PATS and CAT is incorporated into the model (Bennett et al., 2016a).

The expression pattern of PIN3, PIN4 and PIN7 in the tissues surrounding the PATS, as
well as the reduction of bulk auxin transport in pin3pin4pin7 suggests that these proteins
may act as less polar and lower conductance components in the auxin transport network
predicted for CAT. To test this idea, an auxin pulse was applied to pin3pin4pin7 stems to
further investigate the contribution of the PIN3/PIN4/PIN7 proteins to auxin transport through
the stem. If the pulse was allowed to progress for 30 or 90 minutes, the distribution of the
radiolabelled auxin was largely comparable to wild type (Fig. 3.4A). However, if the pulse was
allowed to progress for an intermediate period of time, 60 minutes, a proportion of the apical
(segment 1) and medial segments (segments 7-10) of the pin3pin4pin7 samples accumulated
higher levels of auxin than wild type (p < 0.05 for unadjusted Student’s t-test; Holm-
Bonferroni adjusted t-tests were not significant)(Fig. 3.4A; Bennett et al., 2016a). Auxin
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Fig. 3.4 Movement of an auxin pulse in pin3pin4pin7 mutant stems.

(A) Progression of a 10-minute pulse of 5 uM 14C-IAA through 24 mm long basal internodes of Col-0
and pin3pindpin7 stems at 30, 60 and 90 minutes after application (left to right), measured as counts
per minute (CPM) in 2 mm segments. The error bars represent the 95 % confidence interval of the
mean. (B) Total auxin content per sample, equalling the sum of the counts of all segments within
one sample. Tukey’s HSD test was carried out after obtaining the least-square means for a linear
model fitting the data and different letters indicate statistically significant results at p < 0.05. Data are
representative of three independent experiments, n = 8.
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uptake into the stems was comparable between wild type and pin3pin4pin7 stems (Fig. 3.4B),
showing that auxin can enter pin3pin4pin7 stems normally and that the differences in
dynamics are not due to differential uptake of auxin. The altered auxin distribution in the
pin3pindpin7 stems is consistent with a reduced exchange of auxin between the PATS and its
surrounding tissues. Specifically, if auxin in the PATS is less likely to move out of the PATS,
it will continue to move efficiently down the stem, in the highly polar high capacity PATS.
Auxin that takes a more circuitous route via the surrounding tissues, where transport is less
polar and of lower capacity, will be less efficient in progress down the stem, and thus take
longer to reach more basal stem regions, resulting in a spreading of the auxin distribution.
Similarly, at the site of auxin application at the apex, reduced exchange between the PATS and
CAT will reduce the rate at which auxin reaches the PATS, resulting in apical accumulation
of auxin. The same model used to simulate the wild type pulse dynamics is able to capture
the pin3pindpin7 pulse data by reducing the permeability of the lateral membranes in each
channel, which reduces the exchange of auxin between the channels (Bennett et al., 2016a).

To test the model further, auxin movement in the max2 mutant was investigated. The
max2 mutant has high levels of basal PIN1, correlating with higher levels of bulk auxin
transport in its stems (Bennett et al., 2006; Crawford et al., 2010). To test if the high levels
of PIN1 qualitatively affect the distribution of an auxin pulse in the stem, a pulse assay
experiment was conducted. No clear difference could be found between wild type and max2
at any of the sampled time points suggesting that, despite the high levels of PIN1, the overall
exchange of auxin between the PATS and its surrounding tissues is unchanged (Fig. 3.5A).
Auxin uptake was comparable between genotypes and consistent across the different time
points (Fig. 3.5B). The computational model used to capture the pulse dynamics observed
in Bennett et al. (2016a) is able to reproduce the max2 pulse dynamics if the lateral exchange
between the PATS and CAT is increased (Dr. G. Hines, pers. comm.).

If the distribution of an auxin pulse in max2 is indeed comparable to wild type due to
an increase in lateral exchange of auxin between the PATS and CAT, then impairing the
CAT in this background is expected to lead to changes in distribution of an auxin pulse.
To test this, the pin3pin4pin7 mutations were introduced into a max2 background through
crossing and an auxin pulse assay was conducted using max2pin3pin4pin7 stems. These
data are from a single experiment, so should be treated with caution. No clear difference
could be detected after 30 minutes, but after 60 and 90 minutes a greater proportion of
auxin can be found in the more apical segments (Fig. 3.6A). The qualitative difference
between the wild type and max2pin3pin4pin7 pulses is most obvious when the individual
pulse traces are plotted, particularly in the 90-minute time point. In wild type the pulse traces

are mostly flat, consistent with the broadening of the initial pulse (Fig. 3.6B, top). However,
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Fig. 3.5 Movement of an auxin pulse in max2 mutant stems.

(A) Progression of a 10-minute pulse of 5uM 14C-IAA through 24 mm long basal internodes of
Col-0 and max2 stems at 30, 60 and 90 minutes after application (left to right), measured as counts per
minute (CPM) in 2 mm segments. The error bars represent the 95 % confidence interval of the mean.
(B) Total auxin content per sample, equalling the sum of the counts of all segments within one sample.
Tukey’s HSD test was carried out after obtaining the least-square means for a linear model fitting the
data and different letters indicate statistically significant results at p < 0.05. Data are representative of
two independent experiments, n = 8.
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in the max2pin3pin4pin7 mutant the pulse traces retain their pulse shape much more clearly
(Fig. 3.6B, bottom), but the position of the peaks between the different traces is large, with
some peaks found in the more apical part of the sample and others at the more basal part.
This effect was also noticeable using a slightly modified setup, where the pulse length was
increased to 15 minutes to allow for an increased sample size (Fig. 3.7). These data suggest
that maintenance of the auxin peak is affected by auxin exchange between tissues of the
PATS and CAT.

3.2.3 The role of ABCB proteins in auxin transport in the stem

The bulk auxin transport in Arabidopsis stems has been shown to further depend on a non-PIN
class of transport proteins, the B-subfamily of ATP-binding cassette (ABC) transporters.
Loss of two closely related homologues, ABCBI and ABCB19, leads to severe developmental
defects and strongly reduced auxin transport in hypocotyls and apical parts of the inflores-
cence (Geisler et al., 2003; Noh et al., 2001). Under normal growth conditions, no clear
phenotypic defects can be found in young or mature abchl single mutant plants (Geisler
et al., 2003; Noh et al., 2001). The abcb19 single mutant has wavy hypocotyl growth in
the dark and cotyledons are epinastic (Lin and Wang, 2005; Noh et al., 2001). Phenotypes
in the abcblabcb19 double mutant are strongly synergistic of both single mutants. The
abcblabcb19 mutant plants produce wrinkly and severely curved leaves, grow very slowly
and are very stunted (Noh et al., 2001). Root and hypocotyl growth is wavy and the cotyledon
epinasty is increased, compared to abcbl9 single mutants (Noh et al., 2001).

Localisation of these proteins is predominantly non-polar (Bennett et al., 2016a; Blakeslee
et al., 2007; Geisler et al., 2005; Wu et al., 2007), suggesting that they may contribute to the
non-polar component of the auxin transport network in the stem. Given the importance of
non-polar transport in the stem auxin transport dynamics described above, the contribution
of ABCBI1 and ABCBI19 to stem auxin transport was assessed. Because of the strong
developmental defects reported for the abcblabcbl9 mutant, both single mutants were also
included in the analysis. Null alleles for abcbl and abcbl9 (Lin and Wang, 2005) were
obtained and crossed, allowing the recovery of the cognate abcblabcbl9 double mutant.

The published bulk auxin transport phenotypes for these abch mutants were obtained
by measuring auxin transport in much younger and more apical tissues than those used
standardly here (Noh et al., 2001). When assessed in this standard assay, bulk auxin transport
in abcblabceb19 stems was strongly reduced compared to wild type and both single mutants
but, somewhat surprisingly, the abcb19 single mutant did not show a reduction in auxin
transport, contrary to earlier reports(Fig. 3.8 A; Noh et al., 2001. Over the course of this study,
the abcb19 mutant was included in 13 bulk auxin transport assays, in which a significant
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Fig. 3.6 Movement of an auxin pulse in max2pin3pin4pin7 mutant stems.

(A) Progression of a 10-minute pulse of 5 uM 14C-IAA through 24 mm long basal internodes of Col-0
and max2pin3pindpin7 stems at 30, 60 and 90 minutes after application (left to right), measured as
counts per minute (CPM) in 2 mm segments. The error bars represent the 95 % confidence interval
of the mean. (B) Individual pulse traces, 90 minutes after application of the pulse. (C) Total auxin
content per sample, equalling the sum of the counts of all segments within one sample. Tukey’s HSD
test was carried out after obtaining the least-square means for a linear model fitting the data and
different letters indicate statistically significant results at p < 0.05. Data are from a single experiment,
n=_8.
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Fig. 3.7 Individual auxin pulse traces in max2pin3pin4pin7 mutant stems.

Individual auxin pulse traces in 20 mm long Col-0 and max2pin3pin4dpin7 stem segments, following a
15-minute pulse of 250 nM 3H-IAA. Auxin distribution was measured as counts per minute (CPM) in
2.5 mm segments, 45 minutes after application of the pulse.
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reduction compared to wild type was observed in eight experiments. Several attempts were
made to identify the cause of this variability. Since the original bulk auxin transport assays
were conducted on much younger tissues, bulk auxin transport was measured using the
standard assay, but on apical segments taken 10 cm below the apex. The amount of auxin
transported in these segments was markedly lower than in basal internodes, but no difference
was detected between wild type and abcb19 stems (Fig. 3.8B). To assess whether the 6-hour
assay period was insufficient to detect robustly a small difference between wild type and
abcb19, an 18-hour incubation time was used. In this setup abcbl9 consistently transported
less auxin than wild type in two independent experiments (Fig. 3.8C). How this incubation
time relates to the published bulk auxin transport data is not clear, since the incubation time
was not provided (Noh et al., 2001).

An additional possible source of variation is plant age. In the original experiments,
younger inflorescence stems were used than standardly used in the bulk auxin transport assay.
The variation in bolting time between wild type and abcbl9 mutant plants is not noticeably
different than the variation observed within either genotype, so the developmental stage of
the bolting stem was considered comparable when harvested. To assess the effect of plant
age on bulk auxin transport rates stems were harvested at 35 days, the earliest time point
when all plants had bolted, 42 days, the standard time point used for the bulk auxin transport
assay, and 49 days, when most plants had reached the terminal flowering stage. Only a single
experiment was carried out, so the results should be treated with caution. In this experiment
the abcb19 mutants showed decreased levels of auxin transport compared to wild type at all
ages, using the 6-hour assay period (Fig. 3.8D). Interestingly, auxin transport rates increased
in both wild type and abcb 9 mutant plants between 39 and 42 days. No significant further
increase was detected at 49 days. Taken together, these data show that the abcbl9 mutant
transports less auxin than wild type, but that the ability to detect this difference is sensitive to
the length of time over which the transport is measured.

PIN1 has been shown to relocalise in abcb19 hypocotyls and both ABCB1 and ABCB19
can co-localise with PIN1, suggesting that PIN1-ABCB interactions can affect auxin trans-
port (Blakeslee et al., 2007; Noh et al., 2003). Since changes in PIN1 levels in the stem can
result in altered stem auxin transport, PIN1-GFP levels at the basal plasma membrane of
xylem parenchyma cells were measured in the abch mutant backgrounds. A PINI::PINI:GFP
reporter construct (Xu et al., 2006) was crossed into abcbl and abcb19 single mutants and ho-
mozygous lines were recovered and crossed to generate the abcblabcbl9 PINI::PINI:GFP
line. Accumulation of basal PIN1-GFP in xylem parenchyma cells in abcb19 mutants was
not different to wild type, whereas a small but significant decrease was observed in the abcbl

mutant background (Fig. 3.9). Despite several attempts to measure PIN1-GFP accumulation
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Fig. 3.8 Bulk auxin transport in abcb1/abcb19 mutant stems.

(A) Bulk auxin transport in 6-week old basal internodes of plants lacking ABCB1, ABCB19 function-
ality or both. Transport in the abcbl and abcb19 single mutants was measured in at least 7 individual
experiments, whereas the abcblabcbl9 was included once, n = 24. (B) Effect of segment location on
bulk auxin transport in abcb9 mutants, with *apical’ referring to the stem 10 cm below the apex and
"basal’ denoting the most basal internode. Data are representative for two independent experiments, 7
= 24. (C) Auxin transport in basal internodes, incubated for 18 hours. Data are representative for two
independent experiments, n = 23-24. (D) Effect of plant age on bulk auxin transport, measured in
the basal internodes of plants 39, 42 or 49 days after sowing. Data are from a single experiment, n =
17-20. For A-D, Tukey’s HSD test was carried out after obtaining the least-square means for a linear
model fitting the data and different letters indicate statistically significant results at p < 0.05.
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in abeblabceb19 double mutant stems, no data could be collected for this mutant. The extreme

dwarfism and altered vasculature made it impossible to gather comparable data.
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Fig. 3.9 PIN1-GFP levels in abcb1/abcb19 stems.

(A) Quantification of PIN1-GFP at the basal plasma membrane of xylem parenchyma cells in basal
internodes of 6-week old inflorescence stems. For each genotype analysed, n = 40 membranes
(mean of 5 per sample, 8 individual samples per line). Data are representative of two independent
experiments. Tukey’s HSD test was carried out after obtaining the least-square means for a linear
model fitting the data and different letters indicate statistically significant results at p < 0.05. (B)
PIN1-GFP expression in xylem parenchyma cells, as quantified in A. Green signal indicates GFP, red
chloroplast auto fluorescence. Images are from longitudinally hand-sectioned basal internodes. Bar =
25 pum.

The non-polar expression of ABCB19 across most tissues in the stem (Bennett et al.,
2016a) suggests that ABCB19 might contribute to auxin movement between the PATS and
the surrounding tissues. If this is the case, then the movement of an auxin pulse along stems
over time may show significant differences between abcbl9 mutants and wild type. However,
no clear differences in auxin distribution could be detected between abcb19 and wild type at
any of the investigated time points (Fig. 3.10A), and uptake of the radiolabel was also similar
to wild type (Fig. 3.10B). These data suggest that loss of ABCB19 function alone does not
markedly change the dynamics of auxin transport through the stem and that auxin is still able
to exchange efficiently between the different tissues in the stem.

The overlap in expression domains between ABCB19 and PIN3, PIN4 and PIN7 raises the

possibility that the PINs might be able to compensate for any auxin transport defects caused
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Fig. 3.10 Movement of an auxin pulse in abcb9 mutant stems.

(A) Progression of a 10-minute pulse of 5 uM 14C-IAA through 24 mm long basal internodes of Col-0
and abcb19 stems at 30, 60 and 90 minutes after application (left to right), measured as counts per
minute (CPM) in 2 mm segments. The error bars represent the 95 % confidence interval of the mean.
(B) Total auxin content per sample, equalling the sum of the counts of all segments within one sample.
Tukey’s HSD test was carried out after obtaining the least-square means for a linear model fitting the
data and different letters indicate statistically significant results at p < 0.05. Data are representative of
two independent experiments, n = 8.
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by loss of ABCB19 function. To address this question, the abcbl9 mutation was introduced
into the pin3pin4pin7 mutant background and bulk auxin transport was measured in the
abcb19pin3pindpin7 quadruple mutant after a 6-hour incubation period. Consistent with
previous experiments, the pin3pindpin7 mutant showed decreased levels of auxin transport,
but additional loss of abcb19 did not appear to have any discernible further effect on bulk
auxin transport (Fig. 3.11). These data suggest that pin3pin4pin7 and abcb19 do not have a
synergistic effect on bulk auxin transport in the stem.
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Fig. 3.11 Bulk auxin transport in abcb19/pin3pin4pin7 mutant stems.

Bulk auxin transport in 6-week old basal internodes of plants lacking ABCB19, PIN3, PIN4 and PIN7
functionality. Data are representative of three independent experiments, n = 24. Tukey’s HSD test
was carried out after obtaining the least-square means for a linear model fitting the data and different
letters indicate statistically significant results at p < 0.05.

Although no data are available on ABCB1 expression and localisation in the stem, the
strong additive effects of ABCB1 and ABCB19 suggest that ABCB1 may play a role in
stem auxin transport. To further investigate this, attempts were made to investigate possible
synergistic effects of ABCB1 and PIN3, PIN4, PIN7 by creating higher-order mutants lacking
functionality for these proteins. However, the abcb1pin4 double mutant combination was not
recovered after screening several hundred plants in a segregating F2 population. Although
ABCBI1 and PIN4 are on the same chromosome, they are not located in close proximity to
one another (Fig. 2.1), suggesting that genetic linkage is unlikely. Regardless, the lack of
abcb1pin4 combinations made further investigation challenging.
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3.2.4 The role of AUX1/LAX proteins in auxin transport in the stem

Auxin import in Arabidopsis is facilitated by a family of four closely related auxin import
proteins, AUX1 and three LIKE-AUX1 (LAX1-3) proteins (Bennett et al., 1996; Peret et al.,
2012; Swarup et al., 2001). Loss of all four AUX1/LAX genes results in strongly reduced
stem auxin movement (Boot et al., 2016). To explore the contribution of auxin import to the
bulk movement of auxin in the stem, a bulk auxin transport assay was performed on plants
lacking either AUX1 or AUXI in combination with its three closest homologues LAX/, LAX2
and LAX3. Bulk auxin transport was significantly reduced in the aux/ mutant, with a further

decrease in transport observed in the aux!laxllax2lax3 quadruple mutant (Fig. 3.12).
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Fig. 3.12 Bulk auxin transport in auxi/lax mutant stems.

Bulk auxin transport in 6-week old basal internodes of Col-0, aux/ and auxilaxllax2lax3 plants.
Data are representative of two independent experiments, n = 24. Tukey’s HSD test was carried out
after obtaining the least-square means for a linear model fitting the data and different letters indicate
statistically significant results at p < 0.05.

Since these mutants are highly likely to be impaired in their uptake of auxin at the site of
application, the observed reduction in the bulk auxin movement could be the result of reduced
uptake of radiolabelled auxin over the course of the experiment, rather than a reduced rate
of movement of auxin along the stem. To test this, auxin uptake in basal stem segments
was measured by incubating the apical end of the segments in radiolabelled auxin for 3

hours and analysing the auxin content in small segments of each sample (Fig. 3.13A). The
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Fig. 3.13 Auxin uptake and movement in aux//lax mutant stems.

(A) Experimental setup for measuring auxin uptake in stems. The apical end of the most basal 15 mm
of the primary inflorescence was submerged in 1 pM 14C-IAA for 3 hours, cut into 2.5 mm segments
and the radiolabelled content of each individual segment was determined. (B) Total auxin uptake,
determined by summing the counts of the six segments of each sample. (C) Accumulation in the most
basal segment, calculated as a percentage of the total uptake. (D) Mean auxin content per segment
for each genotype. The error bars represent the 95 % confidence interval of the mean. For B and C,
Tukey’s HSD test was carried out after obtaining the least-square means for a linear model fitting the
data and different letters indicate statistically significant results at p < 0.05. Data are representative of
two independent experiments, n = 16.
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total auxin uptake, determined as the sum of all the counts recovered from each sample,
was reduced in both aux/ and auxilaxllax2lax3 mutants, compared to wild type, consistent
with a reduction of auxin uptake (Fig. 3.13B). Accumulation of auxin at the basal end was
significantly reduced in aux/ and auxIlaxilax2lax3 mutants, relative to the total uptake of
auxin (Fig. 3.13C). This was also evident when analysing the auxin content of each individual
segment. The most apical segments of both the aux! and aux!lax1lax2lax3 mutants in contact
with the radiolabelled buffer solution were still able to take up radiolabelled auxin at levels
comparable to wild type (Fig. 3.13D, segment 1). This suggests that auxin is able to enter
the sample, for example accumulating in the apoplast, but that subsequent movement of
auxin down aux! and auxllaxllax2lax3 stems is reduced compared to wild type, resulting in
reduced basal accumulation in both mutants (Fig. 3.13B, D, segment 6).

Together, these data show that AUX1/LAX proteins contribute to stem auxin transport.

3.3 Summary

* PIN3, PIN4 and PIN7 contribute to bulk auxin transport in the stem.

» Stem auxin transport in pin/ mutants is not further decreased by loss of PIN4 and
PIN7.

* Auxin transport profiles along the stem suggest a high capacity highly polar auxin
transport mode (PATS) as well as a less polar lower capacity transport mode (CAT)
with exchange between them.

* PIN3, PIN4 and PIN7 contribute to CAT, and to auxin exchange between PATS and
CAT.

* The similarities in auxin transport dynamics between max2 and wild type stems can be

attributed to compensatory changes in the PATS and CAT.

* ABCB1 and ABCB19 contribute to stem auxin transport, but the individual contribu-
tions of the transporters are small.

* Auxin importers contribute to stem auxin transport.



Chapter 4

The role of connective auxin transport in
the control of shoot branching

4.1 Introduction

The data from the previous chapter show stem auxin transport to be multimodal, with a
high conductance polar component (PATS), and a less polar, lower conductance component
surrounding it (CAT), as well as exchange of auxin between them. These findings have
implications for how the auxin transport network could operate in the control of shoot
branching. It has previously been proposed that the PATS could function as an information
source, integrating the combined activity of auxin sources across the shoot (Bennett and
Leyser, 2014). In terms of shoot branching control, auxin sink strength in the PATS provides
long-distance information about the number and status of active apices, since all active buds
export their auxin into the PATS. This information, however, needs to be conveyed at a more
local level between buds. Connective auxin transport could facilitate this, since it provides
an interface between tissues of the PATS and the bud (Bennett et al., 2016a).

The aim of this chapter was to investigate the functional significance of CAT and auxin
exchange between tissues in the regulation of shoot branching. This was primarily achieved
by assessing the role of broadly expressed auxin export and import proteins in bud outgrowth
responses. Bud outgrowth responses were measured in mutants impaired in auxin export
or import function using mainly two types of experiments. First, the ability of plants to
activate rosette buds was assessed by using a well-established method where rosette buds
are released from inhibition following decapitation of the primary shoot apex (Greb et al.,
2003). Here, plants are grown under short day conditions for four weeks, which increases
the number of rosette leaves. Plants are then transferred to long days to induce flowering
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and decapitation takes place once the primary shoot apex reaches around 10 cm (Greb et al.,
2003). Using this short day/long day decapitation assay, the progression of bud activation was
followed by counting the number of active rosette branches over time, following decapitation.
Second, bud outgrowth was assessed in a more isolated manner, using a two-node setup.
Here two young, small cauline buds on an isolated inflorescence explant are left to compete
for outgrowth following decapitation. It has previously been shown that in this setup buds are
able to communicate with each other across the stem and compete for outgrowth, with one
bud able to inhibit outgrowth of the other bud (Ongaro et al., 2008). Using mutants impaired
in auxin export or import, the contributions of these proteins to bud activation dynamics and
bud-bud competition was assessed.

The role of CAT and auxin exchange in shoot branching control was further investigated in
the context of strigolactones. Mutants impaired in the perception or synthesis of strigolactone
show high levels of branching (Booker et al., 2004; Sorefan et al., 2003; Stirnberg et al.,
2002; Waters et al., 2012). This is at least in part caused by reduced removal of PIN1
from the plasma membrane which, in the stem, results in a higher sink strength and, in the
bud, enables buds to canalise their auxin from the bud more easily than in wild type plants.
Combined, this allows strigolactone mutants to activate their buds more readily than in wild
type, resulting in increased levels of branching (Bennett et al., 2006; Prusinkiewicz et al.,
2009; Shinohara et al., 2013). Mutants impaired in CAT were introduced into strigolactone
mutant backgrounds to investigate their contribution to the shoot branching network.

4.2 Results

4.2.1 The role of PIN3/PIN4/PIN7 in communication between apices

In the previous chapter, the PIN3, PIN4 and PIN7 proteins were shown to contribute to CAT
and auxin exchange in the stem. To further investigate their functional significance in the
context of shoot branching, bud outgrowth was assessed in pin3/pin4/pin7 double mutant
combinations, and the pin3pin4pin7 triple mutant. A short day/long day decapitation assay
was performed and the number of active branches was counted 10 days post decapitation, the
time point standardly used (Greb et al., 2003). Rosette branch numbers were significantly
reduced in the pin3pin4 and pin3pin4pin7 mutants, compared to wild type, but no clear
difference could be found in the pin3pin7 and pin4pin7 mutants (Fig. 4.1A; Bennett et al.,
2016a).

The reduced rosette bud activation in the pin3pin4 and pin3pin4pin7 mutants could result
from either a delay or a complete inhibition of bud activation. To test this, rosette branches



4.2 Results 57

-@- Col-0 -@- pin3pindpin7

ab * n.s
A 91 . B *
@ o) a ab 7
S [}
2 b b )
S 7 S
o) c %
: B £
T ) o §
0C 5+
44 ®
o X 4 04 A
/ O O O O
& X X X W ——
Q¢ Q o ‘(\Q)Q\ 5 6 7 8 9 1011 12 13 14
Q Time post decapitation (d)
—-e— Col-0 D b
4-
c 501 -e- pin3pindpin7
—_~ i > a
E 40 g 3
£ ) §
> 30 5
[0} 2
o 5 2
S 201 ©
C C
g 8
m pe]
o [0) -
10 2 1
012345678 910 01
Time post decapitation (d) Col-0 pin3pin4pin7

Fig. 4.1 Bud outgrowth dynamics in pin3/pin4/pin7 mutants.

(A) Rosette branch number of short day to long day shifted plants, 10 days after decapitation, n =
21-24. Tukey’s HSD test was carried out after obtaining the least-square means for a linear model
fitting the data and different letters indicate statistically significant results at p < 0.05. Data are
representative for at least two independent experiments depending on the genotype assayed. (B)
Rosette branch activation dynamics in wild type and the pin3pin4pin7 mutant, scored 5, 7, 10 and
14 days post decapitation. The data for the 10-day time point in B are from the same data set as
presented in A. Bars represent the 95 % confidence interval of the mean. Asterisks indicate statistically
significant differences per time point (p < 0.05 for Holm-Bonferroni adjusted pairwise Wilcoxon
rank-sum tests); n.s. ‘not significant’. Data are representative for three independent experiments. (C)
Branch length of one-node Col-0 and pin3pin4pin7 explants, followed for 10 days after decapitation.
Data are representative of two independent experiments, n = 19-23. (D) Median day where buds first
reached 5 mm or more for the data presented in C. A comparison with the Wilcoxon rank-sum test
was carried out. Different letters indicate statistically significant results at p < 0.05.
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were counted at earlier and later time points than 10 days post decapitation. Branch numbers
were assessed at 5, 7, 10 and 14 days post decapitation in wild type and in the pin3pin4pin7
triple mutant. In wild type, most rosette branches had activated by 7 days and the number of
growing rosette branches stayed constant during the remainder of the experiment (Fig. 4.1B).
In contrast, the number of growing rosette branches in the pin3pin4pin7 mutant continued
to increase over time and reached wild type levels towards the end of the experiment
(Fig. 4.1B; Bennett et al., 2016a). This delayed outgrowth was also observed in single
isolated cauline buds. Young inflorescences bearing two or three cauline buds were collected
and transferred to microcentrifuge tubes containing a liquid growth solution. The most
basal bud was allowed to activate by removing the primary shoot apex and the axillary
buds above it. Buds of the pin3pin4pin7 mutant tended to activate slower than wild type
buds (Fig. 4.1C). Branch length of pin3pin4pin7 explants was lower than wild type during
most of the experiment (Fig. 4.1C). Buds are generally irreversibly active once they reach
around Smm in length. Determining the median day where each explant reached this
threshold showed that pin3pin4pin7 buds took significantly longer to activate than wild type
(Fig. 4.1D). The ability of pin3pin4pin7 buds to grow was not impaired, since branch length
was comparable to wild type in the later stages of the experiment (Fig. 4.1C).

When cauline buds on a two-node explant are released from apical dominance following
removal of the primary shoot apex, buds compete for outgrowth (Ongaro et al., 2008). In
wild type two-node explants, often only one bud activates, with either the top or the bottom
bud dominating and inhibiting outgrowth of the other bud. In a small proportion of two-node
explants, both buds are able to activate simultaneously (Fig. 4.2A; Ongaro et al., 2008).
The degree of dominance between the buds is best captured using a relative growth index
(RGI), defined as the length of the longest branch divided by the summed length of both
branches (Ongaro et al., 2008). The buds on such two-node explants vascularise into different
vascular bundles and communication between the buds is therefore unlikely to occur directly
via the PATS (Ongaro et al., 2008). The contribution of PIN3, PIN4 and PIN7 to auxin
exchange between the PATS and CAT suggests that these PINs may contribute to bud-bud
communication. To test this, competition between two buds in pin3pin4dpin7 mutant explants
was analysed in a two-node assay. In a large proportion of wild type two-node explants, one
bud dominated the other, resulting in a high relative growth index (Fig. 4.2B). In contrast,
in pin3pin4pin7 two-node explants both buds tended to activate, resulting in a significantly
reduced RGI compared to wild type (Fig. 4.2B; Bennett et al., 2016a).

Taken together, these data show that PIN3, PIN4 and PIN7 play an important role in the
activation of buds. Rosette bud activation in the pin3pin4pin7 mutant is delayed. Furthermore,

competition between two isolated buds is reduced in pin3pin4pin7 mutants, supporting the
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Fig. 4.2 Bud competition in pin3pin4pin7 mutant two-node explants.

(A) Explants showing the potential outcomes of bud-bud competition in a two-node assay, 10 days
post decapitation. The top (t), bottom (b) or both buds can activate. Asterisks indicate the point
of decapitation. Bar = 10 mm. (B) Violin plot for the relative growth index (RGI) of Col-0 and
pin3pindpin7 two-nodes, 10 days post decapitation, n = 24. The RGI is the proportion of branch
length in the longest branch. Black dots indicate the median value and the area of each plot represents
the probability distribution of the values. A comparison with the Wilcoxon rank-sum test was carried
out. Different letters indicate statistically significant results at p < 0.05. Data are representative of
three independent experiments and have been published in Bennett et al. (2016a).
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notion that these PIN proteins contribute to lateral communication between shoot apices

across the stem.

4.2.2 The relationship between strigolactones and PIN3/PIN4/PIN7

The reduced removal of PIN1 from the plasma membrane of strigolactone mutants results in a
higher sink strength of the PATS and, in the bud, allows for easier canalisation of auxin across
the stem (Prusinkiewicz et al., 2009). The evidence on PIN3, PIN4 and PIN7 presented thus
far suggests that loss of these PINs reduces auxin exchange between the PATS and CAT and
that this impairs communication between buds. It is therefore possible that PIN3, PIN4 and
PIN7 contribute to strigolactone-mediated shoot branching control through their effect on
auxin transport. To further investigate this relationship, the pin3pin4pin7 mutations were
introduced into a max4 strigolactone synthesis deficient background through crossing. The
max2pin3pindpin7 strigolactone perception mutant has been described in Chapter 3. Bulk
auxin transport is reduced in pin3pin4pin7 mutant stems (Fig. 3.1) and max2pin3pindpin7
auxin pulse data show that auxin moves in a qualitatively different manner in these mutant
stems, compared to wild type (Fig. 3.6, 3.7). To test whether loss of PIN3, PIN4 and PIN7
also affects bulk auxin transport in a strigolactone mutant background, a bulk auxin transport
assay was performed on max2pin3pindpin7 and max4pin3pindpin7 stems (Fig. 4.3A). Bulk
auxin transport was reduced to wild type levels in stems of both maxpin3pin4pin7 mutants
(Fig. 4.3A), whereas the max mutants transported significantly higher levels of auxin than
wild type, consistent with earlier reports (Fig. 4.3A; Bennett et al., 2006; Crawford et al.,
2010; Prusinkiewicz et al., 2009). Consistent with the data presented earlier, the pin3pin4pin7
mutant had lower-than-wild-type levels of bulk auxin transport (Fig. 3.1, 4.3A).

Basal PIN1 accumulation on the plasma membrane of xylem parenchyma cells is in-
creased in max mutants (Crawford et al., 2010; Shinohara et al., 2013). To test whether the
reduced transport phenotypes in the maxpin3pin4pin7 mutants are the result of changes in
PIN1 accumulation, a PINI::PIN1:GFP reporter construct (Xu et al., 2006) was introduced
into the max2pin3pindpin7 background. Basal PIN1-GFP accumulation at the basal plasma
membrane of xylem parenchyma cells was determined in basal internodes. Only a single
experiment was carried out, so these results should be treated with caution. Basal PIN1-GFP
levels were significantly increased in max2pin3pin4pin7 mutant stems, compared to wild
type. However, as reported previously, basal PIN1-GFP levels were also increased in the
max2 background, compared to wild type (Fig. 4.3B; Crawford et al., 2010; Shinohara et al.,
2013) and no difference could be detected between max2 and max2pin3pindpin7 mutant
stems (Fig. 4.3B). Basal PIN1-GFP levels in pin3pin4pin7 were indistinguishable from wild
type (Fig. 4.3B), consistent with data presented earlier (Fig. 3.1B).
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Fig. 4.3 Bulk auxin transport and PIN1 levels in maxpin3pin4pin7 mutant stems.

(A) Bulk auxin transport measured in 6-week old basal internodes of strigolactone mutants lacking
functional PIN3, PIN4 and PIN7. Data are representative of three independent experiments, n = 24.
(B) Quantification of PINT1 levels at the basal plasma membrane of xylem parenchyma cells in basal
internodes, at comparable stages as those used in A. For each genotype analysed, n = 40 membrane
(mean of 5 per sample, 8 individual samples per line). Data are from a single experiment. For A and
B Tukey’s HSD test was carried out after obtaining the least-square means for a linear model fitting
the data and different letters indicate statistically significant results at p < 0.05.
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Taken together, these data show that loss of PIN3, PIN4 and PIN7 in max mutants reduces
bulk auxin transport in the stem. Basal PIN1 accumulation in these mutants appears to remain
elevated.

To assess whether bud activation in the maxpin3pin4pin7 mutants was altered, rosette
branch activation was measured in a short day/long day decapitation assay. At 10 days
post decapitation, both max2pin3pindpin7 and max4pin3pin4pin7mutants had activated
significantly fewer rosette branches than their max2 and max4 controls, but still markedly
more than wild type (Fig. 4.4A). Rosette branch activation is delayed in pin3pindpin7
mutants (Fig. 4.1A). To test if this delay in branch activation also occurs in a strigolactone-
deficient background, rosette bud activation was followed over time for the maxpin3pin4pin7
mutants. At 5 days post decapitation, the first time point sampled, max2pin3pindpin7
and max4pin3pindpin7 had activated significantly fewer branches than max2 and max4,
respectively (p < 0.05, Holm-Bonferroni adjusted pairwise Wilcoxon rank-sum tests). Both
max2pin3pindpin7 and max4pin3pin4pin7 mutants continued to activate additional rosette
branches over the course of the experiment, but activated significantly fewer rosette branches
than max2 and max4 mutants, respectively, at every time point sampled (p < 0.05, Holm-
Bonferroni adjusted pairwise Wilcoxon rank-sum tests) (Fig. 4.4B).

The number of buds which grow into branches is determined by how many buds are re-
leased from inhibition, but also by the number of buds available for activation. To investigate
whether the reduced branching in the maxpin3pin4pin7 mutants was caused by a reduction
in axillary bud formation, plants were grown under the same regime as used for the short
day/long day decapitation assay. Rosette axils were dissected at the time point where plants
are normally decapitated and the presence or absence of an axillary bud was noted. Given the
similarities in response of both maxpin3pin4pin7 mutants, only the max2pin3pin4pin7 mutant
was sampled. Although only one data set is available for the max2 and max2pin3pin3pin7
genotypes, there was very little variation within each genotype, indicating robustness in the
result. Whereas both wild type and pin3pin4pin7 plants usually had several empty axils per
plant, no empty axils could be found in either max2 or max2pin3pindpin7 plants (Fig. 4.4C).
The total number of rosette axils formed in the max2pin3pin4pin7 mutant was not different
to the number of rosette axils found in either wild type or max2 (Holm-Bonferroni-adjusted
Wilcoxon rank-sum tests, not significant) (Fig. 4.4D).

Taken together, these data show that pin3pin4pin7 partially suppress rosette branch
activation in the max2 and max4 mutant backgrounds. The branch suppression is not caused
by a reduction in axillary bud formation.

To further characterise the shoot phenotypes of the maxpin3pin4pin7 mutants, plants

were grown under standard long day growth conditions. The level of branching under these



4.2 Results 63

A c B CQI-O -@- max2pin3,4,7
c | pin3,4,7 max4
o max2 -@- max4pin3,4,7
o 201
% d 201
5 197 * | 3
o © 5
3 — : 5 151
g 101 a e g
= == ) B
i a3 &M
Q
Ao S F e o
00\ (\D(Q\ ﬁ(\'& (\D(Q\ ((\Q) (\DQ\ PR
N N\ N
ey ey & 5
N N\ N
Q & R
& ® 56 7 8 9 10111213 14
Days post decapitation
C | a D A
~ 121 a
]
S
©
I
~ 8.
0
=
©
9
2
S 4 |
> |
Q
S
L b b
01 : 1 T H
Col-0 pin3 max2 max2 Col-0 pin3 max2  max2
pindpin7 pin3pindpin7 pindpin7 pin3pindpin7

Fig. 4.4 Bud formation and activation dynamics in maxpin3pin4pin7 mutants.

(A) Rosette branch number of short day to long day shifted plants, 10 days after decapitation. Data are
representative for three independent experiments, n = 21-24. (B) Rosette branch activation dynamics
of the genotypes presented in A, scored 5, 7, 10 and 14 days post decapitation. The data for the 10-day
time point in B are from the same data set as presented in A. Bars represent the 95 % confidence
interval of the mean. (C) Number of empty rosette axils of short day/long day shifted plants at the
point of decapitation, calculated as a percentage of the total number of rosette axils for a subset of
genotypes shown in A. (D) Schematic representation of axillary bud formation in the cauline and
rosette leaf axils of the plants from C. Each column represents an individual plant, and each square a
single leaf axil. Axils are scored from top to bottom, with the oldest leaf axils at the bottom. Green
denotes the presence and orange the absence of an axillary bud. The grey square represents the border
between cauline and rosette leaf axils, with cauline axils above and rosette axils below. Data are
from a single experiment, n = 15. For A and B Tukey’s HSD test was carried out after obtaining
the least-square means for a linear model fitting the data and different letters indicate statistically
significant results at p < 0.05.
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conditions was determined at the terminal flowering stage. At this stage flower production
ceases simultaneously at all inflorescence branches and activity at the meristems stops (Hensel
et al., 1994). This makes terminal flowering a useful developmental stage to assess end-
point levels of branching. Branching was scored by counting the number of active primary
branches, defined as branches arising from the axils of rosette leaves, and cauline branches
arising from the main inflorescence. A branch was considered active if it was longer than
5 mm. Under these conditions, branching in both max2pin3pin4pin7 and max4pin3pin4pin7
mutants was significantly reduced compared to max2 and max4, respectively (Fig. 4.5A).
Branching in both quadruple mutants was still increased relative to wild type (Fig. 4.5A).

Strigolactone mutants display a reduced stature and their primary inflorescence is shorter
than in wild type plants (Booker et al., 2004; Stirnberg et al., 2002). Plant height is a
phenotype associated with auxin status, since auxin strongly affects cell elongation (reviewed
in Perrot-Rechenmann, 2010), thus in part determining stem elongation and plant height.
To test whether pin3pin4pin7 would affect plant height in the max2 and max4 background,
plant height was determined at terminal flowering by measuring the primary inflorescence
length. Loss of PIN3, PIN4 and PIN7 increased plant height in both max2 and max4
mutant backgrounds (Fig. 4.5B), partially rescuing their reduced stature. Plant height in the
pin3pindpin7 mutant was not significantly different from wild type (Fig. 4.5B).

A striking phenotype of the pin3pin4pin7 mutant is the angle at which its cauline branches
emerge from the primary inflorescence. Cauline branches in pin3pin4pin7 mutants emerge
at wider angles to the primary inflorescence than in wild type (Fig. 4.5C, F; Bennett et al.,
2016a). The opposite effect is seen in max mutants, where cauline branches emerge at
more acute angles to the primary inflorescence than in wild type (Fig. 4.5C, F). To test
whether pin3pin4pin7 could affect the branch angle phenotype in the max2 and max4 mutant
backgrounds, the branch angle was determined at terminal flowering in max2pin3pin4pin7
and max4pin3pin4pin7 mutants. In both quadruple mutant backgrounds the branch angle
was reduced to wild type levels (Fig. 4.5C, F).

Cambial activity in strigolactone mutant stems is reduced, leading to reduced secondary
growth (Agusti et al., 2011). In accordance with this, max mutants stems are thinner than
in wild type (Bennett et al., 2016b). Local cambial activity is regulated by auxin, so it is
possible that reduced radial auxin transport in strigolactone mutants affects stem diameter.
To test this, the effect of pin3pin4pin7 on stem diameter was assessed by measuring the
diameter of the most basal internode at terminal flowering, as an average of the narrowest
and widest point of each sampled stem. As reported previously, both max2 and max4 stems
are thinner than wild type (Fig. 4.5D; Bennett et al., 2016b), but loss of PIN3, PIN4 and PIN7
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Fig. 4.5 Shoot phenotypes of maxpin3pin4pin7 mutants.

(A) Primary branch number of plants grown under long days, scored at terminal flowering. (B) Plant
height at terminal flowering. (C) Branch angle at terminal flowering. (D) Stem diameter at terminal
flowering. (E) Photographs of 4-week old plants from A-D. (F) Photographs of a subset of genotypes
from A-D at 6 weeks. Bar = 50 mm. For A-D Tukey’s HSD test was carried out after obtaining
the least-square means for a linear model fitting the data and different letters indicate statistically
significant results at p < 0.05. Data are representative of at least three independent experiments,
depending on the genotype. n = 12-20. Branch angle data for pin3pin4pin7 have been published
in Bennett et al. (2016a).
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in these mutants had no measurable effect on stem diameter (Fig. 4.5D). The stem diameter
of pin3pin4pin7 triple mutant plants was comparable to wild type (Fig. 4.5D).

Leaf shape in the pin3pin4pin7 mutant differs markedly from wild type, with leaf blades
appearing both shorter and twisted (Fig. 4.5E; Bennett et al., 2016a). The max mutants
also display altered leaf shapes, with rounder leaves than observed in wild type, due to a
reduction in leaf blade length (Stirnberg et al., 2002). Leaf defects in max2pin3pin4pin7 and
max4pin3pindpin7 appeared to be additive; displaying rounder leaves which were shorter
and more twisted than either wild type or max2 and max4, respectively (Fig. 4.5E).

Together, these data show that PIN3, PIN4 and PIN7 contribute to the increased branching
phenotype in strigolactone mutants. Furthermore, pin3pin4pin7 is able to partially rescue the
reduced plant height and completely overcome the increased branch angle of strigolactone
mutants. PIN3, PIN4 and PIN7 do not appear to affect stem diameter, neither in a wild type
background nor in strigolactone mutants. Leaf phenotypes associated with pin3pin4pin7 are
also evident in strigolactone mutants, and vice versa.

The reduced branching in maxpin3pin4pin7 mutants suggests that shoot branching control
by strigolactones depends at least in part on PIN3, PIN4 and PIN7 function. Branching
in strigolactone synthesis mutants can be rescued by supplementing the growth medium
with GR24, a synthetic mixture of racemic strigolactones (Crawford et al., 2010; Shinohara
et al., 2013). To test whether strigolactone mutants lacking PIN3, PIN4 and PIN7 would
still respond to exogenous GR24, plants were grown under long day growth conditions in
sterile Weck jars containing agar-solidified ATS medium supplemented with 5 uM GR24
or solvent control. Branching was defined as the total number of primary branches longer
than 5 mm. Determining the terminal flowering stage under these conditions is difficult,
because plants grow against the lid of the jar. Therefore the number of primary branches
was counted 8 weeks after sowing, when all plants appeared to have stopped growing.
Consistent with soil-grown plants, max2pin3pin4pin7 and max4pin3pin4pin7 mutants grown
under control conditions produced fewer branches compared to max2 and max4, respectively
(Fig. 4.6A,C). Supplementing the growth media with exogenous GR24 had no effect on max2
and max2pin3pin4pin7 mutants, whereas branching was significantly decreased in max4
and max4pin3pindpin7 mutant backgrounds (Fig. 4.6A,C). These data are consistent with
the roles of max2 and max4 in strigolactone perception and biosynthesis, respectively (see
Section 1.2.3). The response to exogenous GR24 of the pin3pin4pin7 mutant was comparable
to wild type (Fig. 4.6A,C).

When mutants are hypersensitive to GR24, this can lead to a reduction in overall plant
growth, which can affect the number of branches that activate (Shinohara et al., 2013). To test

whether overall vigour of the different genotypes in this assay was comparable, the dry weight
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Fig. 4.6 Whole-plant responses of maxpin3pindpin7 mutants to GR24.

(A) Primary branch number of plants grown under axenic, long day growth conditions in jars,
supplemented with ATS + 5uM GR24, scored after 8 weeks. (B) Plant dry weight of the plants
represented in A. For A and B Tukey’s HSD test was carried out after obtaining the least-square
means for a linear model fitting the data and different letters indicate statistically significant results at
p < 0.05. Data are representative of two independent experiments, n = 14-21. Bars represent the 95 %
confidence interval of the mean. (C) Photographs of representative plants from A and B, with control
treatment (top row) and GR24 treatment (bottom row) for each genotype. Bar = 50 mm.
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of the individual plants at the end of the experiments was determined (see Section 2.2.2).
Whole plants, containing both the shoot and the root, were oven-dried and weighed. No
difference in dry weight was detected between the genotypes tested, nor did supplementing
the media with exogenous GR24 affect the dry weight biomass (Fig. 4.6B). This demonstrates
that the reduction in branching in response to GR24 is not caused by an overall reduction in
plant growth.

The reduction in branching in whole plants in response to exogenous GR24 lacking
PIN3, PIN4 and PIN7 shows that these plants are still able to respond to strigolactone,
if strigolactone perception is unperturbed (Fig. 4.6). To test bud outgrowth responses to
GR24 in a more sensitive and dynamic setup, a two-node assay was used. The assay was
performed as described earlier, but here two-nodes were supplemented with either 5 uM
GR24 or solvent control, applied basally. The degree of competition between buds was
determined by calculating the relative growth index 10 days post decapitation. Previous
research shows that basal GR24 increases the competition between buds in strigolactone-
sensitive two-node explants, increasing the frequency with which one bud dominates the
other (Crawford et al., 2010). This response was also clear in this experiment, where bud-bud
competition in wild type two-node explants increased upon GR24 treatment, as reflected
in the higher relative growth index (Fig. 4.7). Untreated pin3pin4pin7 mutant two-nodes
have reduced bud-bud competition, compared to wild type (Fig. 4.2; Bennett et al., 2016a),
which was also evident in this assay (Fig. 4.7). Although pin3pin4pin7 two-nodes were
still able to respond to basal GR24, their response was significantly less than in wild type
(Fig. 4.7). As expected, max2 and max4 mutants showed a strong reduction in bud-bud
competition under control conditions and GR24 treatment was able to increase competition
to wild type levels for max4, but not max2, consistent with earlier reports (Fig. 4.7; Crawford
et al., 2010). Loss of PIN3, PIN4 and PIN7 in the max2 background did not lead to a further
decrease in bud-bud competition under control conditions (Fig. 4.7). Adding basal GR24 to
max2pin3pin4pin7 two-nodes had no effect compared to the control (Fig. 4.7). Under control
conditions, competition between max4pin3pin4dpin7 buds did not differ from max4, whereas
GR24 treatment increased competition, but to a significantly lesser extent than in the max4
mutant (Fig. 4.7).

Together, these data show that plants lacking PIN3, PIN4 and PIN7 are still able to respond
to strigolactone. However, in the bud-bud competition assay this response is compromised, in
both wild type and max4 backgrounds. This suggests bud-bud competition in strigolactone-
deficient mutants is at least in part dependent on PIN3, PIN4 and PIN7. Consistent with this
idea, the highly branched phenotype of max2 and max4 mutants is partially suppressed by
pin3pindpin7.



4.2 Results 69

Treatment . Control |:| GR24

1.01 bed f de 5 ef cd
[ ] a abC abc
[ J
= 0.91
O]
T
P a
E 0.8
e
£ a
S a
o (.71
(]
=
s
o)
C 0.61
a (]
B6
0.5

Col-0 pin3pi;74pin7 max2 max2 max4 max4
pin3pindpin7 pin3pindpin7

Fig. 4.7 Bud competition in maxpin3pin4pin7 mutant two-node explants in response to GR24.
Violin plot for the relative growth index (RGI) of two-node explants, treated &= 5 uM basal GR24, 10
days post decapitation, n = 20-23. The RGI is the proportion of branch length in the longest branch.
Black dots indicate the median value and the area of each plot represents the probability distribution
of the values. Tukey’s HSD test was carried out after obtaining the least-square means for a linear
model fitting the data and different letters indicate statistically significant results at p < 0.05. Different
letters indicate statistically significant results at p < 0.05. Data are representative of two independent
experiments.
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4.2.3 The role of ABCB1/19 in communication between apices

The severe reduction in stem auxin transport of the abcblabcb19 double mutant shows that,
at least combined, ABCBI and ABCB19 are able to strongly affect stem auxin movement
(Fig. 3.8; Bennett et al., 2016a; Noh et al., 2001). The strong reduction of stem auxin
transport in abcblabcb19 mutants could affect shoot branching and indeed this mutant is
reported to have high levels of branching (Noh et al., 2001). To further explore the effect of
ABCB1 and ABCB19 on shoot branching, bud activation was assessed in abcblabcb19. For
comparison, the abcbl and abcb19 single mutants were also included in the analyses.

Rosette bud activation for wild type, abcb1, abcb19 and abcblabcbl9 was investigated
using a short day/long day decapitation assay. The number of rosette branches was scored
5, 7, 10 and 14 days post decapitation, to follow bud activation dynamics (Fig. 4.8A).
No significant difference in the number of rosette branches between wild type, abcbl or
abcb19 was detected at any of the time points sampled (Holm-Bonferroni-adjusted pairwise
Wilcoxon rank-sum tests, not significant). In contrast, branching was strongly reduced in
the abcblabcb19 double mutant at all sampled time points (p < 0.001 for Holm-Bonferroni-
adjusted pairwise Wilcoxon rank-sum tests).

When the abch mutants were grown under long day conditions, the abcblabcbl9 double
mutant combination used here showed strong developmental defects, consistent with pub-
lished data (Fig. 4.8D; Lin and Wang, 2005; Noh et al., 2001). Double mutants grown for the
short day/long day decapitation assay also showed strong growth defects, and abcblabcb19
plants took markedly longer to reach the decapitation stage compared to wild type. To
test whether the defects in the abcblabcb19 mutant affect axillary bud formation, plants
were scored for the absence or presence of axillary buds in the rosette leaf axils at the
decapitation stage (Fig. 4.8B). The number of axils containing axillary buds was strongly
decreased in abcblabcbl9 plants, compared to wild type and both abcb single mutants (p <
0.001 for Holm-Bonferroni-adjusted pairwise Wilcoxon rank-sum tests). Double mutants
also produced markedly fewer leaves, compared to the other tested genotypes (p < 0.001
for Holm-Bonferroni-adjusted pairwise Wilcoxon rank-sum tests). The abcbl and abcb19
single mutants showed wild type levels of axillary bud formation (Holm-Bonferroni-adjusted
pairwise Wilcoxon rank-sum tests were not significant).

Taken together, these data show that, contrary to earlier reports, branching in abcblabcb19
double mutants is decreased. Furthermore, axillary bud formation is reduced in abcblabcb19
mutants, which makes meaningful comparisons with other genotypes difficult. As such, the
abcblabcebl9 was excluded from further experiments.

The ABCB19 protein has an non-polar localisation across a broad range of tissues in the
stem, with exception of the xylem and phloem (Bennett et al., 2016a). As such, ABCB19
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Fig. 4.8 Bud formation and branching responses in abcbl/abcb19 mutants.

(A) Rosette branch number of short day to long day shifted plants, scored 5, 7, 10 and 14 days post
decapitation. Data are representative for two independent experiments, n = 15-24. (B) Schematic
representation of axillary bud formation in the cauline and rosette leaf axils of the genotypes from
A. Each column represents an individual plant, and each square a single leaf axil. Axils are scored
from top to bottom, with the oldest leaf axils at the bottom. Green denotes the presence and orange
the absence of an axillary bud. The grey square represents the border between cauline and rosette
leaf axils, with cauline axils above and rosette axils below. Data are from a single experiment, n = 10.
(C) Violin plot for the relative growth index (RGI) of Col-0 and abcbl9 two-nodes, 10 days post
decapitation, n = 18-21. The RGI is the proportion of branch length in the longest branch. Black
dots indicate the median value and the area of each plot represents the probability distribution of the
values. A comparison with the Wilcoxon rank-sum test was carried out. Different letters indicate
statistically significant results at p < 0.05. Data are representative of three independent experiments.
(D) Photograph of mature plants of the genotypes from A, grown under long day growth conditions.
Bar = 50 mm.
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could play a role in communicating auxin status across the stem. Although rosette bud
activation in abcbl9 was unchanged in the short day/long day decapitation assay (Fig. 4.8A),
it is possible that its effect was too subtle to detect. Therefore, bud-bud communication
was assessed in the sensitive two-node bud competition assay. In this setup, abcb19 two-
node explants showed significantly decreased bud-bud competition, compared to wild type
(Fig. 4.8C). These data show that ABCB19 is able to affect communication between buds.

4.2.4 The relationship between strigolactones and ABCB1/19

The effect of ABCB19 on auxin transport and shoot branching appears to be subtle. To
test whether the role of ABCB19 is more pronounced in a high-branching background, the
abcbl9 mutant was introduced into the max2 and max4 strigolactone mutant backgrounds.
For completeness, abcb1 was also introduced into these max backgrounds.

Shoot phenotypes of the resulting max/abcb double combinations were characterised by
growing plants under long day growth conditions and scoring phenotypes at the terminal
flowering stage. The number of primary branches was significantly decreased in max2abcb19
and max4abcb19 mutants, compared to max2 and max4, respectively (Fig. 4.9A, F). No
change was detected in max2abcbl and max4abcbl mutants (Fig. 4.9A, F). Plant height in
abcbl and abcbl9 was similar to wild type, and loss of ABCB1 or ABCB19 did not affect
plant height in the max mutants (Fig. 4.9B). The branch angle of abcbl and abcb19 was
unchanged from wild type (Fig. 4.9C). Loss of ABCBI1 did not affect max mutant branch
angles, but loss of ABCB19 led to a small, significant increase in branch angle in both max
backgrounds (Fig. 4.9C). Stem diameters were unchanged in abcbl and abch19 mutants,
compared to wild type (Fig. 4.9D). Furthermore, abcbl and abcb19 did not affect stem
diameter in the max mutant backgrounds (Fig. 4.9D). Lastly, abcb! did not have any apparent
effect on rosette leaf shape, neither in wild type or max mutant backgrounds (Fig. 4.9E). In
contrast, rosette leaves in abcb19 were shorter, and more wrinkled in both wild type and max
mutant backgrounds. The rosette in abcb9 mutants appeared more compact than in wild
type, possibly due to reduced petiole length (Fig. 4.9E).

The reduced branching phenotype of max2abcb19 and max4abcbl9 suggests that shoot
branching control mediated by strigolactone depends, at least partially, on ABCB19 function.
To test whether abcb19 mutants are still able to respond to strigolactone, plants were grown
in sterile Weck jars containing agar-solidified ATS growth medium supplemented with 5 uM
GR?24, or solvent control (Fig. 4.10A). When primary branches were counted 8 weeks after
sowing, abcbl9 mutants had activated significantly fewer branches compared to wild type
under control conditions. Addition of exogenous GR24 reduced branching in both wild type
and abcb 19, with GR24-treated abcb19 plants again activating significantly fewer branches
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Fig. 4.9 Shoot phenotypes in maxabcbl and maxabcbl9 mutants.

(A) Primary branch number of plants grown under long days, scored at terminal flowering. (B) Plant
height at terminal flowering. (C) Branch angle at terminal flowering. (D) Stem diameter at terminal
flowering. (E) Photographs of a subset of genotypes from A-D at 4 weeks. The Col-0 and max2
images are the same as shown in Fig. 4.5E. (F) Photographs of a subset of genotypes of A-D at 6
weeks. Bar = 50 mm. For A-D Tukey’s HSD test was carried out after obtaining the least-square
means for a linear model fitting the data and different letters indicate statistically significant results at
p <0.05. Data are representative of at least three independent experiments, depending on the genotype.
n =20-24.
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than treated wild type plants (Fig. 4.10A). The branching response of abcb19 to GR24
treatment, calculated as the difference in the mean number of branches formed under the
different treatments, was comparable to wild type. Wild type plants formed on average (mean
=+ standard error of the difference between the means of each two samples) of 1.47 £ 0.23
fewer branches upon treatment with GR24, whereas abcb19 mutant plants reduced their
branching by 1.31 £ 0.25.
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Fig. 4.10 Whole-plant and bud competition responses of abcbl9 mutants to GR24.

(A) Primary branch number for plants grown under axenic, long day growth conditions in jars, in
agar-solidified ATS 4 5 uM GR24, scored after 8 weeks. Data are representative of three independent
experiments, n = 20-21. (B) Violin plot for the relative growth index (RGI) of two-nodes, treated +
5 uM basal GR24, 10 days post decapitation, n = 21-24. The RGI is the proportion of branch length
in the longest branch. Black dots indicate the median value and the area of each plot represents the
probability distribution of the values. Data are representative for two independent experiments. For
A and B Tukey’s HSD test was carried out after obtaining the least-square means for a linear model
fitting the data and different letters indicate statistically significant results at p < 0.05. Bars represent
the 95 % confidence interval of the mean.

The data above show that abcbh19 plants are able to respond to GR24. Bud-bud compe-
tition in the abcb19 background is reduced compared to wild type (Fig. 4.8C). To assess
whether exogenous GR24 can restore the reduced competition in abcb19 two-node explants,
a two-node experiment was performed (Fig. 4.10B). Here, competition between abcb19 buds

without GR24 was significantly decreased compared to wild type, consistent with earlier
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experiments (Fig. 4.8C). Addition of GR24 to abcb19 two-node explants increased bud-bud
competition, as captured by the increased relative growth index (Fig. 4.10B). However,
the degree of competition was significantly less than in GR24-treated wild type two-node
explants (Fig. 4.10B).

Together, these data show that loss of ABCB19 results in reduced branching in strigolac-
tone mutants. ABCB19-deficient plants are still able to respond to exogenous strigolactone,
but competition between two cauline buds in abcb19 mutants can only be partially restored
by addition of strigolactone.

4.2.5 The relationship between PIN3/PIN4/PIN7 and ABCB19

The data above show that there are striking similarities between PIN3/PIN4/PIN7 and
ABCB19 in the control of shoot branching. Loss of the PINs or ABCB19 both results in
reduced bud-bud communication (Fig. 4.2B, 4.8C), and a partial rescue of the increased
branching phenotype of strigolactone mutants (Fig. 4.5A, 4.9A). Other phenotypes appear to
be more PIN or ABCB19-specific. For example, rosette buds in pin3pin4pin7 show delayed
activation upon decapitation (Fig. 4.1B), whereas abcb19 rosette bud activation dynamics
are similar to wild type (Fig. 4.8A). To explore in more detail the similarities and differences
between the PINs and ABCB19, shoot phenotypes and branching responses of the abcb19,
pin3pindpin7 and abcb19pin3pindpin7 mutants were investigated.

To test for potential synergistic effects of PIN3/PIN4/PIN7 and ABCB19 on rosette bud
activation dynamics, rosette bud activation was followed in a short day/long day decapitation
assay (Fig. 4.11A). Consistent with previous results, the pin3pin4pin7 mutant was delayed
in its rosette bud activation, with fewer active branches present at 7 and 10 days post
decapitation, compared to wild type (p < 0.05, Holm-Bonferroni adjusted Wilcoxon rank-
sum tests). Rosette bud activation in abcbl9 was indistinguishable from wild type, as
expected (Holm-Bonferroni adjusted Wilcoxon rank-sum tests, not significant). Loss of
both abcb19 and pin3pindpin7 had a clear synergistic effect (Fig. 4.11A). The number of
rosette branches in the abcb19pin3pin4pin7 quadruple mutant was comparable to the other
tested genotypes at 5 days post decapitation, but where wild type, abcb19 and pin3pindpin7
continued to activate additional rosette buds during the remainder of the experiment, the
quadruple mutant did not (p < 0.001 at day 14, Holm-Bonferroni adjusted Wilcoxon rank-sum
tests).

To investigate whether the reduced activation of rosette branches in the quadruple mutant
is caused by a reduction in axillary bud formation, axillary bud formation was assessed in
abcb19pin3pindpin7 mutant plants. Plants were grown under the same regime as those grown
for short day/long day decapitation assay and scored at the point of decapitation (Fig. 4.11B).
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Fig. 4.11 Bud activation dynamics and bud formation in abcb9pin3pin4pin7 mutants.

(A) Rosette branch activation dynamics of Col-0, abcbl19, pin3pindpin7 and abcbl9pin3pindpin7
plants, scored 5, 7, 10 and 14 days post decapitation, n = 21-24. Data are representative for three
independent experiments. (B) Schematic representation of axillary bud formation in the cauline and
rosette leaf axils of the plants from A. Each column represents an individual plant, and each square a
single leaf axil. Axils are scored from top to bottom, with the oldest leaf axils at the bottom. Green
denotes the presence and orange the absence of an axillary bud. The grey square represents the border
between cauline and rosette leaf axils, with cauline axils above and rosette axils below. Data are
from a single experiment, n = 20 (only 15 samples shown). (C) Violin plot for the relative growth
index of Col-0, abcb19, pin3pindpin7 and abcb19pin3pindpin7 two-nodes, 10 days post decapitation,
n = 17-24. The RGI is the proportion of branch length in the longest branch. Black dots indicate
the median value and the area of each plot represents the probability distribution of the values. A
comparison with the Wilcoxon rank-sum test was carried out. Different letters indicate statistically
significant results at p < 0.05. Data are representative of two independent experiments.
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Data are from a single experiment, but the abcb19 and pin3pin4pin7 controls have been
assessed previously (Fig. 4.4D, 4.8B). The number of empty axils in the abcb19pin3pindpin7
quadruple mutant did not differ from wild type, abcb19 and pin3pin4pin7 mutants (Holm-
Bonferroni-adjusted Wilcoxon rank-sum tests, not significant). No difference in total number
of rosette leaves was detected between any of the genotypes (Holm-Bonferroni-adjusted
Wilcoxon rank-sum tests, not significant).

The reduced activation of rosette buds in the abcb19pin3pin4pin7 quadruple mutant
(Fig. 4.11A) suggests that these PINs and ABCB19 can have synergistic effects on bud
outgrowth. Bud-bud communication is impaired in pin3pindpin7 and abcbl9 mutants
(Fig. 4.2B, 4.8C). To assess whether PIN3, PIN4, PIN7 and ABCB19 are also able to
synergistically affect bud-bud competition, a two-node experiment was conducted with
abcb 19pin3pindpin7 mutant explants (Fig. 4.11C). Compared to wild type, bud-bud commu-
nication was significantly reduced in the quadruple mutant, indicated by the reduced relative
growth index. No significant difference was detected between the quadruple and the abcb19
or pin3pin4pin7 mutants (Fig. 4.11C).

To characterise the shoot phenotypes of the abcb19pin3pin4pin7 quadruple in more detail,
plants were grown under long day growth conditions and scored at the terminal flowering
stage. Primary branching was not significantly different between any of the tested genotypes
(Fig. 4.12A). Plant height was unchanged in the abcb19 and pin3pin3pin7 mutants compared
to wild type, consistent with earlier results (Fig. 4.5B, 4.9B), but significantly reduced in
abcb19pin3pindpin7 mutant plants (Fig. 4.12B). Cauline branches in abcb19pin3pindpin7
emerged at wider angles from the primary inflorescence than in wild type (Fig. 4.12C, F),
and to the same degree as seen in the pin3pin4pin7 mutant (Fig. 4.12C, F). Stem diameter in
abcb19pin3pindpin7 mutants was significantly decreased compared to wild type (Fig. 4.12D),
whereas stem diameter was unchanged in abcb19 and pin3pin4dpin7 mutants, as previously
shown (Fig. 4.5D, 4.9D). Rosette leaves in the abcb19pin3pindpin7 showed a very strong
phenotype (Fig. 4.12E). Rosettes were very compact, and leaf blades were short, curled and
twisted, compounding phenotypes from both abcb19 and pin3pin4pin7 mutants.

Together, these data show that PIN3/PIN4/PIN7 and ABCB19 have synergistic effects
on the activation dynamics of rosette buds, following decapitation. These changes are not
caused by a reduction in axillary buds available for activation. Plant height, stem diameter
and leaf shape are also synergistically affected by loss of PIN3/PIN4/PIN7 and ABCB19.

4.2.6 The role of auxin importers in communication between apices

The data presented in Chapter 3 show that auxin importers contribute to stem auxin transport
(Fig. 3.12, 4.13). To further investigate the functional significance of auxin importers in



4.2 Results 78

a ; a a a
A s o B *°
a a a
2 71 = 50
S S
g 67 E 457
S 2 ° b
o 2
£ 5
a A a
351
3.
Col-0 abcb19 pin3 abcb19 Col-0 abcb19 pin3 abcb19
pindpin7 pin3,4,7 pindpin7 pin3,4,7
b a b
C 1101 ° D 1.81 a d
a
/UT . [ ]
S 90l b E 161
> E
) @ 5
o T 1.4-
2 01 a 5
«© ©
S * o . £ 1.21
g 501 &
1.0
30+ . . . . . . . .
Col-0 abcb19 pin3 abcb19 Col-0 abcb19 pin3 abcb19
pindpin7 pin3,4,7 pindpin7 pin3,4,7
E abcb19
pin3
pindpin7

Col-0 ab 19  pin3pindpin7 abcb19pin3pindpin7

Fig. 4.12 Shoot phenotypes in abcb19pin3pindpin7 mutants.

(A) Primary branch number of plants grown under long days, scored at terminal flowering. (B) Plant
height at terminal flowering. (C) Branch angle at terminal flowering. (D) Stem diameter at terminal
flowering. (E) Photographs of the genotypes from A-D at 4 weeks. (F) Photographs of the genotypes
from A-D at 6 weeks. Bar = 50 mm. For A-D Tukey’s HSD test was carried out after obtaining
the least-square means for a linear model fitting the data and different letters indicate statistically
significant results at p < 0.05. Data are representative of three independent experiments. n = 18-24.
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the context of shoot branching, bud outgrowth responses were assessed in the aux/ and
auxllaxllax2lax3 auxin importer mutants.

To assess rosette bud activation dynamics in aux/ and auxlIlaxllax2lax3 mutants, a short
day/long day decapitation assay was performed. Bud activation was scored at 5, 7, 10 and
14 days post decapitation (Fig. 4.13A). Consistent with previous experiments, wild type
plants activated most of their buds 7 days after decapitation, with only a few additional buds
activating during the remainder of the experiment. Bud activation dynamics of the aux/
mutant did not differ from wild type at any of the sampled time points (Holm-Bonferroni
adjusted Wilcoxon rank-sum tests, not significant). In contrast, the number of active buds
in the auxllaxllax2lax3 quadruple mutant was significantly lower to both wild type and
aux] at all sampled time points (p < 0.001, Holm-Bonferroni adjusted Wilcoxon rank-sum
tests). Axillary meristem formation in short-day-grown aux/lax1lax2 triple mutant plants has
previously been shown to be highly impaired (Wang et al., 2014a), so it is likely that axillary
bud formation in the aux/laxllax2lax3 is impaired. To test this, axillary bud formation
was assessed by scoring the absence/presence of axillary buds in the rosette leaf axils of
short day/long day grown plants, at the point of decapitation (Fig. 4.13B). The number of
empty rosette leaf axils was significantly increased in aux!laxllax2lax3 plants, compared to
wild type (p < 0.001, Holm-Bonferroni adjusted Wilcoxon rank-sum tests). The number of
empty axils in aux/ was unaffected (Holm-Bonferroni adjusted Wilcoxon rank-sum tests,
not significant). The total number of rosette leaf axils formed in aux/ and auxllaxllax2lax3
mutants was comparable to wild type (Holm-Bonferroni adjusted Wilcoxon rank-sum tests,
not significant).

To investigate shoot branching in a potentially less compromised situation, aux/ and
auxllax1lax2lax3 mutant plants were grown under long day growth conditions. The number
of primary branches was scored at terminal flowering. No significant differences in branching
could be found between the auxI/lax mutants and wild type (Fig. 4.13C). Under these
conditions, no apparent phenotypic differences between wild type and aux! plants could be
detected (Fig. 4.13E). In contrast, the aux/laxIlax2lax3 plants showed clear defects in leaf
shape and were almost entirely sterile (Fig. 4.13E).

The effect of auxin import on bud activation was further explored using a bud-bud
competition assay. Using the two-node assay, aux/ buds were left to compete following
decapitation. The degree of competition was measured by determining the relative growth
index 10 days post decapitation. No difference in the relative growth index was found
between aux! and wild type two-node explants (Fig. 4.13D).

Together, these data show that auxin importers do not appear to contribute to the reg-

ulation of bud activity. Although rosette branch activation appears to be reduced in the
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Fig. 4.13 Bud formation and branching responses in auxI/lax mutants.

(A) Rosette branch activation dynamics of Col-0, aux/ and auxllaxilax2lax3 plants scored 5, 7, 10
and 14 days post decapitation, n = 23-24. (B) Schematic representation of axillary bud formation
in the cauline and rosette leaf axils of the genotypes from A. Each column represents an individual
plant, and each square a single leaf axil. Axils are scored from top to bottom, with the oldest leaf
axils at the bottom. Green denotes the presence and orange the absence of an axillary bud. The grey
square represents the border between cauline and rosette leaf axils, with cauline axils above and
rosette axils below. Data are from a single experiment and the Col-0 data are the same as presented in
Fig. 4.4D, n = 15. (C) Primary branch number of plants grown under long days, scored at terminal
flowering, n = 28-30. (D) Violin plot for the relative growth index (RGI) of Col-0 and aux/ two-nodes,
10 days post decapitation. The RGI is the proportion of branch length in the longest branch. Black
dots indicate the median value and the area of each plot represents the probability distribution of the
values. A comparison with the Wilcoxon rank-sum test was carried out; n.s. (not significant), n =
18-22. (E) Photograph of mature plants of the genotypes from C. Bar = 50 mm. Data in A, C and D
are representative of two independent experiments.
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auxllaxllax2lax3 quadruple mutant, axillary bud formation is also impaired. This makes

assessing the combined role of these auxin importers on branching challenging.

4.3 Summary

* PIN3, PIN4 and PIN7 affect rosette bud activation dynamics.
e PIN3, PIN4 and PIN7 contribute to communication between buds across the stem.

* Shoot branching control by strigolactones is partially dependent on PIN3, PIN4 and
PIN7.

* Branching in the abcblabcbl9 mutant is decreased.

* ABCBI19 contributes to communication between buds across the stem.

 Shoot branching control by strigolactones is partially dependent on ABCB19.

* PIN3, PIN4, PIN7 and ABCB19 have synergistic effects on rosette bud activation.

* Auxin importers do not appear to contribute to the regulation of bud activation.



Chapter 5

Interplay between BRC1 and auxin
transport in the control of shoot
branching

5.1 Introduction

Historically, the role of BRCI in the control of shoot branching has been viewed as that of an
integrator of bud outgrowth regulating signals. Bud outgrowth inhibition is in many cases
correlated to BRC1 expression. Supportive of this, in Arabidopsis, brcl mutants display a
high degree of shoot branching. In maize the orthologue of BRCI, TEOSINTE BRANCHED1
(TB1), is constitutively overexpressed and here axillary bud activity is inhibited, resulting in
suppression of branches (Doebley et al., 1997; Hubbard et al., 2002). Hormones can regulate
BRC1 expression, because in pea BRCI transcript levels are positively regulated by cytokinin,
whereas strigolactone has a negative effect (Braun et al., 2012; Dun et al., 2012). These
effects are consistent with the stimulatory and inhibitory effect of these hormones on bud
outgrowth, respectively. Recent advances show that, at least in Arabidopsis, the role of BRC/
as a straightforward regulator of bud outgrowth is questionable. In a variety of contexts the
correlation between BRC/ transcript levels and bud activity is broken, suggesting that BRCI
is neither necessary nor sufficient for bud outgrowth inhibition (Seale et al., 2017). Buds
lacking BRC1 expression can remain inhibited and sensitive to strigolactone, while buds
with high levels of BRCI can be active (Seale et al., 2017). Instead, it is proposed that BRC1
acts as a modulator of bud activation potential and that it operates within a larger framework
of bud activity control, mediated through an auxin transport-based mechanism (Seale et al.,
2017).
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The main aim of this chapter was to further explore the relationship between the auxin
transport network and BRCI-mediated shoot branching control. Another important aim
was to investigate the relationship between strigolactone and both of these bud-regulating
processes. In the previous chapter, PIN3/PIN4/PIN7 and ABCB19 were shown to mediate
communication between buds, and both the PINs and ABCB19 were shown to be important
for strigolactone-mediated shoot branching control. To investigate whether BRC1 might act
through the PINs and ABCB19, branching responses were assessed in brclbrc2 mutants
lacking PIN3/PIN4/PIN7 or ABCB19 functionality.

To compare shoot branching control in brclbre2 and strigolactone mutant backgrounds,
branching was investigated using a different growth regime than used thus far. The level
of branching in brclbrc2 and strigolactone mutants is almost indistinguishable under long
day growth conditions (Bennett et al., 2016b; Seale et al., 2017). Under these conditions,
virtually all nodes produce an active branch. However, differences in branching between
these mutants become increasingly clear when the number of vegetative nodes is increased.
When plants are grown exclusively under short day conditions, brclbrc2 mutants activate
significantly fewer branches than strigolactone mutants (Seale et al., 2017). From a practical
point of view, working with exclusively short-day-grown plants is not ideal. Plants can take
many months to reach terminal flowering and the long life span increases chances of plants
succumbing to diseases. To find a suitable middle ground for assessing differences between
brclbrc2 and strigolactone mutant branching patterns, plants were grown under short day
conditions for four weeks, then shifted to long day growth conditions and scored at terminal
flowering.

In this chapter a mutant impaired in D14 function is used as a strigolactone signalling
mutant, as opposed to MAX2. The D14 protein has recently been shown to act as a strigolac-
tone receptor (Hamiaux et al., 2012; Yao et al., 2016). MAX?2 is involved in strigolactone
signalling, but it also acts in the karrikin signalling pathway, which results in phenotypic
defects in max2 mutants that are unrelated to strigolactone (Bennett et al., 2016b; Soundappan
et al., 2015). As such, the d/4 mutant provides a cleaner genetic background in which to

study the effects of strigolactone on shoot branching (see Fig. 1.2).



5.2 Results 84

5.2 Results

5.2.1 The effect of PIN3/PIN4/PIN7 on shoot branching in brclbrc2

and strigolactone mutants

To better distinguish between branching in brclbrc2 and strigolactone mutants, a new growth
regime was used where the number of vegetative nodes was increased by growing plants under
short day conditions for four weeks, prior to shifting them to long day growth conditions. To
assess whether these conditions distinguish sufficiently between brclbrc2 and strigolactone
mutant branching phenotypes, wild type, brclbrc2 and d14 mutant plants were grown under
these conditions and branching was assessed at terminal flowering (Fig. 5.1). Under these
conditions branching in the brclbrc2 mutant was significantly increased compared to wild
type, but was lower than in the d/4 mutant (Fig. 5.1A). This is consistent with data for these
genotypes when grown exclusively under short day growth conditions (Seale et al., 2017).
To test whether these growth conditions compromise axillary bud formation, plants were
dissected at the terminal flowering stage and the presence and developmental stage of the
axillary bud in each primary axis leaf axil was assessed (Fig. 5.1B). Where present, buds were
categorised into vegetative and reproductive stage, using a slightly simplified classification
scheme adapted from Aguilar-Martinez et al. (2007), as indicated in the figure legend. The
total number of rosette leaves formed was comparable between wild type, brclbrc2 and di14
plants (Fig. 5.1B, C). The type and developmental stage of the meristems differed between
the genotypes. Whereas wild type plants generally had a few empty axils, none could be
detected in either brclbrc2 or d14 plants (Fig. 5.1B, D). In all genotypes some axillary
buds remained in a vegetative state, but most had transitioned into reproductive floral buds
(Fig. 5.1B, D). In d14 plants all reproductive floral buds activated, whereas in wild type and
brc1brc2 mutant plants a proportion of reproductive buds remained dormant (Fig. 5.1A, B).

Together, these data show that axillary bud formation in brclbrc2 and d14 mutants is
little changed from wild type. In brclbrc2 plants a proportion of floral buds remains dormant,
whereas in d14 plants all floral buds activate. This accounts for the difference in primary
branching observed between brclbrc2 and d14 plants.

The data from Chapter 4 show that loss of PIN3, PIN4 and PIN7 in strigolactone
mutants is able to partially rescue their increased branching phenotype (Fig. 4.4). To
test whether loss of these PINs can also suppress the increased branching of brclbrc2
mutants, the pin3pin4pin7 mutations were introduced into the brc1brc2 mutant background
through crossing. To assess differences between brclbrc2 and d14-mediated branching,
the pin3pin4pin7 mutations were also introduced into the d/4 mutant background through

crossing and the d14pin3pin4pin7 was included in the branching assays. Branching was
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Fig. 5.1 Meristem stages at terminal flowering of wild type, brclbrc2 and di4 plants after short day
to long day growth.

(A) Primary branch number at terminal flowering, after a 4-week short day growth period, followed
by growth under long days. (B) Schematic representation of axillary bud formation in the cauline
and rosette leaf axils of the plants from A, determined by classifying the meristem stages according
to the conditions stated in the legend. Each column represents an individual plant, with and each
square within a column indicates a single leaf axil. Axils are scored from top to bottom, with the
oldest leaf axils at the bottom. The thick black line represents the border between cauline and rosette
leaf axils, with cauline axils above and rosette axils below. (C) Total number of rosette axils. (D)
Percentage of rosette axils which were empty, or contained axillary buds with vegetative (vegetative 1,
2 or 3) or reproductive (reproductive 1, 2 or 3) meristems, determined as a percentage of the total
number of rosette axils. Data are from a single experiment, n = 10. For A, C and D Tukey’s HSD test
was carried out after obtaining the least-square means for a linear model fitting the data and different
letters indicate statistically significant results at p < 0.05.
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assessed by scoring the number of primary branches at the terminal flowering stage in plants
subjected to two growth regimes (Fig. 5.2A). Plants were either grown under long day growth
conditions alone, or grown under short day/long day growth conditions as described earlier
(Fig. 5.1). Branching was increased in brclbrc2 plants compared to wild type, irrespective
of the growth regime used. Short day/long day shifted plants produced significantly more
primary branches than long day grown plants alone (Fig. 5.2A). The number of primary
branches was increased for all genotypes after growth under short day conditions (Fig. 5.2A).
Loss of PIN3, PIN4 and PIN7 in the brclbrc2 mutant background did not affect branching
in either growth condition (Fig. 5.2A). Plants lacking D14 function produced significantly
more branches than brclbrc2 under both growth conditions (Fig. 5.2A), with the difference
between these mutants becoming increasingly clear in short day/long day shifted plants
(Fig. 5.2B). Loss of PIN3, PIN4 and PIN7 in the d/4 mutant background significantly
reduced branching, irrespective of the growth regime (Fig. 5.2A). This is consistent with the
reduction of branching observed in the maxpin3pin4pin7 mutants (Fig. 4.4, 4.5).

Together, these data show that there are quantitative differences in branch activation
between brclbrc2 and d14 mutants. These differences become increasingly clear when plants
have increased numbers of primary axis leaves and therefore axillary buds. The pin3pindpin7
mutations reduce branching in the d/4 strigolactone perception mutant, whereas pin3pindpin7
does not affect branching in brc/brc2 mutants. This suggests that PIN3/PIN4/PIN7-mediated
shoot branching control is independent of BRC1, and vice versa.

To further explore the effect of PIN3, PIN4 and PIN7 on brclbrc2 and dI4 plants,
additional shoot phenotypes were characterised at the terminal flowering stage in brclbrc2
and d/4 mutant plants lacking PIN3, PIN4 and PIN7, grown under long day conditions
(Fig. 5.3). Primary branching was reduced by pin3pin4pin7 in the d14 background, but not
in brelbre2 mutants (Fig. 5.3A, E, reproduced from the same data set used for the branching
under long days in Fig. 5.2A). Plant height was slightly and significantly reduced in brclbrc2
mutants (Fig. 5.3B), consistent with earlier findings (Bennett et al., 2016b; Seale et al., 2017).
The height of brc1brc2pin3pin4pin7 was not significantly different from brclbrc2 (Fig. 5.3B).
The d14 mutant displayed a much stronger stunted stature than brclbrc2, consistent with
earlier findings (Bennett et al., 2016b; Seale et al., 2017). Loss of PIN3, PIN4 and PIN7 in the
d14 mutant background was able to partially rescue this phenotype (Fig. 5.3B), in agreement
with the maxpin3pin4pin7 data presented in Chapter 4 (Fig. 4.5B). The wider branch angle in
the pin3pin4pin7 mutant was visible in both brclbrc2 and d14 mutant backgrounds, and was
even significantly increased compared to wild type in the latter (Fig. 5.3C). Stem diameter
was unchanged in pin3pin4pin7 mutants, and the pin3pin4pin7 mutations did not have any

significant effect on stem diameter in the brclbrc2 or d14 mutant backgrounds (Fig. 5.3D).



5.2 Results 87

A [] Long days B
301
[[] short days
(0]
(%) 8 J
£ 5
2 201 XS
© =
_‘6 ©
> 2
© - J
. " 8
o S
" Bl
FE AR o ¢ I d o d
(\ o (\ A (\ Y <\ N
00\/ ‘ (\w\ 0\0‘ _(\uQ\ o (\w?\ ¥ (\Q\ O (\uQ\ o (\b&
q,Q\ o %Q\ ‘bQ\ Q\ \0 be\ Q\
N O N \<\ N \<‘
Q Oq,Q MR Q oq,Q MR
N\ o N
S »\‘0
o N

Fig. 5.2 Effect of growth conditions on branching in brclbrc2 and d14 mutants lacking PIN3/PIN4/
PIN7.

(A) Branching in brclbrc2 and d14 mutants lacking functional PIN3, PIN4 and PIN7, scored at
terminal flowering. Plants were grown under long day growth conditions (grey bars) or under short
day growth conditions for four weeks, prior to shifting to long day growth conditions (orange bars), n
= 21-24. Data are representative for two independent experiments. Tukey’s HSD test was carried out
after obtaining the least-square means for a linear model fitting the data and different letters indicate
statistically significant results at p < 0.05. (B) Difference in the mean number of branches between
the different growth regimes of the plants depicted in A. Error bars indicate the standard error of the
difference between the means of each two samples.



5.2 Results 88
A c B a
7)) 20' l — é a b b
S £ | ek
§ 157 b 1 b £ ==
o ° D 40 d
> 2 1 c
g 101 & a $ :h = $
= [ ] S 301
s |emem 5
[ )
N o 4 a4 4 x4
& S S 8 SR N
T i T E S i
X0 R R A N X
O O O O O O
Q KW Q & W9
»\‘0\ o \‘0‘ )
C o D o
— b a
2 90+ b d = 20 a b
o £ b o
> 801 $ | E
E 70_ a a :G__.? 16' ° [ )
[0} o c
k<) | S ° c
s 60 $ $ c | S 1.2] *
S 507 £
8 40- 8 o8 s ¢
@ — a —9 —
& 2 .4 x .4 IS 92 .4 L
AT SIS & @S A @
SRR O T O
. \@Q o \@Q _ \@Q .\@Q © .\@Q .\@Q
Q KR R Q R W
N 0 N 0
& &

i
Vi 2

CoI- pin3pindpin7

brc1brc2

brc1brc2
pin3pindpin7

- 3

di4
pin3pin4pin7

di4

Fig. 5.3 Shoot phenotypes of brclbrc2 and d14 mutants lacking PIN3/PIN4/PIN7.

(A) Primary branch number of plants grown under long days, scored at terminal flowering. Data are
the same as the long day branching data presented in Fig. 5.2A. (B) Plant height at terminal flowering.
(C) Branch angle at terminal flowering. (D) Stem diameter at terminal flowering. (E) Photographs of
the genotypes shown in A-D at terminal flowering. Bar = 50 mm. For A-D Tukey’s HSD test was
carried out after obtaining the least-square means for a linear model fitting the data and different
letters indicate statistically significant results at p < 0.05. Data are representative of at least three
independent experiments, depending on the genotype. n = 22-23.
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Taken together, these data show that PIN3, PIN4 and PIN7 affect shoot branching and
plant height independently of BRCI. Branch angles are unaffected by loss of BRC1 and
BRC2, but reduced by loss of D14. Branch angles are increased by pin3pin4pin7 in all the
tested genotypes. Both brclbrc2 and d14 mutant plants have thinner stems than wild type,
but loss of PIN3, PIN4 and PIN7 has no effect on stem diameter in any of the genotypes
tested. Thus several aspects of the phenotypic syndrome resulting from strigolactone loss are
partially dependent on PIN3, PIN4 and PIN7, whereas there is no evidence for any interaction
between BRC1 and BRC2, and PIN3 PIN4 and PIN7 with respect to these phenotypes.

To test whether stem auxin transport is reduced by loss of PIN3, PIN4 and PIN7 in
brclbrc2 and d14 mutant backgrounds, bulk auxin transport was measured in these mutant
backgrounds. Consistent with published data, bulk auxin transport in brclbrc2 is comparable
to wild type, whereas transport is increased in d/4 mutant stems (Fig. 5.4; Bennett et al.,
2016b). Auxin transport in brebre2pin3pindpin7 and d14pin3pindpin7 was significantly
decreased compared to brclbrc2 and d14, respectively (Fig. 5.4). These data show that
PIN3, PIN4 and PIN7 contribute to stem auxin transport in both brclbrc2 and d/4 mutant
backgrounds.

200+ c

1501 2@

1001 | b

Auxin transported (CPM)
O

501

:
O
F \Q&Q
©

pQ

00\/0 @\6\ \0‘& @\6\ &
%Q\Q Q@ %Q\Q
O O
¢ R A
) o

o

Fig. 5.4 Bulk auxin transport in brclbrc2 and d14 mutants lacking PIN3/PIN4/PIN7.

Bulk auxin transport in 6-week old basal internodes of brclbrc2 and di4 plants lacking PIN3/PIN4/
PIN7 functionality. Data are representative of two independent experiments, n = 17-24. Tukey’s
HSD test was carried out after obtaining the least-square means for a linear model fitting the data and
different letters indicate statistically significant results at p < 0.05.
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5.2.2 The effect of ABCB1, ABCB19 on shoot branching in brclbrc2

and strigolactone mutants

Shoot branching in strigolactone mutants is partially dependent on ABCB19 function, since
loss of ABCB19 results in a partial rescue of the increased shoot branching phenotype of
strigolactone mutants (Fig. 4.9). To test whether ABCB19 is involved in BRCI-mediated
shoot branching, the abcb19 mutation was introduced into the brc1brc2 background through
crossing and the effect on branching was assessed. The abcbl mutation was also introduced
into the brclbrc2 mutant background for completeness. Loss of ABCBI1 in brclbrc2 did
not significantly affect the number of primary branches, compared to brclbrc2, irrespective
of the growth regime used (Fig. 5.5A). In contrast, branching was significantly reduced
in brclbrc2abcbl19 mutants, compared to brclbrc2 and this reduction was clear in both
long day grown and short day/long day shifted plants (Fig. 5.5A). The branching difference
between long day and short day/long day shifted brclbrc2abcb19 plants was markedly less
than observed in brclbrc2 mutants, further suggesting that loss of ABCB19 reduces the
ability of brclbrc2 mutants to activate their branches (Fig. 5.5B). Interestingly, branching
in abcb19 single mutants appeared to be reduced, compared to wild type under the short
day/long day shifted growth conditions. Although this reduction in branching did not
appear to be significant if all tested genotypes were compared to each other (Fig. 5.5A), a
direct comparison between wild type and abcbl9 showed clear significant differences in all
experiments (p < 0.001 for a pairwise Wilcoxon rank-sum test).

To further explore the effect of ABCB1 and ABCB19 on brclbrc2 plants, additional
shoot phenotypes were characterised at the terminal flowering stage in brclbrc2abcbl and
brclbrc2abcbl9 mutants, grown under long day conditions (Fig. 5.6). Primary branching
was reduced in brclbrc2abebl9, compared to brelbre2 mutants (Fig. 5.6A, reproduced from
the same data set used for the branching under long days in Fig. 5.5A). Plant height was
not affected by abcbl or abcb19, neither in a wild type background nor in the brclbrc2
mutant background (Fig. 5.6B). Branch angles did not differ significantly in any of the
tested genotypes (Fig. 5.6C). Loss of ABCB1 had no effect on stem diameter in wild type
or brclbrc2 mutant backgrounds. Loss of ABCB19 increased stem diameter slightly in
brc1brc2 mutant plants, whereas in wild type plants it had no measurable effect (Fig. 5.6D).

To test whether stem auxin transport is reduced by loss of ABCB1 or ABCB19 in brclbrc2
mutants, bulk auxin transport assay was assessed in these mutant backgrounds. Loss of
ABCBI1 did not change bulk auxin transport, neither in a wild type nor in the brclbrc2 mutant
backgrounds (Fig. 5.7). In contrast, loss of ABCB19 reduced auxin transport in the brclbrc2

mutant background to the same extent as seen in wild type (Fig. 5.7).
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Fig. 5.5 Effect of growth conditions on branching in brc1brc2 mutants lacking ABCB1/ABCB19.
(A) Branching in brclbrc2 mutants lacking functional ABCB1 or ABCB19, scored at terminal
flowering. Plants were grown under long day growth conditions (grey bars) or under short day growth
conditions for four weeks, prior to shifting to long day growth conditions (orange bars), n = 20-24.
Data are representative for two independent experiments. Tukey’s HSD test was carried out after
obtaining the least-square means for a linear model fitting the data and different letters indicate
statistically significant results at p < 0.05. (B) Difference in the mean number of branches between
the different growth regimes of the plants depicted in A. Error bars indicate the standard error of the
difference between the means of each two samples. (C) Photographs of selected genotypes shown in
A at terminal flowering. Bar = 50 mm.
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Fig. 5.6 Shoot phenotypes of brclbrc2 plants lacking ABCB1/ABCBI19.

(A) Primary branch number of plants grown under long days, scored at terminal flowering. Data are
the same as the long day branching data presented in Fig. 5.5A. (B) Plant height at terminal flowering.
(C) Branch angle at terminal flowering. (D) Stem diameter at terminal flowering. For A-D Tukey’s
HSD test was carried out after obtaining the least-square means for a linear model fitting the data and
different letters indicate statistically significant results at p < 0.05. Data are representative of two
independent experiments. n = 20-23.
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Fig. 5.7 Bulk auxin transport in brc1brc2 mutants lacking ABCB1/ABCB19.

Bulk auxin transport in 6-week old basal internodes of brclbrec2 plants lacking ABCB1 or ABCB19
functionality. Data are representative of two independent experiments, n = 21-24. Tukey’s HSD test
was carried out after obtaining the least-square means for a linear model fitting the data and different
letters indicate statistically significant results at p < 0.05.
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The data presented in Chapter 4 show that shoot branching control by strigolactones
is partially dependent on PIN3/PIN4/PIN7 and ABCB19 function. This effect is evident
when bud-bud competition is assessed in two-node explants lacking PIN3, PIN4, PIN7 or
ABCB19. Addition of exogenous GR24 can restore competition between buds only partially
(Fig. 4.7; 4.10). The brc1brc2 mutant has previously been shown to respond to exogenous
strigolactone application, although it is partially resistant (Seale et al., 2017). To assess
whether competition between buds is further decreased in brclbrc2 mutants by loss of PIN3,
PIN4 and PIN7, two-node explants of brc1brc2pin3pindpin7 mutant plants were grown in a
bud-bud competition assay and treated with exogenous GR24 (Fig. 5.8). These data are from
a single experiment and should be treated with caution. The d/4 mutant was included as a
negative control. In untreated explants, competition between brclbrc2pin3pin4pin7 buds was
decreased compared to wild type (Fig. 5.8). Addition of exogenous GR24 increased bud-bud
competition in the brclbrc2pin3pindpin7 mutant explants to a comparable degree as seen in
GR24-treated pin3pindpin7 and brclbrc2 mutant explants. This was significantly less than
the level of competition seen in GR24-treated wild type explants (Fig. 5.8). Consistent with
published data, the brclbrc2 mutant explants were responsive to GR24 (Seale et al., 2017).
However, whereas untreated brclbrc2 explants were reported to have decreased bud-bud
competition compared to wild type (Seale et al., 2017), no significant difference was detected
in this experiment (Fig. 5.8).

In the bud-bud competition assay, the brclbrc2, pin3pindpin7 and brclbrc2pin3pindpin7
mutants all show a similar GR24 response, which is less than that of wild type. There is no
indication of additivity between brclbrc2 and pin3pindpin7 (Fig. 5.8). To assess the response
of whole-plant branching to GR24 in the brclbrc2pin3pin4pin7 mutants, quintuple mutant
plants were grown in long day conditions in sterile Weck jars containing agar-solidified ATS
medium supplemented with 5 uM GR24 or solvent control (Fig. 5.9). The number of primary
branches was scored 8 weeks after sowing. Because brclbrc2abcb19 mutant plants showed a
branching response on soil (Fig. 5.5), they were also included in this assay. The data from
the brclbrc2abcbl19 are from a single experiment and should be treated with caution. The
dI14 mutant was included as a negative control. Branching in the brclbrc2pin3pindpin7
mutant was unchanged compared to brclbrc2 in the untreated controls (Fig. 5.9). Both
brclbrc2pin3pindpin7 and brclbrc2 mutants responded to GR24 treatment to a similar
degree, resulting in reduced levels of branching. Branching in brclbrc2abcb19 mutants was
reduced under control conditions compared to brclbrc2 (Fig. 5.9). This is consistent with
the branching data from soil-grown plants. Branching in brclbrc2abcb19 mutant plants
grown on GR24-containing medium was unchanged, compared to plants grown under control
conditions (Fig. 5.9).
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Fig. 5.8 Bud competition in brclbrc2pin3pindpin7 mutant two-node explants in response to GR24.
Violin plot for the relative growth index (RGI) of two-node explants, treated with or without 5 uM
basal GR24, 10 days post decapitation, n = 14-24. The RGI is the proportion of branch length in
the longest branch. Black dots indicate the median value and the area of each plot represents the
probability distribution of the values. Tukey’s HSD test was carried out after obtaining the least-square
means for a linear model fitting the data and different letters indicate statistically significant results at
p < 0.05. Data are from a single experiment.
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Fig. 5.9 Whole-plant responses to GR24 of brcl1brc2 mutants with impaired PIN3/PIN4/PIN7 or
ABCBI19 function.

Primary branch number of plants grown under axenic, long day growth conditions in jars, supple-
mented with ATS £+ 5uM GR24, scored after 8 weeks. Tukey’s HSD test was carried out after
obtaining the least-square means for a linear model fitting the data and different letters indicate
statistically significant results at p < 0.05. Data are representative of two independent experiments for
all genotypes apart from brclbrc2abcbl9, which was included once, n = 21. Bars represent the 95 %
confidence interval of the mean.
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Taken together, these data show that brclbrc2pin3pindpin7 mutants are still able to
respond to strigolactone. However, brclbrc2abcb19 mutant plants are apparently unable to

respond GR24 in a whole plant branching assay.

5.2.3 Environmental responses in brc1brc2 mutants lacking
PIN3/PIN4/PIN7 or ABCB19.

Plants lacking BRC1 have previously been shown to retain some ability to reduce branching
in limiting environments. Wild type plants produce more branches when nitrate availability is
sufficient, compared to conditions where nitrate availability is limiting (de Jong et al., 2014).
The brclbrc2 mutants display increased levels of branching compared to wild type under
both high and low nitrate conditions (Seale et al., 2017). However, brc1brc2 mutant plants
produce significantly fewer branches under low nitrate conditions than under high nitrate
availability, demonstrating that brclbrc2 mutant plants are still able to respond to changing
environmental conditions (Seale et al., 2017). Another environmental condition affecting
branching is planting density. Plants grown under high planting density regimes produce
fewer branches than when grown under low planting density regimes, a shading response
which is at least partially mediated through BRCI (Gonzalez-Grandio et al., 2013). Although
brcl mutants are branchy at both high and low planting densities, they retain some ability to
reduce branching at high planting density (Aguilar-Martinez et al., 2007).

The branching phenotypes of the brclbrc2pin3pindpin7 and brclbrc2abcebl9 mutants
show that, in the brc1brc2 mutant background, loss of PIN3/PIN4/PIN7 and ABCB19 result
in different branching responses. To further explore the effect of these mutations on brclbrc2
branching under different growth regimes, plants were grown under different environmental
conditions. To explore the effect of nitrate availability in these mutants, plants were grown on
high (9 mM) and low (1.8 mM) nitrate conditions. Furthermore, plants were also subjected
to different planting density regimes on soil, with low (1 plant per pot) and high (5 plants
per pot) planting density. In both assays the number of primary branches was assessed at the
terminal flowering stage. As expected, wild type plants produced more branches with high
nitrate compared to low nitrate availability (Fig. 5.10A). The abcb19 and pin3pin4pin7 were
still responsive to nitrate availability, showing similar responses to wild type (Fig. 5.10A).
Consistent with published data (Seale et al., 2017), brc1brc2 produced fewer branches under
low nitrate conditions than under high nitrate. Branching levels of brclbrc2pin3pindpin7
mutant plants were similar to brclbrc2 with both high and low nitrate availability. The
brclbrc2abcb19 mutant produced fewer branches than brelbrc2 under high nitrate conditions

and appeared unresponsive to nitrate limitation (Fig. 5.10A).
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Fig. 5.10 Branching response to nitrate limitation and crowding in brclbrc2abcbl9 and
brclbrc2pin3pindpin7 mutants.

(A) Primary branch number at terminal flowering of brclbrc2 abcb19/pin3pindpin7 mutants grown
on high or low nitrate, n = 22-24. (B) Primary branch number at terminal flowering of brclbrc2
abceb19/pin3pindpin7 mutants grown under differing planting densities. Plants were soil-grown under
low density (1 plant per pot) or high density (5 plants per pot), n = 21-24. For A and B, Tukey’s
HSD test was carried out after obtaining the least-square means for a linear model fitting the data and
different letters indicate statistically significant results at p < 0.05. Data are representative of two
independent experiments for all genotypes apart from brclbrc2abebl9 in B, which was included once.
Bars represent the 95 % confidence interval of the mean.
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Increasing planting density had a clear effect on all tested genotypes, with fewer branches
produced under high planting density regimes (Fig. 5.10B). Branching was reduced in
brclbrc2abcbl9 mutant plants under low planting density, compared to brelbrec2 (Fig. 5.10B).
This is consistent with previous data (Fig. 5.5A). Increased planting density resulted in a
small but significant decrease in branching in the brclbrc2abcb19 mutant. The difference
in branch numbers under low and high density planting was therefore much greater for
brclbre2 and brelbrc2pin3pindpin7 than brelbrclabebl19. However, there was no difference
in branching level between any of the tested brclbrc2 mutant combinations under high
planting density (Fig. 5.10B).

Together, these data show that brclbrc2 plants lacking PIN3, PIN4 and PIN7 are able
to regulate their branch growth in response to nitrate availability and planting density. In
contrast, brclbrc2 plants lacking ABCB19 appear to have lost their ability to respond to
nitrate availability, but are still able to respond weakly to planting density.

5.2.4 BRCI1 protein function

Most of the published work on BRC1 has focussed on the regulation of transcript abundance
for this gene. The function of BRC1 is not specifically known, but other TCP transcription
factors have been shown to include cell cycle genes among their transcriptional targets (Ko-
sugi and Ohashi, 2002; Li et al., 2005; Schommer et al., 2014; Trémousaygue et al., 2003).
A GFP-tagged overexpression line is available for BRC1, but growth of these plants is highly
retarded and plants show many pleiotropic effects (Aguilar-Martinez et al., 2007). To better
understand the biology of the BRC1 protein, a fluorescent-tagged reporter construct was
generated. To avoid the pleiotropic effects of an overexpression line, a 2.5 kb fragment
upstream of the BRC1 START codon was used as a native promoter. The genomic DNA
sequence for BRCI was amplified, minus the STOP codon. A 971 bp fragment downstream
of the BRC1 STOP codon was also amplified and these fragments were recombined with
a Citrine fluorescent tag into a pH7m34GW plant destination vector (VIB, Ghent), using
MultiSite Gateway Technology (Invitrogen) as described in Section 2.3.4, resulting in the
BRCI::BRCI:Citrine construct (Fig. 5.11A).

To test whether the generated BRC1::BRC1:Citrine construct is functional, the construct
was introduced into the brcl single mutant background, using the well-established floral dip
method for Agrobacterium-mediated plant transformation (Clough and Bent, 1998). The
pH7m34GW vector confers hygromycin resistance in plants, so the T1 seeds obtained after
floral dipping were selected on hygromycin-containing growth medium using the selection
method described in Section 2.3.8. Hygromycin-resistant plants were grown to maturity and
a segregation analysis was performed in the following T2 generation. Individual lines that
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Fig. 5.11 BRCI1 protein construct and complementation.

(A) Schematic illustrating the BRCI::BRCI:Citrine construct design. (B) Primary branching at
terminal flowering of long-day-grown brc/ mutant plants carrying single BRCI::BRCI:Citrine
insertions, n = 17-24. Tukey’s HSD test was carried out after obtaining the least-square means for a
linear model fitting the data and different letters indicate statistically significant results at p < 0.05.

Data are from a single experiment.
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showed a 3:1 segregation were selected, in order to isolate single insertion site lines. Using
the offspring of these lines, homozygous lines were selected in the T3 generation.

The functionality of the BRC1::BRC:Citrine construct was assessed in planta by deter-
mining the ability of the single insertion lines to rescue the high branching phenotype of the
brcl mutant. Branching was assessed in 6 independent homozygous transformation events,
by determining the number of primary branches at terminal flowering of plants grown under
long day conditions (Fig. 5.11B). All tested insertion lines activated fewer branches than
brel and two independent lines were able to restore branching to wild type levels, suggesting
that in these two lines the BRC1::BRCI:Citrine construct is fully functional. The next step
will be to further analyse the expression pattern of the BRCI::BRC1:Citrine construct in
these lines. These lines provide a starting point for further investigation into the function of
the BRC1 protein.

5.3 Summary

* Shoot branching control by BRC1 is independent of PIN3, PIN4 and PIN7.

* Shoot branching control by BRC] is partially dependent on ABCB19, but not ABCBI.
* Branching response to strigolactone appears diminished in brc1brc2abcbl9 mutants.
* Branching response to nitrate is absent in brclbrc2abcb19 mutants.

* A generated BRCI::BRCI:Citrine construct is able to rescue the branching in the brcl
background



Chapter 6

The role of proton pumps in auxin
transport and shoot branching

6.1 Introduction

The previous chapters have highlighted the importance of auxin export and import on the
movement of auxin. These are active processes requiring energy. Whereas some transport
proteins, such as ABCBs, are able to generate this energy themselves by binding and
hydrolysing ATP, other proteins are not able to do this. These proteins, including PINs
and AUX1/LAX proteins, rely on the proton motive force to energise them. The proton
motive force is generated by the activity of plasma membrane H*-ATPases, which create a
membrane potential and a pH gradient across the plasma membrane.

Interestingly, plasma membrane H*-ATPases themselves are affected by auxin. Auxin is
able to activate plasma membrane proton pumps, which in some circumstances can lead to
cell expansion (Hager, 2003). Furthermore, the proton gradients created by the H*-ATPases
might also create feedback on the transport of auxin that could contribute to the polarisation
of auxin transport (Steinacher et al., 2012).

The main aim of the work presented in this chapter was to further investigate the role of
plasma membrane H*-ATPase activity in the context of auxin transport and shoot branching
control. These processes were further explored using mutants in the two most abundantly
expressed plasma membrane H*-ATPases in Arabidopsis, AHA1 and AHA2 (Haruta et al.,
2010). Auxin transport was analysed by measuring the bulk movement and pulse progression
of auxin through stem segments lacking AHA1 or AHA?2 function. Shoot branching was
investigated by tracking the activation of rosette buds following decapitation, as well as
branching in intact plants.
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6.2 Results

6.2.1 The role of AHA proton ATPases in auxin movement in the stem

If AHA1 or AHA2 H"-ATPase activity contributes to active transport of auxin, then it is
possible that loss of function of these proteins will reduce auxin transport. To test whether
this is the case in stems, bulk auxin transport was measured in ahal and aha2 mutant stems.
Bulk auxin transport was significantly reduced in ahal mutant stems, whereas aha2 stems
had wild type levels of stem auxin transport (Fig. 6.1A). To test whether the reduced stem
auxin transport phenotype in ahal results from decreased accumulation of basal PIN1 on
the plasma membrane of xylem parenchyma cells, ahal mutant lines homozygous for a
PINI::PIN1:GFP reporter construct (Benkova et al., 2003) were generated through crossing
and PIN1-GFP levels were measured. No difference in PIN1 levels was detected between
wild type and ahal mutant stems (Fig. 6.1B).

Together, these data suggest that bulk auxin transport in the stem is affected by AHA1
proton pump activity. The reduced stem auxin transport in ahal mutant stems is not caused
by reduced basal PIN1 accumulation in xylem parenchyma cells.

As described above, the proton motive force energises both PIN and AUX/LAX activity.
To assess the transport properties of ahal stems in more detail, the movement of an auxin
pulse along stems was followed over time (Fig. 6.2). The profile of the auxin distribution
in ahal mutant stems was not markedly different from wild type at any of the sampled
time points (Fig. 6.2A). Rapid dampening and broadening occurred in both wild type and
ahal stems, when the auxin distribution of the initial pulse was analysed after 30, 60 and
90 minutes. However, the auxin levels recovered in the ahal segments was consistently
lower than in wild type. Assessing the total auxin uptake during the initial 10-minute pulse,
equalling the sum of the counts of all segments within one sample, showed that ahal stems
took up significantly less radiolabeled auxin than wild type (Fig. 6.2B).

To assess further auxin uptake in aha mutant stems, an auxin uptake experiment was
performed (see Fig. 3.13A for a schematic overview of the method). These data are based
on a single experiment, so they should be treated with caution. Auxin content of 15 mm
long samples was determined after 0.5, 1, 3 and 5 hours incubation, at 2.5 mm intervals.
After 0.5 hours incubation, total auxin uptake per genotype, determined as the sum of all the
counts in each sample, was not significantly different between the three tested genotypes
(Fig. 6.3A). After 1, 3 and 5 hours of incubation the total uptake of radiolabeled auxin was
significantly reduced in ahal stems, compared to wild type, whereas uptake was similar to
wild type in aha?2 stems (Fig. 6.3A). Analysing the auxin content per segment showed that

the auxin content in the most apical segment was lower in ahal stems, an observation which
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Fig. 6.1 Bulk auxin transport and PIN1 levels in aha stems.

(A) Bulk auxin transport in 6-week old basal internodes of plants lacking AHA1 or AHA2 functionality.
Data are representative of five independent experiments, n = 23-24. Tukey’s HSD test was carried out
after obtaining the least-square means for a linear model fitting the data and different letters indicate
statistically significant results at p < 0.05. (B) Quantification of PIN1-GFP levels at the basal plasma
membrane of xylem parenchyma cells in basal internodes, at comparable stages as those used in A.
For Col-0, n = 45; ahal, n = 40 membranes (mean of 5 per sample, 8-9 individual samples per line).
Data are representative of three independent experiments. Student’s t-test, p < 0.05, n.s. denotes
non-significant differences.
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Fig. 6.2 Movement of an auxin pulse in the ahal mutant.

(A) Progression of a 10-minute pulse of 5uM 14C-IAA through 24 mm long basal internodes of
Col-0 and ahal stems at 30, 60 and 90 minutes after application (left to right), measured as counts
per minute (CPM) in 2 mm segments. Bars represent the 95 % confidence interval of the mean. (B)
Total auxin content per sample, equalling the sum of the counts of all segments within one sample.
Tukey’s HSD test was carried out after obtaining the least-square means for a linear model fitting the
data and different letters indicate statistically significant results at p < 0.05. Data are representative of
two independent experiments, n = 8.
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was most pronounced at the later time points (Fig. 6.3B, C). Basal accumulation of auxin at
the 3 and 5-hour time point was significantly reduced in ahal stems, compared to wild type
(p < 0.05, Holm-Bonferroni-adjusted pairwise Wilcoxon rank-sum tests). This is consistent
with observed reduction in bulk auxin transport in ahal stems (Fig. 6.1A).

Together, these data show that apical accumulation of auxin in ahal mutants is slower
than in wild type, whereas this is unchanged in aha2 mutant stems. Furthermore, in auxin
pulse experiments less auxin moves along the stem in ahal mutants than in wild type,

although the overall distribution appears similar.

6.2.2 The role of AHA proton ATPases in bud activation

The stem auxin transport phenotype in the ahal mutant raises the question as to whether
loss of AHA1 function could affect bud outgrowth. To test this, rosette bud activation for
wild type, ahal and aha2 was investigated using a short day/long day decapitation assay.
The number of rosette branches was scored 3, 5, 7, 10 and 14 days post decapitation, to
follow bud activation dynamics (Fig. 6.4A). Bud activation in wild type and aha2 was
similar at all time points (Holm-Bonferroni-adjusted pairwise Wilcoxon rank-sum tests, not
significant), with most branches activating by 5 days post decapitation and additional branch
activation levelling off in the subsequent time points (Fig. 6.4A). In contrast, at 3 days post
decapitation, the ahal mutant had significantly more active rosette branches than either
wild type or ahal (p < 0.001, Holm-Bonferroni-adjusted pairwise Wilcoxon rank-sum tests).
Branch activation in ahal plants also levelled off, as in wild type and ahaZ2 plants, but the
number of active branches remained significantly higher at all sampled time points (p <
0.001, Holm-Bonferroni-adjusted pairwise Wilcoxon rank-sum tests).

The short day/long day decapitation assays show that rosette buds appear to activate more
quickly in ahal mutants than in wild type (Fig. 6.4A). To test whether this could be attributed
to an increased speed of outgrowth, the outgrowth of single cauline buds was assessed. Buds
were released from inhibition by decapitation of the shoot apex and bud outgrowth was
followed for 10 days (Fig. 6.4B). No difference in branch length between wild type and ahal
could be detected at any time point in the experiment (Holm-Bonferroni-adjusted pairwise
Wilcoxon rank-sum tests, not significant).

Together, these data show that rosette branching following decapitation is increased in
ahal mutants. Furthermore, active ahal buds grow at a similar rate to wild type.

To further characterise the shoot phenotypes of the ahal and aha2 mutants, plants were
grown under long day growth conditions and scored at the terminal flowering stage (Fig. 6.5).
These data are from a single experiment, and should be treated with caution. Under these

conditions there was a slight, but significant, increase in primary branch number in ahal
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Fig. 6.3 Auxin uptake in aha stems.
(A) Total auxin uptake in ahal and aha2 mutants after continuous incubation in 1 uM 14C-IAA for
0.5, 1, 3 or 5 hours. Uptake was determined as the sum of the counts of the six segments of each
sample. (B, C) Mean auxin content per segment for each genotype after 3 (B) and 5 (C) hours of
incubation. Bars represent the 95 % confidence interval of the mean. For A, Tukey’s HSD test was
carried out after obtaining the least-square means for a linear model fitting the data and different
letters indicate statistically significant results at p < 0.05. Data are from a single experiment, n = 16.
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Fig. 6.4 Bud activation in aha mutants.

(A) Rosette branch activation dynamics of Col-0, ahal and aha2 plants, using a standard short
day/long day decapitation assay. The number of active rosette branches was scored 3, 5, 7, 10 and 14
days post decapitation. Tukey’s HSD test was carried out after obtaining the least-square means for a
linear model fitting the data and, using a threshold of p < 0.05. Rosette branch numbers for ahal were
significantly increased across all time points, compared to Col-0 and aha?2. No significant differences
were found between Col-0 and aha2. Data are representative for four independent experiments, apart
from the 14 day time point, which was sampled twice, n = 20-24. (B) Branch length of one-node
Col-0 and ahal explants, followed for 10 days after decapitation. Tukey’s HSD test was carried out
after obtaining the least-square means for a linear model fitting the data and no significant differences
were found at any time point. Data are representative of two independent experiments, n = 18.
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mutant plants, compared to wild type and aha2 (Fig. 6.5A). Plant height was decreased in
ahal, but unchanged in aha2 (Fig. 6.5B). A small, but significant decrease in branch angle
was found in ahal mutants, whereas aha2 was not different to wild type (Fig. 6.5C). Stems
of ahal plants were also slightly thinner than in wild type, whereas no change was detected
in aha?2 (Fig. 6.5D). Taken together, these data show that loss of AHA1 function leads to

several subtle changes in auxin-related shoot phenotypes.
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Fig. 6.5 Shoot phenotypes in ahal and aha2 mutants.

(A) Primary branch number of plants grown under long days, scored at terminal flowering. (B) Plant
height at terminal flowering. (C) Branch angle at terminal flowering. (D) Stem diameter at terminal
flowering. Tukey’s HSD test was carried out after obtaining the least-square means for a linear model
fitting the data and different letters indicate statistically significant results at p < 0.05. Data are from a
single experiment, n = 22-24. The wild type data are the same as presented in Fig. 4.12A.



6.3 Summary 110

The branching phenotype of ahal single mutants is subtle. It is possible that loss of
H*-ATPase activity would be more pronounced in a background with increased active auxin
transport. To test this, the ahal and aha2 mutants were crossed into the d/4 and max4
strigolactone mutant backgrounds, which have high levels of auxin transport due to reduced
PINT removal from the plasma membrane (Shinohara et al., 2013). Consistent with earlier
data (Fig. 6.5A), the number of primary branches was increased in the ahal mutant, whereas
branching was unchanged in aha2 mutant plants (Fig. 6.6A). Interestingly, loss of AHA1
function strongly reduced branching in d/4 and max4 mutant backgrounds (Fig. 6.6A, C).
Branching in aha2d14 and aha2max4 was unchanged compared to d14 and max4, respectively
(Fig. 6.6A, C).

The ahal mutation also appeared to affect rosette leaf shape. Leaf blades of ahal plants
appeared to be shorter and narrower than wild type leaves, and this was also visible in the
d14 and max4 mutant backgrounds (Fig. 6.6B). The aha2 mutations did not appear to affect
leaf shape in any of the tested backgrounds (Fig. 6.6B). These data show that loss of AHA1

can lead to an increase or a decrease in branching, depending on the genetic background.

6.3 Summary

AHAT1 activity contributes to stem auxin transport.

Basal PIN1 expression levels are unaffected by AHA1 in the stem.
* Auxin accumulation is impaired in ahal mutants.

¢ Rosette bud activation is increased in ahal mutants.

Loss of AHAT reduces branching in strigolactone mutants.
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Fig. 6.6 Shoot branching in strigolactone mutants lacking AHA1/AHA?2 function.

(A) Primary branch number of plants grown under long days, scored at terminal flowering. Tukey’s
HSD test was carried out after obtaining the least-square means for a linear model fitting the data and
different letters indicate statistically significant results at p < 0.05. Data are representative of two
independent experiments, n = 22-24. (B) Photographs of 4-week old plants grown under long days.
(C) Photograph of representative plants of a subset of genotypes from A, bar = 50 mm.



Chapter 7

Discussion

7.1 Shoot branching and polar auxin transport

Growing shoot tips are able to communicate with each other, affecting each other’s growth.
This is clearly illustrated by apical dominance, where the main growing shoot is able to
inhibit the outgrowth of buds in the leaf axils below it. Removal of the main shoot leads to
activation of these buds, resulting in the growth of branches. For over 80 years it has been
known that the plant hormone auxin plays a crucial role in this process, since auxin is able
to imitate the inhibitory effect of the growing shoot tip (Thimann et al., 1934). Auxin is
produced in the young, expanding leaves of the shoot tips and transported down the stem
towards the root in the polar auxin transport stream (PATS). The polar manner in which
auxin is transported has long been recognised (Went, 1928) and it has been observed in many
different plant species by applying exogenous radiolabelled auxin to stem segments and
tracking its movement (reviewed in Goldsmith, 1977). A crucial contributing factor to the
polarity of auxin transport is the requirement for active export of auxin from the cell (Raven,
1975; Rubery and Sheldrake, 1974).

7.1.1 Polar auxin transport in the stem

Active auxin export is mediated by auxin efflux proteins, to which the PIN-FORMED (PIN)
family in Arabidopsis make an important contribution. The PIN proteins give directionality
to the auxin transport, because they are often localised in a polar manner (Chen et al.,
1998; Gilweiler et al., 1998; Luschnig et al., 1998; Muller et al., 1998). In the stem, polar
auxin transport is strongly associated with the vascular cambium and xylem parenchyma
cells (reviewed in Goldsmith, 1977). The PIN1 protein accumulates to high levels in these
tissues and is basally localised on the plasma membrane facing the root (Bennett et al.,
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2006; Gilweiler et al., 1998). Polar auxin transport is significantly reduced in pin/ mutants,
indicating that the PIN1 protein plays a major role in the PATS (Fig. 3.2; Bennett et al., 1995;
Okada et al., 1991). Addition of pharmacological inhibitors to wild type stems can reduce
polar auxin transport to a greater extent than seen in pin/ stems (Fig. 3.2; Bennett et al.,
1995; Okada et al., 1991), suggesting that there are other auxin export proteins contributing
to stem auxin movement. However, until recently little was known about the contribution of
different auxin export proteins to auxin transport in the stem and generally PIN1 has been
viewed as the main contributor through its major role in the PATS.

7.1.2 Stem auxin transport is multimodal

Much of the understanding of polar auxin transport, including in stems, comes from follow-
ing the movement of radiolabelled auxin pulses in isolated plant segments. Early work in
maize coleoptiles shows that an auxin pulse only moves basipetally and that it broadens as it
moves through the sample (Goldsmith, 1967). This already suggests that, at least in maize
coleoptiles, basipetal auxin movement does not occur with linear kinetics. If this were the
case, it would be expected that an auxin pulse would retain its shape as it travels down the
coleoptile. Modelling of these coleoptile data supports this non-linearity, because when the
auxin transport network is represented as a single channel, the model poorly fits the data
and is unable to capture the broadening observed experimentally (Mitchison, 2015). Instead,
the modelling predicts that there must be exchange between a strong PATS channel and at
least one additional auxin transporting channel in order to approximate the experimental
data (Mitchison, 2015). Auxin pulses applied to Arabidopsis stems show an even more
extreme dampening and broadening as the pulse moves through the segment (Fig. 3.4A; Ben-
nett et al., 2016a; van Rongen, 2013). Direct measurements of endogenous auxin exported
from the basal end of the stem are consistent with this. Here, auxin initially emerged from the
base of freshly harvested stem segments at a high rate, but this rate is reduced progressively
post harvesting, even though some auxin continues to drain. Furthermore, auxin continues
to emerge for many hours, suggesting that while some auxin moves rapidly through the
stem, there is also a pool of slower moving auxin (Bennett et al., 2016a). A computational
framework was developed to further understand these auxin transport dynamics (Bennett
et al., 2016a). The dynamics of the auxin pulse profiles, as well as the auxin drainage profiles
were best captured in a model that included a high-conductance polar channel (such as the
PATS), combined with a more widespread low-conductance and less polar channel, and
third a non-polar channel (Bennett et al., 2016a). The inclusion of the third channel made
only a modest improvement to the ability of the model to match the auxin transport data,
but exchange of auxin between a high capacity high polarity transport route, and a lower
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capacity less polar route was essential. This second route was termed connective auxin
transport (CAT), since it is through CAT that auxin can be exchanged between the PATS and
surrounding tissues, including axillary buds (Bennett et al., 2016a).

7.1.3 PIN3/PIN4/PIN7 contribute to connective auxin transport

Exchange of auxin between the PATS and its surrounding tissues is unlikely to be substantially
mediated by PIN1, since the localisation of PIN1 is mainly restricted to the PATS (Gilweiler
et al., 1998). This suggests that other auxin exporters may play a role in auxin exchange
between these tissues. In accordance with this, other PIN proteins are expressed in the
Arabidopsis stem, most notably PIN3, PIN4 and PIN7 (Bennett et al., 2016a; Boot et al.,
2016). The expression domains of these proteins overlap with PINT1, but differ from it in two
important ways. First, these PINs can be found in a much broader range of tissues in the
stem than PIN1 and second, whereas PIN1 is predominantly basally localised and is highly
polar, these PINs also accumulate on the lateral membranes of the cell and are in general
less polar (Bennett et al., 2016a). As such, it is plausible that these PINs contribute to CAT.
Consistent with a role in stem auxin transport, pin3pin4pin7 mutant stems show a reduction
in bulk auxin transport (Fig. 3.1). Importantly, the auxin transport dynamics in pin3pindpin7
are altered (Fig. 3.4A). If an auxin pulse is applied and left to progress through the stem
for one hour, a proportion of the auxin moves slower through the stem than in wild type,
whereas another proportion moves faster. These data are consistent with a reduced exchange
of auxin between the PATS and CAT. Auxin already in the PATS is less likely to move out of
it, due to the absence of PIN3, PIN4 and PIN7 and therefore it continues to move efficiently
down the stem. Auxin in the surrounding tissues will move less efficiently, since auxin
transport is less polar and of lower capacity, and it will be less efficiently transferred into
the PATS. This results in a spreading and biphasic auxin distribution, compared to wild type.
These observations can be captured using the same computational model used to simulate
the wild type pulse dynamics. The pin3pin4pin7 auxin pulse data were best captured if the
permeability of the lateral membranes in each channel was lowered, thereby reducing the

exchange of auxin between the channels (Bennett et al., 2016a).

7.2 Connective auxin transport allows communication

between tissues

Auxin exchange is of particular relevance to understanding the control of shoot branching.
The auxin transport canalisation model for shoot branching control proposes that buds need
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to establish efficient auxin export into the main stem in order to activate and that this process
occurs through auxin transport canalisation. The process of auxin transport canalisation is
dynamic, involving auxin flowing from a source towards a sink upregulating and polarising
its transport. This process provides a possible mechanism for the observation that buds on
opposite sides of the stem are able to inhibit each other’s growth and are able to do so despite
exporting auxin into different vascular bundles (Ongaro et al., 2008; Snow, 1929). Because
the PATS is limited to the vascular bundles, it is unlikely to be the only contributor to the
process of auxin transport canalisation out of the bud. There is no expression of PIN1 in
the peripheral regions of the stem and it is relatively slow to polarise and accumulate in
the path from the bud apex to the PATS (Prusinkiewicz et al., 2009). Results in pea show
that canalisation of PIN1 (PsPIN1) during bud activation can occur (Balla et al., 2011). In
this study PsPIN1 marked channels between the bud and the stem become increasingly
more polarised after decapitation of the apex. Polarised PsPIN1 is described as early as
6 hours post decapitation, and appears to be independent of transcription. Furthermore,
export of radiolabelled auxin from axillary buds coincides with the polarising behaviour
of PsPINT1 (Balla et al., 2011). The reported localisation data were obtained using an anti-
Arabidopsis-PIN1 antibody, justified by homology between Arabidopsis PINI and PsPIN].
However, recent data show that the phylogeny of the PIN1 clade in angiosperms is more
complex than initially thought, with a closely related Sister-of-PINI (SoPIN1) clade present
in many angiosperms, including the Fabaceae family to which pea belongs (O’Connor et al.,
2014). Furthermore, the anti-Arabidopsis-PIN1 antibody is polyclonal, raising the possibility
that the different specificities of the antibodies might detect other PIN proteins, given the
similarities in protein structure of the PINs. Nevertheless, these observations demonstrate that

PINs are responsive to decapitation and are able to polarise during axillary bud activation.

7.2.1 PIN3/PIN4/PIN7 are required for rapid bud activation

The positive feedback between auxin flux and polarisation of active auxin transport is a
crucial contributing factor in the process of canalisation, because it enables small fluxes of
auxin to drive auxin transport canalisation (Sachs, 1981). In the context of shoot branching,
if a bud is less able to export its auxin, it would negatively affect its ability to polarise auxin
transport from the bud. This would affect its ability to successfully compete for outgrowth
with other buds. The CAT plays an important role in mediating auxin exchange between the
PATS and its surrounding tissues (Section 7.1.3), which connect the bud and the stem. While
PINT1 is expressed in the PATS, PIN3, PIN4 and PIN7 accumulate in the stem periphery
between the bud and the main stem PATS (Bennett et al., 2016a). As such these PINs may
contribute more to the initial movement of auxin from the bud across the stem, aiding the bud
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in canalising its auxin transport. In accordance with this, buds in the pin3pin4pin7 mutant
activate slowly following decapitation (Fig. 4.1B), which is expected if auxin transport
canalisation is compromised. Further support for the slow activation of pin3pin4pin7 comes
from the bud activation dynamics of single, isolated, cauline buds. Compared to wild type,
single pin3pin4pin7 buds take around one day longer to activate, following release from
inhibition by decapitation (Fig. 4.1C, D). This is consistent with a reduced ability to establish
efficient auxin export from the bud towards the PATS, which is required for sustained growth.

7.2.2 PIN3/PIN4/PIN7 mediate bud-bud communication

The reduced ability of pin3pin4pin7 buds to establish efficient auxin export is expected to
have implications for their ability to compete for outgrowth, since this depends on access to
the PATS (Prusinkiewicz et al., 2009). Bud competition relies on cross-stem communication,
because buds vascularise into discrete vascular bundles and are thus unlikely to communicate
directly through the PATS (Ongaro et al., 2008). Auxin exchange between the PATS and
its surrounding tissues, as well as CAT-mediated cross-stem transport, may therefore be
particularly important to communicate auxin status across the stem. Consistent with this, the
movement of auxin across the stem is altered in pin3pin4pin7 mutants (Bennett et al., 2016a).
Movement of auxin across the stem can be measured by apically applying radiolabelled
auxin to only half of the stem, by removing half of the stem at the stem apex (Bennett
et al., 2016a). Cross-stem auxin movement can then be determined by measuring the basal
accumulation of radiolabel at the opposite end of the stem. Significant amounts of auxin can
still be recovered at the opposite side of the stem to the site of auxin application in wild type
stems, consistent with appreciable movement of auxin across the stem tissues (Bennett et al.,
2016a). In the pin3pin4pin7 triple mutant bulk auxin transport is reduced (Fig. 3.1), but
cross-stem movement of auxin in pin3pin4dpin7 stems is proportionally increased, compared
to wild type (Bennett et al., 2016a). This may seem counter-intuitive if PIN3, PIN4 and PIN7
mediate cross-stem transport. However this can be explained by considering the role of these
PINs in mediating exchange between the PATS and the surrounding tissues, such that in the
triple mutant auxin is retained in the CAT domain, but can still move slowly down the stem
due to the activity of other transporters (Bennett et al., 2016a).

Consistent with a role in mediating auxin transport across the stem, communication
between pin3pin4pin7 buds is impaired (Fig. 4.2). If two wild type buds on isolated stems
are left to compete with each other for outgrowth, often one bud will grow to form a
branch, inhibiting the outgrowth of the other (Fig. 4.2; Ongaro et al., 2008). In pin3pin4pin7
mutants this inhibition is reduced, with both buds growing rapidly, consistent with reduced
communication between the buds (Fig. 4.2).
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7.3 Additional contributors to connective auxin transport

As discussed above, connective auxin transport is important for communication between shoot
apices and contributes to the regulation of shoot branching. It is probable that, apart from
PIN3, PIN4 and PIN7, other auxin export proteins also contribute to CAT. Likely candidates
may be found in a class of non-PIN auxin transport proteins, the B-subfamily of ATP-binding
cassette (ABC) transporters, since members of this class are known to affect stem auxin
transport. ABCB proteins are able to transport various substrates across the plasma membrane
and can function in uptake and export through the multiple transmembrane domains of the
proteins. ATP provides energy for this process. ABCB proteins contain two cytoplasmic
ATP-binding domains that bind and hydrolyse ATP to energise the movement of substrates.
ABCBI and ABCBI19, two closely related homologues, appear to be particularly important
since polar stem auxin transport is strongly reduced in abcblabcb19 double mutants (Noh
et al., 2001). A possible explanation for the extreme reduction in polar auxin transport might
lie in the interaction between ABCB19 and PIN1. Loss of ABCB19 in hypocotyls disrupts
basal accumulation of PIN1, resulting in an increase in lateral auxin conductance (Noh et al.,
2003). This is associated with defects in growth responses. For example, abcb19 mutant
plants display faster and stronger gravitropic responses and enhanced phototropism (Noh
et al., 2003). ABCB1 and ABCB19 co-localise strongly with PIN1 in the root (Blakeslee
et al., 2007). Further data presented suggest that ABCB19 also co-localises with PIN1 in
the hypocotyl (Blakeslee et al., 2007), but these data are less clear. Nevertheless, ABCB19
appears to be able to interact with PIN1, since ABCB19 protein co-immunoprecipitates with
PIN1 (Blakeslee et al., 2007). A possible function of this protein-protein interaction could
be that ABCB19 stabilises plasma membrane microdomains that enhance the auxin export
activity of PIN1 (Titapiwatanakun et al., 2009). However, PIN1 action does not strictly
require ABCB1/ABCB19 function, since overexpression of PIN1 in abcblabcb19 roots still
affects root gravitropism (Petrasek et al., 2006).

The expression domain of ABCB19 in the stem is much broader than that of PIN1, with
ABCB19 expressed across almost all stem tissues (Bennett et al., 2016a). Interestingly,
ABCBI19 localisation in the stem is across all cell membranes, suggesting it may contribute

to non-polar movement of auxin across the stem (Bennett et al., 2016a).

7.3.1 ABCBI1 and ABCB19 contribute to stem auxin transport

Despite the predominantly non-polar localisation of ABCB1 and ABCB19 (Bennett et al.,
2016a; Blakeslee et al., 2007; Geisler et al., 2005; Wu et al., 2007), loss of both ABCBs

severely compromises polar movement of auxin in the stem, by up to 70 % (Fig. 3.8A; Bennett
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et al., 2016a; Noh et al., 2001). Loss of ABCB19 alone has been reported to result in around
40-50 % less stem auxin transport than wild type (Noh et al., 2001). Given the overlap in
expression domain of ABCB19 and PIN1 in the stem (Bennett et al., 2016a), it is possible
that in the abcb19 mutant, and to a greater extent in the abcblabcb19 double mutant, PIN1 is
destabilised, resulting in a strong reduction in bulk auxin transport. However, the data on
PIN1 localisation in abcb stems presented here do not seem to support this (Fig. 3.9A). Basal
PIN1 levels in the abcbl mutant are reduced compared to wild type, but no difference is
observed in the abcbh19 mutant and PIN1 does not appear to be destabilised in these tissues
(Fig. 3.9B). The tissues used here are more mature than those used for the published stem
auxin transport defects (Noh et al., 2001), so it is possible that effects on PIN1 localisation
are only prevalent in younger tissues. Furthermore, it is also possible that there is functional
redundancy between ABCB1 and ABCB19 in this process.

The reported strong reduction in polar auxin transport in abcb19 inflorescences (Noh
et al., 2001) was less obvious in the experiments presented here. A consistent reduction could
only be observed in abcb19 mutant stems when auxin transport was measured over longer
time periods (Fig. 3.9C). In the standard assay where transport is measured over a 6-hour
period, abcbh19 mutants did not always show significant differences in polar stem auxin
transport, compared to wild type (Fig. 3.8A). The modest effect of abcbl9 on stem auxin
transport is further exemplified by the auxin pulse data, where no differences are detected
between abcb19 mutants and wild type (Fig. 3.10). It is likely that other auxin transporters
are able to compensate for the loss of ABCB19.

It seems that, at least in combination, ABCB1 and ABCB19 make a substantial contri-
bution to polar auxin transport in the stem (Fig. 3.8A). Meaningful interpretation of these
data is difficult because of the phenotype of the double mutant (Fig. 4.8D; Noh et al., 2001).
The reduction in stem auxin transport could be a direct result of the loss of auxin transport
proteins, but altered stem anatomy may also contribute, or both. Furthermore, comparisons
between the double mutant and other genotypes are problematic. Given the short length of
the internode, stem segments used for auxin transport measurements span multiple nodes,

where normally this is measured within a single, basal internode.

7.3.2 ABCBI1 and ABCB19 may contribute to rapid bud activation

The strong combined effect of ABCB1 and ABCB19 has also been implicated in shoot
branching, based on the higher number of secondary inflorescences observed in mature
abcblabceb19 double mutants (Noh et al., 2001). This phenotype was attributed to a reduction
of apical dominance, presumably caused by reduced auxin export from active apices (Noh
et al., 2001). If apical dominance is causative for the bushy appearance of abcblabcb19
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mutants, then this should be detectable at early stages of development, which was not the
case (Fig. 4.8D). Furthermore, removal of the primary shoot apex should lead to profuse
branching. However, upon decapitation, abcblabcbl9 double mutants activate fewer buds
than wild type and the buds that do activate do so more slowly (Fig. 4.8A). There appears
to be a synergistic effect of abcbl and abcb19, since bud activation is not different from
wild type in the single mutants (Fig. 4.8A). Some caution is needed in interpreting these
results since the double mutants formed significantly fewer leaves than wild type and also
had significantly more empty axils, suggesting that axillary bud formation is impaired in
this mutant (Fig. 4.8B). Nonetheless the slow activation of buds is striking and suggests
that ABCB1 and ABCB19 could regulate bud outgrowth by contributing to the initial flow
of auxin from the bud towards the stem. Consistent with this idea, ABCB19, at least, is
expressed in the stem periphery (Bennett et al., 2016a).

These results appear to be inconsistent with the previously reported bushy phenotype,
but the bushy phenotype was reported to occur late into development and quantification was
absent (Noh et al., 2001). It is likely that this phenotype is an indirect effect of the low
fertility of the double mutant, which is expected to delay senescence and reduce auxin supply
from developing seeds (Hensel et al., 1994).

7.3.3 ABCB19 mediates bud-bud communication

The slow activation of abcblabcb19 buds upon decapitation raises the question whether these
proteins could mediate communication between buds. If so, then bud-bud communication
between two isolated buds is expected to be impaired, in a similar way as observed for the
pin3pindpin7 mutant (Fig. 4.2, Section 7.2.2). However, the strong reduction in internode
length of the abcblabcbl19 double mutants did not allow collection of suitable two-node
material.

Although the abcbl and abcb19 single mutants did not show any defects in bud activation
(Fig. 4.8A), the subtle effects of abcb19, at least, on stem auxin transport, combined with the
expression domain of ABCB19 in the stem periphery and the synergistic effects observed
in abcblabcb19 double mutants, suggest that ABCB19 could contribute to communication
between buds. Consistent with this, competition between two isolated buds is reduced in
abcb19 mutants (Fig. 4.8C).
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7.3.4 PIN3/PIN4/PIN7 and ABCB19 can act synergistically in shoot
branching control

The data discussed so far suggest that PIN3, PIN4 and PIN7 contribute to connective auxin
transport and that these PINs play an important role in mediating both bud activation and
bud-bud communication. Similarly, ABCB19 appears to have a modest effect on stem auxin
transport and clearly affects bud-bud communication. Thus it appears that the PINs and
ABCB19 have partially overlapping roles in the regulation of shoot branching. Both the
PINs and ABCB19 are expressed in the tissues surrounding the PATS. Therefore it could be
that they have a synergistic effect on auxin exchange between the PATS and its surrounding
tissues. The bulk auxin transport data of the abcb19pin3pin4pin7 mutant does not seem to
support this (Fig. 3.11). Polar auxin transport in the quadruple mutant is reduced, but to the
same extent as in the pin3pindpin7 triple mutant, suggesting that loss of ABCB19 does not
exacerbate the stem auxin transport defect of the PIN triple mutant. It should be noted that
the bulk auxin transport experiments do not provide information on the dynamics of auxin
movement. It will be useful to assess this by following the progression of an auxin pulse and
measuring cross-stem auxin transport in the abcb 19pin3pin4pin7 mutant.

An overlapping role for PIN3, PIN4, PIN7 and ABCB19 in the regulation of shoot
branching is supported by the synergistic effect of these transporters on bud activation
dynamics following decapitation (Fig. 4.11). Plants lacking ABCB19 activate their rosette
buds normally, whereas plants lacking PIN3, PIN4 and PIN7 activate their rosette buds
slowly (Fig. 4.1B, 4.8A). However, loss of all four transporters has a profound effect on the
ability of rosette buds to activate, demonstrated by the severely reduced bud activation in the
abcb19pin3pin4pin7 mutant (Fig. 4.11). To provide an explanation for these observations,
it is important to consider the possible effects the loss of these proteins could have on
auxin transport canalisation. The ABCB19 protein is widely expressed throughout the
shoot (Bennett et al., 2016a) and could be regarded as a general auxin efflux carrier, which
exports auxin at a basal level (Sieberer and Leyser, 2006). In abcb19 single mutants the basal
level of auxin transport is thus reduced, but this would have little effect on the overall balance
of the auxin transport network. Since PIN3, PIN4 and PIN7 are still present in the abcb19
mutant, an initial flux of auxin from the bud towards the stem would ensure wild-type-like
bud activation. In the pin3pin4pin7 mutant bud activation is slow because this initial auxin
flux is impaired, but pin3pin4pin7 buds are still able to activate eventually, presumably
because they can still export auxin through other auxin transport proteins, such as ABCB19.
If ABCB19 is predominantly involved in the CAT, then auxin movement between the bud and
the stem is likely increasingly impaired in the abcb19pin3pindpin7 mutant auxin movement.

If so, then it is expected that abcb19pin3pin4pin7 single buds will activate slowly, additively
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to the delay in activation observed in pin3pin4pin7 (Fig. 4.1C). Another possibility is that,
instead of affecting CAT, ABCB19 is more important for driving auxin export away from
the bud apex. This could lead to synergistic effects on bud activation, without any additive
effects on bulk auxin transport. These possibilities remain to be investigated.

The PIN3/PIN4/PIN7 and ABCB19 proteins all contribute to bud-bud communication
and, in accordance with this, bud-bud competition in both pin3pin4pin7 and abcb19 mutant
explants is essentially abolished (Fig. 4.2B, 4.8C). Because of this, it is not possible to assess
synergistic interactions between these mutations, and unsurprisingly bud-bud competition in
the quadruple mutant does not differ significantly from the pin3pin4pin7 and abcb19 mutants
(Fig. 4.11C).

Despite the clear effects of PIN3, PIN4, PIN7 and ABCB19 on bud outgrowth responses,
little effect is observed in intact plants. Primary branching in pin3pin4pin7, abcb19 and
abcb19pin3pindpin7 mutant plants is comparable to wild type when plants are grown under
long day conditions (Fig. 4.12). Increasing the number of nodes, by growing plants under
short day conditions for 4 weeks prior to shifting to long day growth conditions, does not
lead to observable branching differences in the pin3pin4pin7 background, compared to wild
type (Fig. 5.2). In abcbh19 mutants branching appears to be significantly reduced, if directly
compared to wild type (see Section 5.2). Whether branching in abcb19pin3pin4pin7 mutant

plants is further reduced under these growth conditions remains to be tested.

7.3.5 Auxin importers contribute to stem auxin transport

Auxin movement and exchange of auxin across the stem depends on efficient cell-to-cell
transport, which is at least in part mediated by PIN3, PIN4 and PIN7 auxin exporters.
Efficient cell-to-cell movement has also been suggested to rely on active import of auxin into
the cell. Even though protonated IAA is able to freely cross the plasma membrane, active
auxin import has been argued to be play a dominant role in auxin influx (Kramer and Bennett,
2006). Consistent with this, the AUX1 auxin influx carrier dominates the auxin uptake into
Arabidopsis protoplasts, whilst diffusive influx of auxin appears to be negligible (Rutschow
et al., 2014). AUXI1 can also mediate auxin uptake in Xenopus oocytes and this uptake
is both saturable and pH dependent (Yang et al., 2006). AUXI is part of a four-member
gene family in Arabidopsis, along with LAX1-LAX3. Most of the research on AUX1/LAX
auxin importers has focussed on root growth, where, for example AUX1 strongly affects root
gravitropism (Bennett et al., 1996).

Auxin importers do appear to play a role in the development of the inflorescence. Vascular
bundle formation is reduced in the aux/laxllax2lax3 mutant (Fabregas et al., 2015). This
effect is only observed if plant longevity is increased by growth under short day conditions,
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whereas plants grown under long days develop normal vascular bundles (Fabregas et al.,
2015). Furthermore, the effect is not observed under either growth condition in the aux/
single mutant (Fabregas et al., 2015). AUX1/LAX proteins are expressed in inflorescence
stems, with AUX1, LAX1 and LAX?2 expression visible in procambial and protoxylem
cells of long-day-grown plants and LAX3 expression in the phloem (Fabregas et al., 2015).
However, these data are from transverse sections, making it difficult to accurately assess the
localisation pattern on the plasma membrane. Analysis of an AUX-YFP reporter construct
in longitudinal stem segments shows that AUX1 is non-polarly expressed in the vascular
bundles, in a domain that is broader than PIN1 but less broad than PIN7 (Dr. T. Bennett,
pers. comm.). This suggests that AUX1 could mediate some aspects of auxin transport in the
PAT/CAT streams.

The contribution of AUX1/LAX import proteins to stem auxin transport has been recently
explored by fitting mathematical models to experimental data (Boot et al., 2016). In these
experiments, auxin from a donor well was allowed to progress through an isolated stem
segment in an apical to basal direction and collected in a receiver well. In these experi-
ments the basal accumulation of auxin in the receiver well was strongly reduced for the
auxllaxllax2lax3 quadruple mutant, as was the transport capacity in the mutant (Boot et al.,
2016). Consistent with this, bulk auxin transport through aux/ and auxilaxllax2lax3 mutant
stems is reduced (Fig. 3.12). Further support for a role of AUX1/LAX in stem auxin transport
comes from the auxin uptake experiments (Fig. 3.13). The cumulative amount of auxin
entering the stem during the experiment is significantly reduced in the aux/ and aux1/lax
mutants (Fig. 3.13B), suggesting a reduction in uptake of auxin. However, this is apparently
not caused by defects in initial auxin uptake, because the most apical segment in contact with
the radiolabelled buffer solution in aux/ and auxi/lax mutants accumulates auxin to a similar
extent as wild type (Fig. 3.13D, segment 1). This was also observed in the donor-receiver
transport assays conducted with the aux1/lax mutant, where auxin was still able to move from
the donor well into the apical part of the stem segment (Boot et al., 2016). It is possible that
auxin uptake at the cut surface does not require AUX1/LAX and that auxin diffuses freely
into the uppermost cells. However, AUX1/LAX are clearly required for efficient further
transport down the stem, since basal accumulation is impaired in the aux/ and aux1/lax
mutants, both in absolute and relative terms (Fig. 3.12, 3.13C). This is in accordance with
the reported reduction in auxin transport capacity of the aux/laxllax2lax3 (Boot et al., 2016).
Interestingly, the aux1lax1lax2lax3 mutant did not show any apparent changes in the velocity
of auxin transport in the donor-receiver transport experiments (Boot et al., 2016). It will be

useful to further explore these dynamics using auxin pulse assays.
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7.3.6 Auxin importers are unlikely to be regulators of bud activation

The reduced auxin transport capacity observed in the aux/ and auxI/lax mutants raises the
possibility that auxin importers might affect bud outgrowth. A possible mechanism for how
auxin importers would accomplish this could be through regulating the efficiency at which
auxin is able to reach the PATS or CAT tissues. Assessing bud outgrowth in aux1/lax mutants
can be challenging. Axillary bud formation in the aux/laxllax2 triple mutant is strongly
impaired (Wang et al., 2014a). Consistent with this, aux/laxllax2lax3 quadruple mutants
also display strong defects in axillary bud formation (Fig. 4.13B). A substantial proportion
of rosette leaf axils and cauline leaf axils are empty, which makes it difficult to assess bud
outgrowth. The reduced activation of rosette branches in the aux/laxllax2lax3 quadruple
mutant (Fig. 4.13A) could be the result of decreased activation or the reduced number of
buds available for outgrowth, or both. The aux/ single mutant shows no apparent defects in
axillary bud formation (Fig. 4.13B) but has a significant effect on auxin transport through
stems (Fig. 3.12), making this a more suitable line for assessing the contribution of auxin
import to shoot branching control. The branching response following decapitation as well
as branching under standard long day growth conditions show no difference between aux/
and wild type plants, suggesting that the AUX1 protein does not play an important role in
mediating bud outgrowth (Fig. 4.13A, 4.13C).

As mentioned above, the AUX1 protein is expressed non-polarly in a domain that extends
beyond that of PIN1. It is therefore possible that it contributes to efficient cross-stem
movement of auxin. If this were the case, a reduction in communication across the stem
would be expected in aux! mutants. However, aux! two-node explants were able to compete
effectively for outgrowth (Fig. 4.13D), suggesting that AUX1-mediated auxin import does
not contribute to bud-bud communication. It is interesting to note that a clear reduction in
bulk auxin transport caused by auxin import defects, as observed in the aux/ single mutant
(Fig. 3.12), does not appear to have any effect on bud activation. In contrast, a comparable
reduction caused by auxin export defects, as observed in the pin3pin4pin7 mutant (Fig. 3.1A),
does lead to branching defects. Whether this has implications for understanding auxin

transport canalisation remains to be tested.

7.4 Regulation of shoot branching by strigolactone

Strigolactones are central to understanding the role of auxin transport canalisation in shoot
branching control. Buds compete for access to the auxin transport stream of the stem,
thereby affecting each other’s ability to activate (Bennett et al., 2006; Crawford et al., 2010;

Prusinkiewicz et al., 2009; Shinohara et al., 2013). In this context strigolactones modulate the
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competition between buds. Competition between buds is impaired in strigolactone mutants
and effects of PIN1 accumulation on the plasma membrane can at least in part explain
this. In strigolactone mutants PIN1 overaccumulates on the plasma membrane of xylem
parenchyma cells in the PATS (Bennett et al., 2006; Crawford et al., 2010; Shinohara et al.,
2013). Strigolactone triggers the rapid depletion of PIN1 from the basal plasma membrane of
xylem parenchyma cells. This process is independent of protein synthesis, but is dependent
on clathrin-mediated membrane trafficking (Shinohara et al., 2013). Thus the increased
accumulation of PIN1 in strigolactone mutants is likely the result of a decrease in PIN1
removal from the plasma membrane. This decrease in the removal of PIN1 from the plasma
membrane affects the ability of strigolactone mutant buds to activate in at least three ways.
First, the increased PIN1 levels lead to higher levels of stem auxin transport which, despite
the higher levels of auxin in strigolactone mutant stems (Prusinkiewicz et al., 2009), could
make the stem a better sink because more PIN1 protein is available to transport auxin towards
the root. Second, the increased levels of PIN1 protein in the bud can influence the source
strength, since more auxin exporter protein is available to export, and canalise, auxin from
the bud towards the stem. Third, the decreased removal of PIN1 could contribute to increased
feedback between auxin flux and auxin transport, making it easier for buds to canalise their
auxin transport into the main stem. Combined, this enables strigolactone mutant buds to
activate more easily than wild type buds. Consistent with this mode of action, strigolactone
acts to enhance competition between growing shoot apices, rather than straightforwardly
inhibiting the growth of buds (Crawford et al., 2010).

7.4.1 Stem auxin transport in strigolactone mutants

The reduced removal of basal PINT1 in strigolactone mutants clearly leads to an increase
in stem polar auxin transport, but it was less well understood what effect this has on stem
auxin transport dynamics. When max4 mutant stems are provided with a one-hour pulse
of radiolabelled auxin and auxin emergence is measured over time at the basal end, the
emergence profile is comparable to wild type but for each time point more auxin is collected
from max4 mutant stems (Bennett et al., 2006). This suggests that the rate of auxin movement
in strigolactone mutants is unchanged. In accordance with this, the dynamics of an auxin
pulse in max2 mutants are comparable to wild type (Fig. 3.5).

In contrast to the max4 experiment described above, the max2 transport profiles presented
here were not higher than wild type (Fig. 3.5). This difference may be explained by the
difference in pulse length and experimental setup. The max4 profiles were obtained by
incubating the stems for 1 hour in radiolabelled auxin, whereas the pulse assays presented
here use a 10 minute pulse. Modelling of these differences suggests that when influx of auxin
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into the stem segment is a limiting factor, then only a certain amount of auxin will enter
the stem segment, regardless of the genotype (Dr. G. Hines, pers. comm.). This situation
might arise at short treatment durations, such as during an auxin pulse experiment. Here wild
type and max mutant stems are expected to contain similar amounts of auxin. In contrast,
if the concentration instead of influx of auxin at the apex is limiting, then the amount of
radiolabelled auxin present in the stem segment is expected to depend on the rate at which
auxin can be drawn from this pool of auxin and transported basally (Dr. G. Hines, pers.
comm.). This situation might arise during longer treatment durations, such as during bulk
auxin transport assays or long pulse applications. In these experiments the rate of export
may be become limiting in wild type stems whereas in max mutants, which have increased
accumulation of PINT1, the rate of export is less limited, resulting in increased transport.

Interestingly, the max2 pulse dynamics can be reproduced by the computational model
used to capture the pulse dynamics observed in Bennett et al. (2016a) if, in addition to
increased PATS, the lateral exchange between the PATS and CAT is increased (Dr. G. Hines,
pers. comm.). This suggests that the increased auxin transport in the max mutants depends
in part on CAT activity. In accordance with this, bulk auxin transport in strigolactone
mutants stems with impaired CAT is reduced (Fig. 4.3A), apparently without affecting basal
accumulation of PIN1 on the plasma membrane (Fig. 4.3B). When the movement of a pulse
of radiolabelled auxin is followed over time, strikingly, the pulse shape is retained much
more clearly than in wild type stems, where broadening and dampening of the pulse traces
is evident (Fig. 3.6B; 3.7). In comparison with the pin3pin4pin7 pulse, where some auxin
moves faster than wild type and some slower, in max2pin3pin4pin7 a single pulse is retained.
As described, according to modelling results this is consistent with a single transport mode
dominating in this genotype (Bennett et al., 2016a; Mitchison, 2015). One possibility is that
the increased accumulation of PINT1 increases PATS but also contributes to lateral movement
of auxin, creating a wider PATS-type channel than in the wild type.

7.4.2 PIN3/PIN4/PIN7 contribute to strigolactone-mediated shoot
branching control

The effects of PIN3, PIN4 and PIN7 on bud activation and bud-bud communication provide
strong support for the role of CAT in bud outgrowth. The effects of CAT and auxin exchange
between the PATS and CAT could affect strigolactone-mediated shoot branching in different
ways. The rapid accumulation of PIN1 on the plasma membrane is predicted to make it easier
for buds to canalise their auxin, leading to increased branch activation. In the pin3pindpin7

triple mutant bud activation following decapitation is delayed (Fig. 4.1). This is consistent
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with a role of these PINSs in the initial movement of auxin out of the bud into the stem, and
decreased ability to canalise their auxin transport from the bud towards the stem. Consistent
with this, rosette bud activation following decapitation is decreased in max2pin3pindpin7
and max4pin3pin4pin7 mutants, compared to their max controls (Fig. 4.4A, B). Further-
more, shoot branching in intact plants is also significantly reduced in max2pin3pin4pin7,
max4pin3pindpin7 and d14pin3pin4pin7 mutants (Fig. 4.5A; 5.3A) compared to their con-
trols, demonstrating that these PINs are required for the some of the increased shoot branching
phenotype in strigolactone-deficient mutants.

Communication between adjacent pin3pin4pin7 mutant buds is reduced, resulting in
reduced competition for outgrowth, which is likely to be due to slow movement of auxin
across the stem (Fig. 4.2B). Bud-bud competition in strigolactone mutants is also reduced,
but this is likely to be for the contrasting reason that canalisation of auxin transport from the
bud to the stem in strigolactone mutants is so rapid that there is insufficient time for bud-bud
communication (Crawford et al., 2010). Loss of PIN3, PIN4 and PIN7 is thus not expected
to affect bud-bud competition in a strigolactone mutant background, but addition of GR24
should still be able to restore competition. In accordance with this prediction, the competition
between maxpin3pindpin7 mutant two-node explants was similar to that observed in the
max and the pin3pin4pin7 triple mutants (Fig. 4.7). Addition of GR24 was able to increase
bud-bud competition in wild type, pin3pin4pin7 and max4pin3pindpin7 two-nodes, but not
in max2 and max2pin3pin4pin7 nodes (Fig. 4.7). This is consistent with the known role of
MAX?2 in strigolactone signalling (see Section 1.2.3). Interestingly, bud-bud competition was
only partially restored in pin3pin4pin7 and max4pin3pin4pin7 two-node explants, compared
to their controls. This highlights the importance of these PINs in cross-stem communication,
because even in this highly competitive environment, where auxin transport canalisation
between buds and stems is slow, buds are less able to inhibit each other. The reduced response
of pin3pin4pin7 two-node explants could arise if strigolactone affects the removal of PIN3,
PIN4 or PIN7 from the basal plasma membrane, in a similar manner as with PIN1. Indeed
this appears to be the case for PIN7, which shows reduced levels of basal accumulation in
the stem upon treatment with GR24, whereas PIN3 and PIN4 appear to be unresponsive
(F. Ticchiarelli, pers. comm.). However, this does not appear to have a major impact on
strigolactone response, because whole plant responses of pin3pin4pin7 mutants to GR24 are

comparable to wild type (Fig. 4.6).
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7.4.3 ABCB19 contributes to strigolactone-mediated shoot branching

control

The pronounced reduction in branching in maxpin3pin4pin7 mutants demonstrates that the
mild effects of impaired CAT in wild type plants can be exaggerated in high branching
backgrounds. Similar to pin3pin4pin7, the effects of loss of ABCB1 or ABCB19 on shoot
branching are mild. Bud activation dynamics and shoot branching in intact plant is unchanged
in abcbl and abcbl9 single mutants under long day growth conditions (Fig. 4.8; 4.9).
However, as previously mentioned, ABCB19 does appear to play some role in shoot branching
control, because branching in intact plants is reduced when the number of available nodes is
increased (see Section 5.2). Furthermore, bud-bud communication is also impaired in the
abcb19 single mutant (Fig. 4.8C) and abcb19 also has a synergistic effect on bud activation
dynamics in the pin3pin4pin7 mutant background (Fig. 4.11A).

Comparable to the effects observed for pin3pindpin7, loss of ABCB19 in the high
branching strigolactone mutant background has a much stronger effect on branching than
in the wild type background, with a significant reduction in branching in max2abcbl9
and max4abcb19 mutants, compared to their max controls (Fig. 4.9A). Loss of ABCB1
does not appear to affect strigolactone mutant branching (Fig. 4.9A). Given the synergistic
effects of abcb19 and pin3pin4pin7 on bud activation dynamics after decapitation, it will be
interesting to test if they also synergistically affect these dynamics in a strigolactone-deficient
background.

As previously mentioned, PIN1-ABCB 19 interaction might stabilise plasma membrane
microdomains which enhance the auxin export activity of PIN1 (Titapiwatanakun et al.,
2009; Section 7.3. Thus it is possible that loss of ABCB19 leads to destabilisation of PIN1.
Although there was no obvious change in basal plasma membrane PIN1 stability in abcb19
single mutants (Fig. 3.9) it is possible that effects are more prevalent in the strigolactone
mutant background where PIN1 overaccumulates and this remains to be tested.

The reduction in branching in maxabcbl9 mutants shows that ABCB19 is involved in
strigolactone-mediated shoot branching control. The mechanism through which it acts is
less clear. Given its expression domain and the reduced bud-bud communication in abcb19
single mutants, it is possible that ABCB19 contributes to CAT. However, wild type behaviour
of auxin pulses (Fig. 3.10) and cross-stem auxin transport (Dr. T. Bennett, pers. comm.)
in abcb19 mutant stems suggest that ABCB19 does not affect stem auxin transport in the
same manner as PIN3, PIN4 and PIN7 do. The max2pin3pin4pin7 auxin pulse dynamics
show that disrupting CAT in a high PATS background can help further the understanding of
the auxin transport network in the stem (Fig. 3.6B; 3.7), especially when the observations

are modelled. A similar approach for maxabcbl9 mutants might help to better understand
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the differences between ABCB19 and PIN3, PIN4, PIN7 in stem auxin transport. As
mentioned in Section 7.3.4, it is also possible that the effect of ABCB19 might be more
related to contributions to auxin movement in the bud itself, rather than to CAT. If ABCB19 is
important for driving auxin from the bud towards the stem, then it could effectively contribute
to the auxin source strength of the bud. This remains to be investigated.

Plants lacking ABCB19 are still responsive to exogenous GR24 (Fig. 4.10). This is not
surprising, since PINT1 is still present at wild type levels in abcb19 (Fig. 3.9) and presumably
the addition of GR24 is able to increase the rate of PIN1 removal from the basal plasma
membrane in these plants, resulting in decreased branching (Fig. 4.10A). The abcb19 single
mutant produces consistently fewer branches than wild type when grown under axenic
conditions (Fig. 4.10A), presumably because growth conditions are more challenging than on
soil, where no obvious branching difference is found, unless the vegetative phase is extended
(see Section 5.2). Interestingly, GR24 is unable to fully restore bud-bud competition in
abcb19 two-node explants (Fig. 4.10B). This is similar to the effect of GR24 on pin3pin4pin7
bud-bud competition (Fig. 4.7). However, in the pin3pin4pin7 mutant cross-stem auxin
transport is clearly impaired (Bennett et al., 2016a), whereas it appears to be unchanged in
abcbl9 mutants (Dr. T. Bennett, pers. comm.). Even so, ABCB19 is apparently needed
for effective bud-bud communication. It is possible that cross-stem movement in abcbl9
mutants is only subtly altered and that its effects are not detected in the cross-stem auxin
transport assay or that the effects of abcbh19 are more directly related to auxin transport from
the bud, rather than the stem. A good strategy to further explore the contribution of ABCB19
on bud-bud communication would be to test bud-bud competition in maxabcbl9 mutants.
However, initial internode elongation in these mutant backgrounds is slow, making it difficult

to collect useable plant material to test bud-bud competition.

7.5 Providing energy for auxin transport and shoot

branching

The active import and export of auxin requires energy. ABCB proteins are able to energise
their own transport through ATP hydrolysis. In contrast, energy for the AUX1/LAX and PIN
proteins relies on the proton motive force. The proton motive force is generated through the
activity of plasma membrane H*-ATPases, which pump protons out of the cell, resulting in
a membrane potential and pH gradient across the plasma membrane, which in turn is able
to energise secondary transporters, such as PIN proteins. The AUX1/LAX proteins form

a sub-class within the super family of amino acid/auxin permeases, which are predicted to
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rely on proton symport for their function (Young et al., 1999). Therefore, a reduction in
proton movement across the plasma membrane could also reduce the ability of AUX1/LAX
protein function. In addition, such a reduction in proton flux could affect the passive influx of
auxin by shifting the balance between protonated IAA (IAAH) and disassociated IAA (IAA”).
However, this is unlikely to have a large effect if auxin importers are present on the plasma
membrane, since they appear to contribute most of the auxin import into the cell (Rutschow
et al., 2014). The activity of the H"-ATPases thus has the potential to affect auxin transport

in multiple ways.

7.5.1 AHALI1 contributes to stem auxin transport

Mathematical modelling of the feedback between auxin and apoplastic pH predicts that
an increased movement of protons into the apoplast results in increased carrier-mediated
auxin transport rates (Steinacher et al., 2012). In accordance with this, stem auxin transport
is reduced in the ahal H*-ATPase mutant (Fig. 6.1A), which has impaired proton pump
activity. Auxin transport rates in aha2 mutant stems are unchanged, which corresponds
well with the expression profiles for these two H*-ATPases, since AHAI is more strongly
expressed in developing aerial tissues than AHA2 (Haruta et al., 2010). Although the proton
secreting activity of ahal roots is reduced compared to wild type (Haruta et al., 2010), it is
unclear whether loss of AHA results in marked changes in apoplastic pH in the stem, and
this remains to be tested.

Changes in proton gradients across the plasma membrane are predicted to affect both
auxin import and export processes. Consistent with this, the pattern of auxin accumulation
over time in ahal stems fed radiolabelled auxin at the apical end is complex. In wild type
stems, the amount of auxin accumulates steadily over time, with auxin levels continuing to
build over time at both the apical and basal ends (Fig. 6.2; 6.3). In contrast, auxin is slow
to accumulate in ahal stems. Over time auxin does build up to levels not far below wild
type, but it plateaus. This is likely due to a combination of limited transport of auxin along
the stem and limited accumulation of auxin at the apex in comparison to wild type. This
pattern is different from the auxin accumulation properties observed in the aux//lax mutants,
where total uptake during the experiment is reduced, but initial accumulation at the apical
end appears unimpaired (Fig. 3.13D). Auxin accumulation in ahal mutant stems also appears
to be affected during the short accumulation period in auxin pulse assays, where less auxin
enters ahal mutant stems during the 10 minute pulse (Fig. 6.2B). The overall distribution of
auxin broadly follows a similar profile to wild type (Fig. 6.2A), but less auxin moves along
the stem such that the ahal and wild type profiles run largely in parallel. Thus it appears
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that AHAT1 is important for efficient auxin uptake into and progression along the stem auxin
transport network.

In combination with the results for strigolactone mutants, these data suggest that the
ability of stems to transport auxin efficiently to the basal end is dependent on both active
influx and efflux. However, the amount of auxin that accumulates at the apical end of the
stem is dependent more on efficient auxin efflux away from the apex than it is on efficient
auxin uptake. Interestingly, it is the efficient efflux of auxin that appears to be more important
for the control of shoot branching. This might be of relevance for understanding critical
aspects of the bud activation process, such as the ability of auxin from young expanding

leaves at the bud apex to enter the bud stem auxin transport network.

7.5.2 AHALI affects shoot branching

An important factor affecting auxin transport canalisation is the positive feedback of auxin
on its own transport. Changes to this feedback are likely to affect the balance of auxin
transport canalisation and in turn, shoot branching. Proton gradients have been suggested to
provide feedback on the polarisation of auxin transport in models that explore the effects of
auxin-induced apoplastic acidification (Steinacher et al., 2012). A reduced proton gradient,
as might be expected in mutants with impaired proton pump activity, may thus lead to
changes in shoot branching. Consistent with this, branching is increased in intact ahal
mutant plants (Fig. 6.4A; 6.5). Although intuitively it might be expected that a reduction
in proton gradients would lead to a reduction in branch activation, possibly resulting from
reduced auxin transport canalisation, this is not necessarily the only outcome. Increased
branching can occur in at least two ways. One is in an environment where auxin transport
canalisation can readily occur, such as in strigolactone mutants, where PIN1 removal is
reduced (Crawford et al., 2010; Prusinkiewicz et al., 2009; Shinohara et al., 2013). The
other is in a low auxin transport environment, such as observed in the #ir3 mutant, where
less auxin is exported from each apex (Prusinkiewicz et al., 2009; Shinohara et al., 2013).
If auxin transport canalisation from the bud is impaired, then buds may activate slower, an
effect observed in the pin3pin4pin7 mutant (Fig. 4.1). However, single ahal buds are able to
activate normally (Fig. 6.4B), suggesting that canalisation is unaffected. Instead, it appears
that the reduced auxin transport in the ahal mutant affects the ability of buds to inhibit each
other. Consistent with this, ahal buds activate rapidly following decapitation (Fig. 6.4A).
It will be interesting to test if this effect is also observed in the two-node explant bud-bud
competition assay, where ahal two-nodes are expected to display reduced competition.
Shoot branching in strigolactone mutants can be reduced by changes in auxin transport,
as observed in maxabcbl9 and maxpin3pindpin7 mutants (Fig. 4.5; 4.9). In accordance



7.6 Interaction between BRC1 and connective auxin transport 131

with this, loss of AHA1 function is also able to suppress branching in strigolactone mutants
(Fig. 6.6). Which aspects of the auxin transport network are affected in these mutants is
currently unclear, because no information is available on auxin transport in these mutants.
Reduced proton pump activity appears to affect both auxin import and export. This could
have disproportionate effects on auxin transport and/or auxin transport canalisation in mutants
where either of these processes is increased, such as in strigolactone mutants. How proton
pump activity affects the self-organising properties of the auxin transport network in these
mutant backgrounds remains to be tested.

7.6 Interaction between BRC1 and connective auxin

transport

The self-organising properties of the auxin transport network are not the only proposed
mechanism for the regulation of bud outgrowth control. Outgrowth has also been suggested
to occur via the regulation of BRC/ transcription, where changes in BRC/ result in bud
outgrowth responses (Aguilar-Martinez et al., 2007; Braun et al., 2012; Dun et al., 2012).
However, the recent demonstration that strong BRC/ expression is neither necessary nor
sufficient for bud inhibition casts doubts on the straightforward relationship between BRC/
expression levels and bud outgrowth (Seale et al., 2017). Instead, BRCI may act more
as a modulator of bud activation potential within an auxin transport-based framework of
bud activation control (Seale et al., 2017). The effect of BRCI on bud activation potential
corresponds well to bud activation patterns. Buds activate in a basipetal sequence upon
floral transition, an effect likely caused by reduced auxin production and export from floral
apices (Prusinkiewicz et al., 2009). In BRC-deficient plants buds that remain inhibited are at
the more basal end of this sequence (Aguilar-Martinez et al., 2007; Seale, 2016). Buds at the
apical end activate even in the presence of high BRCI transcript levels (Seale et al., 2017).
This suggests that buds with high levels of BRCI are only able to activate in an environment
where auxin transport canalisation from the bud can easily occur. In contrast, inhibition of
brcl buds is only likely to occur when canalisation conditions are inhibitory, such as when
stem auxin concentrations are high (Seale et al., 2017). This raises interesting questions
about the relationship between BRC/ and auxin transport, particularly in the context of
strigolactone-mediated shoot branching control.

BRC1 has been suggested to be a transcriptional target of strigolactone signalling. In
agreement with this strigolactone is unable to rescue the increased branching phenotype

of brcl mutants and BRC! is downregulated in strigolactone mutants (Aguilar-Martinez
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et al., 2007; Braun et al., 2012; Brewer et al., 2009). However, loss of BRCI and its closest
relative BRC2, which has slight additive effects on branching (Aguilar-Martinez et al., 2007),
does not increase branching to the same extent as observed in strigolactone mutants. This is
particularly clear in growth conditions where the number of vegetative nodes is increased
(Fig. 5.2; Bennett et al., 2016b; Seale et al., 2017). Furthermore, there is also some additivity
in the control of branching control brclbrc2 and strigolactone mutants (Bennett et al., 2016b;
Chevalier et al., 2014; Seale et al., 2017), and brclbrc2 mutants retain some strigolactone
response. For example, when brclbrc2 mutant plants are grown on GR24-containing media,
they still show a partial suppression of branching (Fig. 5.9; Seale et al., 2017), demonstrating
that strigolactone and BRC1 regulate shoot branching at least partially independently of each

other.

7.6.1 Shoot branching control by BRC1 is independent of
PIN3/PIN4/PIN7

The partially independent mechanisms through which strigolactone and BRC! regulate shoot
branching are further exemplified by the observation that PIN1 does not overaccumulate in
brcl mutant stems (Bennett et al., 2016b). Consistent with this, polar stem auxin transport
in brclbrc2 mutants is comparable to wild type (Fig. 5.4; Bennett et al., 2016b). This is
in contrast to shoot branching control by strigolactones, which is at least partly mediated
by effects on PIN1, which correlate with increased levels of polar stem auxin transport
(Fig. 5.4; Bennett et al., 2006). CAT also contributes significantly to strigolactone-mediated
shoot branching control, with significant suppression of the highly branched phenotype of
strigolactone mutants in the pin3pin4pin7 triple mutant (Fig. 4.5A). In contrast, loss of PIN3,
PIN4 and PIN7 does not affect shoot branching in intact brc1brc2 mutant plants (Fig. 5.2).
This is even the case when branch suppression is promoted by challenging environmental
conditions such as nitrate limitation or crowding (Fig. 5.10A, B) or by addition of exogenous
GR24 (Fig. 5.9).

Competition between two isolated brclbrc2 buds has previously been shown to be
reduced, but still fully sensitive to strigolactone (Seale et al., 2017). In the single experiment
presented here this reduction in competition was not observed, but competition was still
clearly increased upon treatment with strigolactone, to a comparable degree as in wild
type (Fig. 5.8). This demonstrates that these buds were still responsive to strigolactone.
Responses to GR24 in brclbrc2pin3pindpin7 two-node explants were indistinguishable from
pin3pindpin7 (Fig. 5.9), consistent with the independent roles of BRCI and PIN3, PIN4 and

PIN7 in mediating bud outgrowth. However, brclbrc2pin3pindpin7 two-node responses
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were also not significantly different from brclbrc2, and further experiments are needed to

clarify bud competition responses in these mutant backgrounds.

7.6.2 Shoot branching control by BRC1 is partially dependent
on ABCB19

In contrast to loss of PIN3, PIN4 and PIN7, loss of ABCB19 is able to reduce shoot branching
in the brclbrc2 mutant background (Fig. 5.5). This raises the possibility that ABCB19 acts
downstream of BRC1 to regulate shoot branching. However, the ability of abcbl9 to suppress
branching in brelbrc2 is nitrate sensitive. Loss of ABCB19 in brelbrc2 mutant plants reduces
the number of branches when nitrate availability is high (Fig. 5.10), but branching under low
nitrate availability in the brclbrc2abcbl9 mutants is no different to brclbrc2. This argues
against a simple linear pathway from BRCI to ABCB19. When nitrate availability is low,
active shoot apices appear to export more auxin into the main stem PATS, thereby preventing
the activation of more basal branches (de Jong et al., 2014). In addition, low nitrate reduces
cytokinin supply from the root (Miyawaki et al., 2004; Takei et al., 2004), which could further
reduce bud activation. Thus abcb19 appears to suppress branching in brclbrc2 mutants in a
low auxin, high cytokinin environment, but not in a high auxin, low cytokinin environment.
Similarly, abcb19 cannot suppress branching in brclbrc2 mutants where branching is reduced
by treatment with GR24 (Fig. 5.9). Thus the ability of abcb19 to suppress branching in the
brclbrc2 mutant background seems to be limited to branching-permissive situations.

One possibility that could account for these results is that ABCB19 is generically required
for high levels of branching. For example, in its absence, overall auxin mobility in the plant
is compromised and this in turn limits the number of active buds that can be supported.
Consistent with this idea, abcb19 is also able to suppress branching in strigolactone deficient
mutants. Alternatively, a role for ABCB19 in bud activation by driving auxin from the bud

could conceivably have similar effects on both brclbrc2 and strigolactone-deficient mutants.

7.7 Conclusions and further directions

To summarise, the data in this thesis demonstrate that the auxin transport network in the
stem is complex and multimodal (Fig. 7.1). Stem auxin transport is shown to consist of
a high capacity highly polar auxin transport mode (PATS), as well as a less polar lower
capacity transport mode (CAT), with exchange between them. The CAT is shown to play an
important role in bud activation and appears to be particularly important for buds to effectively

communicate across the stem. The PIN3/PIN4/PIN7 proteins are important contributors to
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CAT and ABCB19 may contribute as well. Loss of CAT is able to partially suppress the high
branching phenotype of strigolactone mutants. This ability to suppress branching does not
appear to be a generic effect, because loss of PIN3/PIN4/PIN7 is unable to suppress the high
branching phenotype observed in brclbrc2 mutants.

== auxin
==strigolactone

Fig. 7.1 Model for auxin transport-mediated bud activation.

Schematic illustration of an Arabidopsis stem segment bearing one bud. The coloured arrows indicate
flow of auxin (green) and strigolactone (red). The blue shading indicates the polar auxin transport
stream (PATS) and the orange shading represents the connective auxin transport (CAT). The black
lines indicate either promotion (arrowheads) or repression (end lines).

The loss of ABCB19 function is able to partially suppress the high branching pheno-
types in both the strigolactone mutants and brc1brc2 mutants. Although this suggests that
ABCB19 might be downstream of BRC/ and strigolactone signalling, not all the data are in
accordance with this. Further investigation of the response of brclbrc2abcbl9 mutant plants
to strigolactone might help resolve this question.

Although low levels of BRC1 apparently make it easier for buds to activate, little is
known about BRC1 function. Therefore, progress toward better understanding the role of
BRC1 in shoot branching should come from understanding the biology of the BRC1 protein.
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The generation of the reporter construct presented here will likely aid in this process, because
it enables studying dynamic protein responses in planta. Furthermore, it allows biochemical
experiments that may help identify proteins that interact with BRC1 during bud activation.

The effects of H*-ATPase activity on auxin transport and shoot branching presented in
this thesis suggest that H*-ATPase activity is able to affect both these processes. However,
the mechanism underlying this is still very unclear. A first step to a better understanding
should come from comparing the effects of H*-ATPase activity on stem auxin transport in
backgrounds with normal and increased levels of auxin transport. Furthermore, exploring the
effects of altered H"-ATPase activity on bud competition may help to better understand its
effects on bud activation.

The questions which have been answered in this thesis have inevitably led to new,
exciting questions, as discussed above. The findings presented provide a useful framework
for exploring the answers to them.
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Appendix A

Plant lines and sources

Table A.1 Plant line sources

Genotype Locus Origin Published in

Col-0 Ecotype Leyser lab stock

abcbl-100  At2g36910 National Arabidopsis Stock Centre, Not- Li et al. (2005)
tingham, UK

abcb19-101  At3g28860 National Arabidopsis Stock Centre, Not- Li et al. (2005)
tingham, UK

ahal-7 At2g18960 National Arabidopsis Stock Centre, Not- Haruta et al. (2010)
tingham, UK

aha2-4 At4g30190 National Arabidopsis Stock Centre, Not- Haruta et al. (2010)
tingham, UK

auxllaxl At2g38120; Braybrook lab, University of Cambridge, Bainbridge et al. (2008)

lax2lax3 At5g01240; UK.

quadruple At2g21050;

Atlg77690

auxl-21 At2g38120  Braybrook lab, University of Cambridge, Marchant and Bennett,
UK. (1998)

brcl-2 At3g18550  Pilar Cubas, Centro Nacional de Biotec- Aguilar-Martinez et al.,
nologia, Madrid, Spain (2007)

brc2-1 Atl1g68800  Pilar Cubas, Centro Nacional de Biotec- Aguilar-Martinez et al.,
nologia, Madrid, Spain (2007)

dl4-1 At3g03990 Mark Waters, University of Western Waters et al. (2012)

Australia, Crawley, Australia

Continued on next page
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Table A.1 — continued from previous page

Genotype Locus Origin Published in

max2-1 At2g42620 Leyser lab stock Stirnberg et al. (2002)

max4-5 At4g32810 Leyser lab stock Bennett et al. (2006)

pinl-613 At1g73590 Leyser lab stock Bennett et al. (2006)

pin2 At5g57090 Leyser lab stock Luschnig et al. (1998);

(eirl-1) Roman et al. (1995)

pin3-3 At1g70940 Ben Scheres, Wageningen University, Friml et al. (2002b)
The Netherlands

pin4-3 At2g01420 Ben Scheres, Wageningen University, Friml et al. (2002a)
The Netherlands

pin5-4 At5g16530  Enrico Scarpella, University of Alberta, Mravec et al. (2009)
Canada

pin6 Atlg77110  Enrico Scarpella, University of Alberta, Tissier et al. (1999)
Canada

pin7-1 At1g23080 Ben Scheres, Wageningen University, Friml et al. (2003)
The Netherlands

pin8-1 At5g15100 Enrico Scarpella, University of Alberta, Dal Bosco et al. (2012)
Canada

PINI:GFPb At1g73590 Eva Benkova, Institute of Science and Benkova et al. (2003)
Technology, Vienna, Austria

PINI:GFPs Atlg73590 Ben Scheres, Wageningen University, Xu et al. (2006)

The Netherlands
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Table A.2 Plant line descriptions

Genotype Description

Col-0 Wild type, all plant lines are in this background

abebl-100 T-DNA insertion, SALK_083649, in exon 9

abcb19-101 T-DNA insertion, SALK 033455, in exon 6

ahal-7 T-DNA insertion, SALK_065288, in exon 13

aha2-4 T-DNA insertion, SALK_ 082786, in intron 3

auxl lax] lax2 lax3 T-DNA insertions in AUX1 and three LIKE-AUX1 genes

auxl-21 Deletion of nucleotide A823 in exon 5

brcl-2 T-DNA insertion, SALK_091920, in exon 3.

brc2-1 T-DNA insertion, SALK_023116, in exon 1.

dl4-1 WiscDsLox transposon insertion, WiscDsLoxHs137_07E

max2-1 EMS mutant, with guanine to adenine substitution leading to a non-
functional protein

max4-5 Point mutation in exon 2, leading to a premature STOP-codon

pinl-613 T-DNA insertion, SALK_047613, in intron 3

pin2 Diepoxybutane mutagenesis mutant. Mutation unknown, but allelic to

(eirl-1) null mutant eirl-3

pin3-3 2 bp deletion in exon 1, producing a frameshift mutation

pind-3 En-1 transposon insertion 1578 bp from ATG in exon 2

pin5-4 T-DNA insertion, SALK 042994, in intron 2

pin6 Single dSpm transposable element 183 bp upstream from ATG,
SM_3_15050

pin7-1 En-1 transposon insertion 702 bp from ATG in exon 1 (resequenced)

pin8-1 T-DNA insertion, SALK_107965, in exon 1

PINI:GFPb PIN1-GFP fusion construct under native promoter. GFP insertion at
amino acid 443.

PINI1:GFPs PIN1-GFP fusion construct under native promoter. GFP insertion at

amino acid 217.




Appendix B

Primers and genotyping strategies

Table B.1 Genotyping primer sequences

ID Gene Sequence Direction
MVRO098  abcbl-100 GAAGACTGCGACAAGGACAAG forward
MVR099  abcbl-100 GCAAGAGCGATGTTGAAGAAC reverse
MVRI100 abchi9-101 GCAATTGCAATTCTCTGCTTC forward
MVRI01  abcb19-101 CTCAGGCAATTGCTCAAGTTC reverse
MVRO080 ahal-7 GCGTTGTAACTCTTGCAGTTTG forward
MVRO81  ahal-7 CATCTTCTTTTGGCTGCAGAC reverse
MVRO082  aha2-4 TTGAAAAGGCTGATGGATTTG forward
MVRO083  aha2-4 CTCCAGGACGTTCAACAAAAG reverse
MVR221  auxi-21 CATTTAATTGCACTTTCCTCTTGTT forward
MVR222  auxi-21 CATATACTGTCACCTCAATGCAAAG reverse
MVR228  brcl-2 AACCAAACCATCCCAAAC forward
MVR229  brcl-2 ACCAAGTACCAATCCACA reverse
MVR230  bre2-1 CTTTTCTCCTCATCCACC forward
MVR231  brc2-1 CCTTCTTTTCCTTTCTCTTC reverse
MVR225 di4-1 AAGAATATGGCAAGTGCAAC forward
MVR226 di4-1 GATGATTCCGATCATAGCG reverse
MVR094 En8130 GAGCGTCGGTCCCCACACTTCTATAC forward
MVR227 L4 WiscLoxHS TGATCCATGTAGATTTCCCGGACATGAAG forward
MVR223  max2-1 CCGAATTTGGAAGAGATTAG forward
MVR224  max2-1 CTCAAGCTTCCAATTCCGGT reverse
MVR248  max4-5 GGCGGGTGAGGTGTCGAAGTGGGTCCT forward

Continued on next page
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Table B.1 — continued from previous page

ID Gene Sequence Direction
MVR249  max4-5 ATCACTTACGACTTCTCC reverse
MVRO086  pinl-613 CAAAAACACCCCCAAAATTTC forward
MVRO087  pinil-613 AATCATCACAGCCACTGATCC reverse
MVRO088  pin3-3 GGAGCTCAAACGGGTCACC forward
MVRO089  pin3-3 TAACCGGAAAGCGACGAGA reverse
MVRO090  pin4-3 CCTAAAGAAAACCAACAGCA forward
MVR091  pin4-3 AATTAAACACACAGACCCAC reverse
MVR144  pin5-4 TGTGGTTGTGGGAGAGAAGTC forward
MVR145  pin5-4 AAATTTGGACTTACGCTGTGC reverse
MVR216 pin6 CATAACGAAGCTAACTAAGGGGTAATCTC forward
MVR217  pin6 GGAGTTCAAAGAGGAATAGTAGCAGAG reverse
MVRO092  pin7-1 TCCTCGTCCGTCTAATCT forward
MVRO095  pin7-1 CCACATCCCACCTTCATATC reverse
MVRI146 pinS8-1 TGAAAGACATTTTGATGGCATC forward
MVRI147  pin8-1 CCAAATCAAGCTTTGCAAGAC reverse
MVRO036 SALK LBbI1.3 ATTTTGCCGATTTCGGAAC forward
MVR218 Spm TACGAATAAGAGCGTCCATTTTAGAGTG forward
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Table B.2 Sequencing primer sequences

ID

Gene

Sequence

Direction

MVR254
MVR261
MVR255
MVR262
MVR256
MVR263
MVR257
MVR264
MVR258
MVR265
MVR259
MVR266
MVR260
MVR267
MVR142
MVR143

BRC1 fragment 1
BRCI1 fragment 1
BRC1 fragment 2
BRCI fragment 2
BRCI1 fragment 3
BRC1 fragment 3
BRC1 fragment 4
BRC1 fragment 4
BRCI1 fragment 5
BRC1 fragment 5
BRCI1 fragment 6
BRC1 fragment 6
BRC1 fragment 7
BRCI1 fragment 7
M13

M13

CTTCTTTTCTTAGGGCTTC
CAAACTACAAAGACCAACAG
CTTAGTTCTTTCTTACGGTG
CATATCTCTCTCACCAAAC
TTTCTCTCTCTTTCTCTCCA
GGAGTAATGAAGATCCGT
CAAGATCAAAACGGCCAA
TCTTGTCTTCGCAGTGTGT
GACACACTGCGAAGACAA
CTTTGGCCGTTTTGATCT
AGCAGCATCAGTTTACGG
GGAGAGAAAGAGAGAGAA
GTTTGGTGAGAGAGATATG
CACCGTAAGAAAGAACTAAG
TGTAAAACGACGGCCAGT
CAGGAAACAGCTATGACCATG

forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward

reverse

Table B.3 Cloning primer sequences

ID

Gene

Sequence

Direction

MVR269

MVR270

MVR271

MVR268

BRCI (attB1r)

BRCI (attB2r)

BRCI (attB3)

BRCI (attB4)

GGGGACTGCTTTTTTGTACAAACTTGCATA
CATGTTTTGATAGTTGTGCATGAGG
GGGGACAGCTTTCTTGTACAAAGTGGCGT
GAAACTGATTTCATTTAACATTAATAT
GGGGACAACTTTGTATAATAAAGTTGGAA
CAACAACGACCACCCA
GGGGACAACTTTGTATAGAAAAGTTGCGG
AGAGTGTGTGTGTGAGAG

Ieverse

forward

Ieverse

forward
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Table B.4 Genotyping strategies

Gene Wild type Insertion/digest
abcebl-100 MVRO098 + MVR099 MVRO036 + MVR099
abcb19-101 MVR100 + MVR101 MVRO036 + MVR101
ahal-7 MVRO080 + MVRO81 MVRO036 + MVRO081
aha2-4 MVRO082 + MVRO083 MVRO036 + MVRO083
auxl-21 MVR221 + MVR222 Digest with Apal.l
brcl-2 MVR228 + MVR229 MVRO036 + MVR229
bre2-1 MVR230 + MVR231 MVRO036 + MVR231
di4-1 MVR225 + MVR226 MVR226 + MVR227
max2-1 MVR223 + MVR224 Digest with Beel
max4-5 MVR248 + MVR249 Digest with Styl
pinl-613 MVRO086 + MVRO087 MVRO036 + MVRO087
pin3-3 MVRO088 + MVR089 Digest with Styl
pin4-3 MVRO090 + MVR091 MVR094 + MVR091
pin5-4 MVR144 + MVR145 MVRO036 + MVR145
pin6 MVR216 + MVR217 MVR217 + MVR218
pin7-1 MVRO092 + MVR095 MVR094 + MVR095
pinS-1 MVR146 + MVR147 MVRO036 + MVR147




Appendix C

List of abbreviations

Table C.1 List of abbreviations

Abbreviation

Description

ABC
ATP
ATS
bp
CAT
cDNA
Citrine
CPM
DNA
EDTA
GFP
GR24
HSD
IAA
iP

IPA
LB
NAA
NaCl
NPA
oxIAA

ATP-binding cassette
adenosine triphosphate
Arabidopsis thaliana salt
base pairs

connective auxin transport
complementary DNA

a YFP-variant

counts per minute
deoxyribonucleic acid
ethylenediaminetetraacetic acid
green fluorescent protein
racemic mixture of synthetic strigolactones
honest significant difference
indole-3-acetic acid
isopentenyladenine
indole-3-pyruvate

lysogeny broth
1-naphthaleneacetic acid
sodium chloride
1-N-naphthylphthalamic acid
2-oxindole-3-acetic acid

Continued on next page
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Table C.1 — continued from previous page

Abbreviation Description

PAGE polyacrylamide gel electrophoresis
PATS polar auxin transport stream

PCR polymerase chain reaction

RGI relative growth index

RNA ribonucleic acid

RPM revolutions per minute

SAM shoot apical meristem

SCF Skp, Cullin, F-box

SDS sodium dodecyl sulfate

SOC super optimal broth with catabolite repression
TBE Tris/Borate/EDTA

T-DNA transfer DNA

TIBA 2,3,5-triiodobenzoic acid

Tris-HCI tris hydrochloride

tZ trans-Zeatin

YFP yellow fluorescent protein
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