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General introduction

An adapted version of chapters 1 and 6 is accefotiegublication in Plant Signalling &
Behaviour as:

Efstathios Roumeliotis, Richard G. F.. Visser afmi€ian W. B. Bachem, 2012. A cross talk
of auxin and GA during tuber development.
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The potato crop

The potato crop production reached more than 32#bmimetric tons in 2010 ranking sixth
among all agricultural commodities with a valueower 44 billion, establishing potato as the
seventh most important food crop worldwide (www.tag). The potato crop Splanum
tuberosum) is cultivated for its tubers that are used formAm consumption, animal
consumption as well as for industrial use. Disdase homogenous potato tubers are also
used as seed potatoes for agricultural use. Treggttber is formed on the tips of the stolons
that grow in the soil. During the stage of tubesvgth, the developing tuber acts as a strong
sink organ for assimilates making the potato tudrerexcellent source of nutrition for man
and animal. 60 to 80 percent of the dry matterhef potato tuber is starch, and on a dry
weight basis the protein content of potato tubsersimilar to cereals. Potatoes are a good
source of vitamins B1, B3 and B6, and are richitarain C especially in the skin, as well as
a good source of potassium, magnesium, phosphodisran, while the fat content is low
(US Department of Agriculture, National Nutrient tBbase). Potato starch is also used in

paper, building, textiles and adhesive industries.

Potato originates from central and southern Ameaita many wildSolanum species can be
found throughout the continent from Uruguay to thaited States (Hijmans and Spooner,
2001). Studies on the origin of the domesticate@tpareveal that the domesticated potatoes
probably originate from one center in Peru (Spoatel., 2005). Since the discovery of the
Americas by the Europeans the areas where theopotap is cultivated have successfully
expanded to Europe, Asia, Oceania and Africa. i Netherlands, potato is the most
important crop and the fourth most important comityoioh terms of value after cow milk,
pig meat and chicken meat. Netherlands is alsoobriee most important countries for the
production of seed potatoes worldwide, controllit@yo of the world exports in 80 countries

(http://www.lol.org.ua/eng/showart.php?id=50923Furthermore, the Netherlands is an

important potato breeding center, with many bregdiompanies located in the Netherlands

where soil and climate conditions are optimal fotgto breeding.

The increasing economic and nutritional value @f plotato tuber has raised interest for the
mechanisms that regulate the initiation and groeftithe potato tuber. Research on potato
tuberisation will help to enhance agriculture piGetnd to produce seed potatoes with less
disease problems and greater agriculture valueadttition, the potato stolons serve as a
model system to study underground storage orgamdiion. Therefore, potato tuber-

initiation research is important because it combiresearch on a crop with great economic,

agricultural and nutritional value with fundamentedearch.



Initiation of potato tuber formation

Grafting experiments, revealed that under favoragironmental conditions a signal is
produced in the leaves and transported to the rstdio initiate the development of tubers
(Gregory, 1956; Jackson, 1999). The nature of ¢slgsal, named tuberigen, in analogy to
florigen that controls flowering in response to fperiod remained elusive. Botanically, the
tubers are shortened and thickened stems (Figuieubgrs are formed mainly on the tips of
underground shoots called stolons that grow diagogoically in the soil. Stolons, in contrast
to roots, arise from de-repressed axillary budsaates in the lower part of the stem below
soil level. Stolons have scale leaves structurek associated axillary side buds. Actively
growing stolons have elongated internodes and tiblers apex has a characteristic bend,

called the stolon apical hook (Figure 2).

Figure 1. Picture of potato plants producing stolons arftsin vivo in an aeroponic system.

Potato tuber organogenesis takes place in the pdullary region below the stolon apical
meristem (Xu et al., 1998). Potato tuberisation bandivided in three stages: induction,
initiation and tuber maturation (Ewing and Struil992). The first visible signs of tuber
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induction are the inhibition of the longitudinalogvth of the stolon and the straightening of
the apical hook due to swelling in the apical ®page 3, Figure 2). A stolon tip is defined as
having become a tuber when the swollen part obtbien tip is at least twice the diameter of
the stolon (Stage 4, Figure 2). In the initiatitage, the stolon tip is swelling by longitudinal

cell divisions. (Xu et al., 1998). Finally, in theaturation stage, random cell division and cell
enlargement results in the final size of the potater. The major part of the mature potato
tuber consists of storage parenchyma cells thatuseel to store a range of metabolites,
proteins and starch in the tuber (Camire et alQ920The quality of the potato tuber is

determined primarily by the size, shape and natrél content of the potato tuber. These

guality characteristics are dependent on the enmiemtal conditions and the genotype.

1 2 3
0O 5 67 78 910 11-12

Figure 2. Potato tuber development stages (1-8) in a tiem®@ of 25 days after switch to inductive shoysié8
hours of light) as described in Kloosterman e{2005).

Photoperiod

The origin of the Solanum species is located cluse¢he equator, in central and south
America, where day and night last 12 hours witHauge seasonal variation. Nevertheless,
most of the wild potato species are photoperiodeddpnt to initiate tuberisation with short
days (long nights) inducing tuberisation. Interiaptof the long nights with a treatment
longer than 30 minutes with red light at the midaiehe dark period inhibits tuberisation, an
effect that could be reversed by a far red ligtatment (Batutis and Ewing, 1982).
Photoperiod is sensed by photoreceptors such asgitigme A (PHYA) and B (PHYB) in

the aerial parts of the plant. In potato, PHYB t&®n shown to be involved in tuber

initiation. PHYB antisense plants tuberise underglalay and short day plus night break



(Jackson and Prat, 1996). In addition, constituéixpression of thérabidopsis CONSTANS
(AtCO) gene in potato impaired the inductive effect dfors days on tuber initiation
(Martinez-Garcia et al., 2002). Grafting experirsewtrified that theAtCO overexpression
lines exert their effect by acting in the leavas.Arabidopsis,AtCO has been shown to
promote flowering in response to long photoperi@souchi et al., 2000). In additioAtCO
gene expression is regulated by photoreceptordtendircadian clock (Suarez-Lopez et al.,
2001) strengthening a role for t&O gene as an important player in the pathway that
regulates the initiation of tuber morphogenes&&CO interacts withFT genes to regulate
flowering in Arabidopsis (Kobayashi et al., 1999). Recently, investigatidrthe role ofFT
genes in potato provided new insight on the mokecahd genetic mechanism that regulated
tuber initiation. Expression of a ri¢€l' (Hd3a) ortholog in potato induced tuberisation under
non-inductive long days. In addition, Hd3a-GFP eimotvas detected in stolons, even though
no transcription of the Hd3a gene could be detettethe stolon tissue, providing a good
candidate for the tuberigen signaling and sugggdtsat flowering and tuberising are two
developmental events that are mediated by verylaimiechanisms. Indeed, study of the
potatoFT homologgenes revealed that two different paralo@SH3D and SSP6A) control

flowering and tuberisation respectively (Navarralet2011).

Phytohormones

Several plant hormones have been studied for #fégct on tuber initiation. The class of
plant hormones that has been studied most exténsivghe group of Gibberellic Acids
(GAs). More than 120 GAs have been identified iangd, but only GA and GA are
biologically active. GAs have long been thoughhswe an inhibitory role on tuber induction
(Ewing, 1987; Vreugdenhil and Struik, 1989; Xu &t 4998). Application of active GAs
inhibits initiation of tuberisation (Vreugdenhil @rstruik, 1989; Jackson and Prat, 1996). In
potato, several GA biosynthesis genes have beettifidd and their role in tuber initiation
studied. Analysis of GA biosynthesis and cataboliEmes in potato, revealed ti8GA20x1
gene that are involved in GA degradation are upHetgd five days after tuber induction is
induced by short days (Kloosterman et al., 200Wo BtGA200x genes that participate in the
pathways that synthesize active GAs are also uplatsgyl, in contrast t&GA30x2 gene
which catalyses the final step in producing ;Gand GA, two active forms of GA
(Kloosterman et al., 2007). The change in the esgioa levels of the GA biosynthesis and
degradation genes is likely to result in the deseafin vivo levels of the active GAs in the

stolon tip after tuber induction, as demonstratedtro (Xu et al., 1998).
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In agreement with these resulA200x1 overexpression or antisense potato plants result i
delayed or earlier tuberisation, respectively (€aret al.,, 2000). In addition, antisense
transgenic plants for tl@GA20x1 gene had increased levels of G#hat is an inactive form
of GA, reduced stolon growth and earliewitro tuberisation. In contrast, over expression of
SGA20x1 delaysin vitro tuberisation and alters tuber morphology (Kloastan et al., 2007).
SGA30x2 has been used in constructs with leaf, tuber 8peawi constitutive over expression
with the CaMV 35S promoter. The leaf specific eggien of SGA30x2 and the 35S over
expression resulted in earlier tuberisation, intast to the tuber specific expression that had
slightly delayed tuberisation (Bou-Torrent et #&1Q11), suggesting that as shown in pea
(Proebsting et al., 1992), different forms of GAe dransported in a different manner.
However it is clear that active GAs have an inloiyiteffect on tuber induction. In addition,
in wild type plants after tuber induction, an uguation of expression of the GA degradation

genes results in a decrease of the active GA comtéime swelling young tuber.

Apart from GAs, several other plant hormones hagenbstudied for their effect on tuber
initiation. Exogenous application of cytokinin (fieariboside) to an in vitro tuberisation

system, resulted in increased tuber formation (Maodt Langille, 1978). In addition, plants
overexpressing a cytokinin biosynthesis geipt) (/ielded more tubers with reduced tuber
weight and nitrogen content (Tao et al., 2010),gssting that cytokinins may act more on

promoting stolon branching rather than on tubeuation.

Auxin is also a plant hormone that has been stutbedts effect on tuber development.
Application of auxin onin vitro tuberisation resulted in earlier tuberisation witbssile
smaller tubers (Xu et al., 1998). A study in aur@sponsive genes, revealed that auxin
responsive factor-6 gendRF6) has a peak in expression prior to visible swelliollowed

by a down-regulation during subsequent tuber gro(fhivre-Rampant et al., 2004). A
different approach to identify candidate genesgaisirgene expression study on early stages
of tuber development revealed that several auxiate# genes exhibited differential
expression profiles (Kloosterman et al., 2008). Amthose genes weldRF genesAux/1AA
genes as well as members of Bi&l gene family. Auxin plays a very important rolegilmost

all developmental events in a plant that requirenges in meristem identity and
asymmetrical cell divisions, such as lateral rootnfation (Marchant et al., 2002),
embryogenesis (Luo et al., 2011), and flower deymient (Krizek, 2011). During the stage
of tuber initiation, changes in the plane of celliglon occur in the region that give rise to

the young tuber through swelling (Xu et al., 1998).

Other hormones such as jasmonic acid (JA) have lsem implicated in the initiation of

tuberisation. Application of JA inn vitro explants enhanced tuberisation (Pelacho and



Mingo-Castel, 1991). In addition, an important gese in JA content was noticed at tuber
set, but in tubers no changes in the content ofw®s noticed (Abdala et al., 2002).
Nevertheless, JA application experiments showednption or inhibition of tuberisation,

depending on the concentrations applied (Vreugdemii Struik, 1989).

Abscisic acid applications om vitro tuberisation systems have produced contradicting
results. Koda and Okazawa (1983) reported thatiGgijain of abscisic acid (ABA) in am
vitro tuberisation system with 2% sucrose resultedightsbwellings in the sub apical region
that did not develop into proper tubers. In corfrasi et al. (1998) reported that ABA
application resulted in higher frequencies of tgbamly in 1% sucrose, but estimation of the
ABA-like substances in tuberising explants were different compared to non tuberising

explants.

Other factors

One of the most important factors used to indudeerigation is sucrose. The exact
mechanism by which sucrose induces tuberisationtiyet known. Nevertheless, research on
the role of sucrose transporters in potato (Wetisd.£2000) revealed that RNA interference
of a sucrose transporter in potato (SUT4) resuhedigher tuber production and release of
the photoperiodic inhibition of tuber induction tire strict photoperiodi€olanum tuberosum
groupAndigena (Chincinska et al., 2008), revealing that sucraselme an important factor in
the tuber inductive pathway. Sucrose has been es&hsively inin vitro tuberisation
systems (Koda and Okazawa, 1983; Hendriks et @1 ;1Ewing and Struik, 1992; Xu et al.,
1998; Xu et al., 1998; Kloosterman et al., 200[f) vitro tuberisation with the use of sucrose
has a series of advantages. It is a system thathbasapability to produce synchronously a
great number of tubers in a time and cost efficreatiner. In addition, the aseptic conditions
and the control on the nutrition of thevitro propagation help to avoid infections and other
abiotic stresses that may interfere with the tubgiation procedure. It is not clear yet how
sucrose induces tuberisation. It is likely thatrege merely provides the energy source to
produce the tuber to a system that induces tultiemsthrough other stimuli, such as short
photoperiod, or that sucrose is the stimulus thdtices tuberisation. It is also a possibility

that sucrose induces tuber induction through osnméssure (Ewing and Struik, 1992).

Another environmental factor that is known to afftiber induction is nitrogen (Krauss,
1985). Higher levels of nitrogen supplied to thetsoinhibit tuberisation, while lower levels

can promote tuberisation. It is important to ndtat tow nitrogen levels under non inductive
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long days do not promote tuberisation, indicatihgt tnitrogen levels are not a main factor
that control tuber formation (Krauss, 1985) but rexan inhibitory effect. High shoot
temperatures are also known to inhibit tuber inidmctinder short photoperiods but especially
under long days (Jackson, 1999). High air tempesatan cause secondary growth of a
tuber, known as heat sprouting. Cool temperatumgitiate tuber growth, forming
consecutive tubers. The variety and complexity teé factors influencing or mediating

tuberisation indicates that tuber formation is Bcdée and complicated developmental event.

The role of auxin in plant development

Auxin is the most extensively studied plant hormamel is an important player in various
developmental events. Auxin trafficking is importéor cell identity in the embryo (Hakman
et al., 2009; Luo et al., 2011), flower developm@@heng and Zhao, 2007; Krizek, 2011),
phyllotaxis (Reinhardt et al., 2003) and root depetent (Marchant et al., 2002; Okushima et
al., 2007). In addition, auxin has a profound iialehoot branching (reviewed in Domagalska
and Leyser, 2011). Early shoot ablation experimehtsved that auxin has a dominant role in
shoot branching. Decapitation of the shoot apexaecdd branching, while application of
auxin on the ablated shoot restored the branchiengype (Snow, 1937). Main sites of
auxin biosynthesis are shoot apical meristems,galoith the expanding leaves, cotyledons
and roots (Chen et al., 1998; Galweiler et al.,8)98uxin is transported from the sites of
biosynthesis to the lower parts of the plant thfoadPolar Auxin Transport (PAT) stream that
is mediated by influx and efflux carriers. Influxas been assigned to the AUX1 protein
(Bennett et al.,, 1996; Marchant et al., 1999). Eedevealed that AUX1-mediated auxin
influx in the root cells is responsible for diffat&l expansion of the epidermal cells (Swarup
et al., 2005) establishing a role for AUX1 in aukiansport and in gravitropic response in the
roots. Auxin efflux is mediated mainly by membefste PIN (Galweiler et al., 1998; Muller
et al.,, 1998) and to a lesser extent by the MULTUGR RESISTANCE (MDR) - p-
glucoprotein(PGP) family of proteins (Gil et al.Q®; Noh et al., 2001). Asymmetrical
distribution of the influx and efflux carriers matiks the maintenance of the growth axis of
the plants by regulating the PAT stream (Géalwederal., 1998), as well as responses to
gravitropic (Okada et al., 1991; Muller et al., 89%nd phototropic (Okada et al., 1991)
stimuli, root development (Friml et al., 2002) aqical shoot formation (Okada et al., 1991).
In Arabidopsis, many members of the PIN family of proteins haeerbstudied extensively.
The members of the PIN family of proteins are ddddo two groups according to the protein

length; the long “canonical” PINs and the short ®Ieviewed in Krecek et al., 2009).



Cloning, functional analysis and localization sagdiof one member of the short PINs,
AtPIN5 protein, revealed that AtPIN5S protein isdtized on the endoplasmic reticulum and
is involved in the compartmental distribution anaieostasis of auxin providing evidence
that shortPIN genes play a role in regulating auxin levels iae gant cell (Mravec et al.,
2009).

There is at least one tryptophan dependent (Zhab,&001) and one tryptophan independent
(Seo et al., 1998) pathway that result in auxirsyandhesis in the plants. These pathways have
not been fully elucidated yet, but many genes gaaticipate in these pathways have been
studied (reviewed in Lehmann et al., 2010). Oné¢hef best studied families of genes that
participate in auxin biosynthesis is tfeJCCA gene family. TherUC genes encode flavin
monooxygenases that have been proven to be dirgoilylved in auxin biosynthesis
(Kendrew, 2001; Zhao et al., 2001; Mashiguchi gtZil11; Stepanova et al., 2011).

There are two different hypotheses explaining hawira mediates shoot branching. The
canalization hypothesis supports that the PAT streathe main stem mediates branching
with the flow of auxin from the shoot apex to tlwsvér parts of the plant. As long as this
main auxin flow remains strong, the side buds ar&ble to channel their locally produced
auxin in the main stem, thus remaining unable mosliLeyser, 2009; Prusinkiewicz et al.,
2009; Domagalska and Leyser, 2011). In this hymsheother factors that are known to
participate in the branching mechanism, such askoyns (Sachs and Thimann, 1967;
Tanaka et al., 2006) or the recently discoveredugrof phytohormones, strigolactones
(Hayward et al., 2009), act after the connectiotwben the vascular system of the bud and
the main vascular system of the stem is establishdny dampening Polar Auxin Transport,
respectively. The second messenger hypothesis gapgmat auxin produces a second
messenger, and this second messenger is resporisiblnhibiting shoot branching.
Strigolactones are strong candidates for the seomskenger (Gomez-Roldan et al., 2008).
Both hypothesebavea series ofrguments to support their validity (reviewed inhiken et
al., 2011).

Outline of this thesis

The scope of this thesis is to elucidate the rélenportant phytohormones such as auxin,
GAs and strigolactones in potato tuberisation. &lae several lines of evidence leading to a
possible role for auxin in tuber development. Aggiion of auxin orin vitro tuberisation
systems has given contradicting results (Koda akaz&wa, 1983; Xu et al., 1998). Still, a
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potatoARF6 gene was found to have a peak in expression isttiien apex prior to visible
swelling (Faivre-Rampant et al., 2004). In additiarse of new technologies allowed a
broader scale investigation of the genes involveduber initiation. A microarray chip
experiment revealed that several auxin related ggemhbibit a differential expression profile
during early stages in tuber development (Kloostermet al., 2005). Auxin is known to have
a profound role in various developmental events thquire changes in cell identity and
reorientation of the plane of cell division (Cheagd Zhao, 2007; Okushima et al., 2007;
Hakman et al., 2009; Krizek, 2011; Luo et al., 2044 shown to occur in early stages in tuber
development (Xu et al., 1998; Vreugdenhil et 8899). Therefore, the possibility that auxin
may somehow be involved in the initiation of tukation was gaining ground. We used
several tools and different approaches to clahg/ole of auxin, including reverse genetics,
hormonal treatments and scoring of hormone conagois. We also tried to integrate tools
and emerging knowledge from the field of developtakrplant physiology such as

strigolactones, as well as the information provitdgdhe sequencing of the potato genome.

In chapter 2, we present data about the role of auxin iniramitro tuberisation system. In
addition, we monitored the changes in auxin conterthe stolon and in the shoot of the
potato plant during early stages of tuber develognmEhe direction of auxin transport in the

stolons is also investigated and a role for stegtnes in stolon development is assessed.

In chapter 3, the PIN family of genes is investigated in potato. All ifmmembers are
identified based on sequence similarity to knoRIMN genes, as well as by identifying
characteristic features of tHalN genes. Expression studies based on the RNA-seqy dat
provided by the potato sequencing project and RITARPCR provides information about the
role of the PIN proteins in tuber development. Bynaloning of the promoter of tw®IN

genes into @romPIN::GUS construct revealed the sites of expressidghade two genes.

In chapter 4, a member of the YUCCA family of proteins in pota®tYUC-likel, which is
involved in auxin biosynthesis, is cloned into arem@xpression construct. Changes in auxin

content, shoot branching, root structure and tyledd are investigated.

In chapter 5, the role of gibberellins in tuberisation is intigated. A GA biosynthesis gene,
SGA30x2, that is known to be expressed in the potato tlibeloned into an RNAI construct
to reduce the expression of the gene. Changes irc@¥ent, the above ground phenotype
and the effect of the down regulation &GA30x2 are described In addition, a

promGA30x2::GUS construct is used to visualize the siteSGA30x2 gene expression.

Finally, in chapter 6, a summary and discussion of the most importasult® and future

perspectives of the research on tuberisation &septed.
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Abstract

Various transcriptional networks and plant hormohase been implicated in controlling
different aspects of potato tuber formation. Due it® broad impact on many plant
developmental processes a role for auxin in tuliéaiion has been suggested but never fully
resolved. Here, we measured auxin concentrationgghout the plant prior to and during the
process of tuber formation. Auxin levels increasanthtically in the stolon prior to
tuberization and remain relatively high during sdpsent tuber growth, suggesting a
promoting role of auxin in tuber formation. Furtim@re,in vitro tuberization experiments
showed higher levels of tuber formation from axilldbuds of explants where the auxin
source (stolon tip) had been removed. This phemotguld be rescued by application of
auxin on the ablated stolon tips. In addition, atlgtic strigolactone analogue applied on the
basal part of the stolon, resulted in fewer tub@ns: experiments indicate that a system for
the production and directional transport of auxiises in stolons and acts synergistically with
strigolactones to control the outgrowth of the laxyl stolon buds, similar to the control of

above ground shoot branching.



Introduction

Potato tuber formation is the result of interplapveen environmental cues and endogenous
signals. In many potato species, short photoperjdsnote the initiation of potato tuber
organogenesis whereas high night temperatures ighdnitrogen levels have an inhibiting
effect (Gregory, 1965; Demagante and Vander Za®$8;1 Ewing and Struik, 1992;
Benjamins and Scheres, 2008). Under favourable reamviental conditions a graft
transmissible signal is produced in the leavesteantsported to the stolon where it induces
tuber formation (Gregory, 1956). This graft transsible signal has recently been identified
to be an FT-like protein, encoded by &h ortholog in potato calle@®SP6A (Navarro et al.,
2011). Several plant hormones have been implicateduber initiation, particularly
gibberellic acid (GA) was shown to have a strorfghiting effect and degradation of active
GA’s in the stolon tip at tuber formation is impamt for tuberization to proceed normally
(Ewing and Struik, 1992; Carrera et al., 2000; kkeoman et al., 2007). Abscisic acid (ABA)
has been shown to have a promoting effect on tdgwh when applied exogenously and
may act antagonistically to GA (Xu et al., 1998ppiication of a cytokinin (zeatin riboside)
to anin vitro tuberization experiment, resulted in an incredseiloer formation (Mauk and
Langille, 1978). Moreover, potato plants expressihg cytokinin biosynthesis gerigt
yielded more tubers, but with reduced tuber wegghd nitrogen content (Tao et al., 2010).
Xu et al. (1998) reported that when auxin was appliedniglsinodain vitro potato explants,
an earlier tuberization phenotype was observed sdffsile and slightly smaller tubers. These
findings suggest a role for auxin in tuber formatiblowever, the precise mode of action for
auxin in conjunction with other plant hormones tolens has not been established partly due
to lack of knowledge on auxin concentrations in sk@on. A microarray based expression
study provided additional data to support an imguarirole for auxin in tuber development.
Many auxin related genes are differentially expedssluring early tuber developmental
stages. Genes involved in auxin transp®N(gene family), auxin response factoARF)
and Aux/IAA genes exhibited differential expression profil&gosterman et al., 2008). The
ARF6 gene was found to have high expression priorigiole swelling followed by down
regulation during subsequent tuber growth (FaiveeBant et al., 2004). Auxin  has
been shown to play a key role in many differenteatpin plant architecture, such as lateral
root formation (Marchant et al., 2002), embryogéengduo et al.,, 2011) and flower
development (Krizek, 2011). Tuber organogenesiivigled in three stages, tuber induction,
tuber initiation and tuber growth (Ewing and Struik992). During the stage of tuber
initiation, changes in the plane of cell divisioccar in the region of the stolon that will give

rise to the young tuber through swelling (Xu et #098). Auxin is produced in plants by at
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least two different metabolic routes, a tryptoptdependent and tryptophan independent
pathway (reviewed in Lehmann et al., 2010). Althoubese pathways are not yet fully
understood, several biosynthetic genes have bestified, such as theUCCA gene family
(Steven G, 2001; Zhao et al.,, 2001; Cheng et @062 Recently, YUC proteins were
identified to be catalysing a rate limiting step the main IAA biosynthesis pathway in
Arabidopsis (Mashiguchi et al., 2011). Shoot apioaristems (SAMs) are the main sites of
auxin biosynthesis, along with cotyledons, expagdeaves and root tissues (Ljung et al.,
2001). Specific subcellular localization of auxmflux and efflux carriers, modulate the
transport directionality (Chen et al., 1998; Galereet al., 1998). Auxin transport inhibitors,
such as 2,3,5- triiodobenzoic acid (TIBA) whichemtpt the constitutive cycling of the PIN
proteins between the plasma membrane and the andesdinterfere with directional auxin
transport, and have been essential tools in fotmgleéhe concept of asymmetrical auxin
distribution (Dhonukshe et al., 2008). In additimnpolar auxin transport inhibitors, auxin
antagonists such as PEO-IAA competing for the shimging site as auxin, has been used to
unravel the role of auxin in various developmeptalcedures, such as root node development

(Abel and Theologis, 2010) and gravitropic respaihishimura et al., 2009).

Studies on plant stem architecture have led to deinihat describes the principles of shoot
branching (reviewed in Domagalska and Leyser, 20Id)p key players in the model are
auxin and strigolactones (SLs) (Cook et al., 1B@ wmeester et al., 2003; Gomez-Roldan
et al., 2008; Rameau, 2010). Auxin was the firahphormone shown to have an inhibitory
effect on shoot branching (Snow, 1937), throughdseblishment of polar auxin transport
(Galweiler et al., 1998). SLs have recently beemiidied as the secondary signal that, in
concert with auxin, appears to regulate shoot Iriagc (Gomez-Roldan et al., 2008).
Moreover, SLs have been detected in root exudatdseatracts of several plant species
including Arabidopsis and tomato (Lopez-Raez et al., 2008; Kohlen et28@ll1). It has been
proposed that SLs act either directly on axillang lmutgrowth or indirectly via dampening of
auxin transport and canalization of auxin fromblels (Brewer et al., 2009; Prusinkiewicz et
al., 2009). In this study, we determined auxin emiations during early tuberization
events in potato planta vivo, in parts of the stolon and in parts of the stemthiermore, we
examined the impact of auxin, auxin transport iithis and a synthetic strigolactone
analogue on tuber formation using a modifieditro tuberization approach. Based on these
results we propose a similar system of apical damée in underground stolons as described

for shoots.



Materials and methods

Plant materials and in vitro tuberization

Single-node cuttings from short-day-grown potatangd Solanum tuberosum L. var Bintje)
were propagateth vitro, on standard Murashige and Skoog medium (MurasimgeSkoog,
1962) 2% (w/v) sucrose. Potato plantlets were gréavrd weeks prior to harvesting single
node explants. After 10 to 12 days of growth in daek on 2% sucrose MS medium with 1
mg/l BAP, the explants formed etiolated shootsstslwhich were transferred to petri dishes
containing different tuberization media and kepthe dark at 18°C. Explants with stolons
were placed into petri dishes containing dual méxised on Kl medium (Hendriks et al.,
1991). Media supplemented with compounds understiy&tion were applied to the base of
the explants or to the stolon tip (Figure 4, insEthal concentrations of studied compounds
were: 80 uM TIBA, 1 pM PEO-IAA, 1 uM IAA, and 5uM R24. Benzylaminopurine
(BAP), indole-3-acetic acid (IAA) and 2,3,5- trideenzoic acid (TIBA) were purchased from
Sigma. PEO-IAA (Hayashi et al., 2008) was a kinfl fom Dr. Kenichiro Hayashi. The
explants for each treatment were divided into foroups of two Petri dishes each, with 6
explants in each Petri dish (total 48 explants freatment). The number of explants

producing tubers was monitored for a period of 8@sd

Detection of strigolactones in potato roots

Solanum tuberosum L. var. Karnico, Bintje and. tuberosum groupandigena were grownin
vitro for 20-30 days and then transferred to an aerapsystem (Nutricolture co. UK) on
Hoagland’s solution, as previously described (LéBéez et al., 2008). After 24 days of
growth, the plants were exposed to phosphate si@nvas described for tomato (LOpez-Raez
et al., 2008). 7 days after the phosphate stamvatomts were harvested for extraction of SLs.
The extraction of strigolactones (SL) and the LC/MS analysis were performed as

described previously (L6pez-Réez et al., 2008).

Assessment of the auxin concentrations
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Potato plants§ tuberosum group andigena) were propagateth vitro and grown for 2 1/2
weeks in MS20 before being transferred to soiédilpots in the greenhouse. After 9 weeks,
the shoot apex, middle and basal internode stemesgtg, the stolon region 1 cm below the
apex (sub swelling region: SSR) and the stolonapieristem (STAM), were harvested and
immediately frozen in liquid nitrogen (day 0). Themaining plants were then transferred to
short day (SD) conditions (8 hours light). The saseeof plant tissues was harvested 5, 16
and 26 days after the switch to SD conditions.yFuiatured tubers were harvested 8 weeks
after switch to SD and tuber apex, heel, pith dme perimedullary region samples were
collected. For all samples, two biological repea¢se collected and tissues from 5 different
plants were pooled for each repeat, except forstiodon tip on day 5 where only one
biological repeat was collected due to low sampdgght. All samples were ground to a fine
powder and stored at -80°C. The auxin extractioa pexrformed starting with 200-250mg of
ground material. 1 ml of MeOH with labeled auxilAAHS) (0.1nmol/ml-> in sample
0.5nmol/ml) was added and samples were brieflyexed. The samples were then sonicated
for 10 minutes. After sonification, the samples evptaced in a shaker (~150 rpm) in a cold
room (4 Celsius) for 1 hour. The samples were then cegeid at 2000 rpm for 10 minutes
and the supernatant was transferred to a 4ml giatsExtraction was repeated with 1ml
MeOH without IAA-IS, shaken for 1 hour in a coldro, centrifuged and the supernatants of
the same sample were pooled. The columns (SolicsePltraction cartridges, Grace
Davison Discovery Sciences) were placed on a Selidse Extraction Apparatus and pre-
equilibrated by applying in order: 5ml Hexane, Sxoétonitrile, 5ml deionizer water and 5ml
imidazole buffer. The sample was applied on thaurmol and washed by applying the
following in this order: 5ml hexane, 5ml ethyladetab5 ml acetonitrile and 5ml methanol.
The samples were eluted with 4ml 98% and methad6l &etic acid. Solvents were
evaporated in a speedvac. The samples were fiahltgd in 200ul acetonitriled®:formic
acid=25:75:0.1 and filtered in vials using a RC4nMart 0.2 pm filter. The LC-MS/MS

analysis was performed as described in (Ruyteagial., 2010).

DR5::GUS transgenic plants and GUS staining

Transgenic plants harbouring the DR5::GUS (Ulmastoal., 1997) and the promoter from a
potato PINgene fused to the GUS reporte&fpl NV::GUS) were obtained b&grobacterium
mediated transformation & Andigena. SPINV is apotato PIN gene located on chromosome
five (genome sequence coordinates PGSC0003DMBO0O@31001580317-1584014 V.3.0),

previously found to be expressed during early stagjguber initiation (Kloosterman et al.,



2008). A region of 1310bp upstream of the transteti start site o&PINV, was used to

drive the GUS gene expression in th@RINV::GUS construct. The GUS staining assays
were done as described previously (Stomp, 1992¢ ihbubation of the tissues in GUS
substrate X-Gluc was performed overnight afCG37The tissues were washed with 70%

ethanol prior to imaging.

Quantitative RT-PCR.

S tuberosum L. groupandigena plants were grown in the greenhouse transferresthoot day
conditions to induce tuberization. Stolon tips whegvested at day O (switch to short days),
2, 4, 6 and 8. RNA was extracted using the QiagbladRy Plant mini kit and DNAse |
treated. cDNA synthesis was performed using Bio-Raxipt cDNA synthesis kit and qRT-
PCR was performed using the Bio-Rad cycler. Asfereace gen elF3e was used (forward
primer  seq GGAGCACAGGAGGAAGATGAAGGAG, reverse prime seq
CGTTGGTGAATGCGGCAGGAAGGAG). StYUC-likel (GeneBankccassion number
JN935396) gene expression study was performedtivHollowing primers: forward primer
seq TGTTTTGGACATTGGTGCAT, reverse primer seq AACGEICACATGAAAACT.

Auxin transport assays

Polar auxin transport was measured as previoudyritbed (Okada et al., 1991), with some
modifications. Stolon tips were cut to 25 mm pggeut into 1 mL brown glass vials and
incubated at either the proximal or distal end w20 pL Y4 strength Hoagland medium
containing*‘C-labeled IAA (American Radiolabeled Chemicals Ji8t. Louis, USA) with or
without 2.5 uM NPA, for 18 hours at room temperaturhe final concentration of IAA was
adjusted to 1 uM (0.2 nCi/mL). For comparable asdbs tip at the distal end (0.5 mm) was
removed before introduction to the radioactive rmediThe 5 mm end not in direct contact
with the radioactive medium was incubated at 503€ X hours using 0.5 mL Lumasolve
(Lumac Systems AG, Basel, Switzerland) and radigiictwas counted in 4 mL Ultima
GoldTM (PerkinElmer Life Sciences, Inc., Boston,SA) using a tri-carb 2100TR liquid

scintillation counter (PerkinElmer Life Sciencas;.| Boston, USA).
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Results

Auxin measurement in potato plants under inductive and non-inductive conditions

We measured the concentration of the free auxiiYI& in vivo plants at different time
points after a switch from long day (LD, non-indue} to short day conditions (SD,
inductive). Under non-inductive long day conditiptise IAA concentration increased from
the apex to the lower parts of the plant (Figure. BA&erage I1AA concentrations of 560, 2510
and 3250 pmol of IAA*grar fresh weight (FW) were measured for the shoot apgddle
and basal part of the stem, respectively. After dimich to short day conditions, the 1AA
concentration gradient decreased and at day 2@liffieeence in IAA concentrations between
shoot apex and basal stem was lost (Figure 1A). ddnecentration of oxidized auxin
(oxindole-3-acetic acid; referred as OxIAA heregfteas complementary to that of IAA
(Figure 1C). At day 0, the concentration of OxIA#Athe shoot apex, middle stem and basal
stem was 2630, 220 and 400 pmol, respectively. Ak free IAA, the concentration of
OxIAA reduced over time such that by day 26, thecemtrations were 590, 280 and 0 pmol

in the shoot apex, middle stem and basal stemecésply.

IAA concentrations were also measuredrirvivo grown stolons at the same developmental
stages as the above ground tissues. IAA was mahButke stolon apical meristem (STAM)
and the stolon sub-swelling region (SSR) (Figure. 1Bder long day conditions, free auxin
concentration in the STAM was 270 pmof*gW. After a small initial decrease after the
switch to SD conditions (day 5; 70 pmof*d-W), IAA levels increased dramatically to a
maximum of 1050 pmol*§ FW on day 16, at which time the first tubers webserved. On
day 26 when tubers are around 1 cm in diameter, ¢dAcentrations were reduced to 510
pmol*g® FW (day 26 Figure 1B). Interestingly, the incre@seuxin concentration is not
restricted to the STAM but also extends to theigadiehind the stolon tip (SSR) that follows
a similar profile and reaches a peak in auxin cotiagon at day 26 (2430 pmol*gFW;
Figure 1B)
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Figure 1. Concentration of free IAA and OxIAA (A, C) in threkfferent parts of the stem (apex, middle and
base) and two parts of the stolon (Stolon ApicaliMem and Sub-Swelling Region) (B, D). Plants weag

for 9 weeks under non-inductive conditions, befengtch to inductive short day conditions. I1AA an&IfA
concentrations are in pmol per gram of fresh wei§himples were harvested under long day condifidnslay

0) just before switching to inductive short daysl after 5, 8 and 26 days in short day conditiori3 ¢ay 5, 8

and 26 respectively). Error bars represent stanglaod of the mean of two replicated measurements

Potato plants were transformed with the DR5::GU®istoict to visualize local auxin
concentration. In the stolon a strong GUS stainuag observed in the SSR and around the
vascular tissues clearly visible in the swelling @rigure 2A). In young tubers, blue staining
is clearly visible around the vascular bundles arstrong staining is observed in the stolon

region below the growing tuber (Figure 2B) consisteith the auxin measurements.

Potato plants were also transformed with a constamprising 1.3 Kbp of the regulatory
sequences of a PIN gene from chromosome 5 of p&BINV) driving the GUS reporter
gene (PINV::GUS construct) in order to visualize the locasiaf expression dBPINV gene
that is involved in auxin transport. In the stolapical hook, GUS staining was observed
around the vascular bundles, depicting that3ReNV expression is strongly correlated with
the DR5::GUS staining and indicating auxin transfram the stolon apical meristem (Figure
2C).
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Figure 2. Staining of
DR5::GUS in transgenic stolon
after 9 days in short days (A)
and in a young tuber after 20
days in short days (B). The
arrows indicate the Sub
Swelling Region (SSR) and the
Stolon Apical Meristem
(STAM). In (C), staining of
promPINV::GUS transgenic
plants in the stolon apical hook
under long day conditions. The
GUS staining is located around
the vascular tissue in the
STAM, indication of auxin
transport from the site of
biosynthesis in the STAM to
the basal parts of the stolon.



IAA levels were measured in different parts of mattubers to evaluate auxin distribution
within the tuber. The tuber apex had the lowesteatrations of free 1AA, (110 pmol*g
FW) but in similar concentration ranges as thempedullary region (120 pmol*§FW) and
the pith (170 pmol*g FW). The highest concentration of IAA observedhia tuber heel (240
pmol) is consistent with the GUS staining of younigdvers (figure 2B). IAA levels of whole
tuber samples were around 160 pmdlfeW significantly less than at tuber swelling (1050
pmol*g™ FW).

Interestingly, there were no detectable levels xA@ in STAM or in the SSR at days 0 and
5. Only at dayl6, OxIAA was detected (430 and 22@ipg™ FW for STAM and SSR
respectively) but concentrations were lower thams¢hfound for free IAA and remained
relatively stable during further tuber growth (d2§; 390 and 240 pmol*yFW for STAM
and SSR, respectively).

StYUC-like1 expression

- Expression of an auxin biosynthesis
iz gene (StYUC-like1) in the potato
.240 stolon
0 - i L — In order to identify genes responsible for
Day 0 2 4 6 8
e —— the increase in IAA content in the stolon

prior to tuber onset, we identified the

Figure 3. Relative fold expression of the StYUC8-like hol f in bi hesi
1 gene, under LD conditions (day 0) and 2, 4, 6 &nd potato orthologs of an auxin biosyntnesis

days after switch to short days in a climate chambe gene family (YUCCA) using the potato
Error bars show the standard error of the meahregt

technical repeats. genome sequence. Based on expression

analysis of five YUCCA-like gene
orthologs over the tuber development stages destrty Kloosterman et al. (2000) one
YUC-like gene (here referred to 8&UC-likel) gene showed a 200 fold increase at stage 2, 5
days after induction to tuberise compared to st8ge25 days after tuber induction
(Supplementary Figure 1). The expression profilehi$ SYUC-likel gene in stolon tips
during tuber development was verifiedSolanum tuberosum L. var Andigena plants we used
for auxin measurements, by gRT-PCR (Figure 3). Akp@ the expression @tYUC-likel
was observed already 2 days after the switch toc&mitions. After day 2 the expression
levels decreased rapidly (Figure 3). At the tulveslbng stage (day 8) expression levels were
almost 50-fold lower in comparison to the peak @ & and 10-fold less compared to non-
inductive LD conditions on day (&YUC-likel expression peaks prior to visible stolon

swelling while the strong increase in IAA levelssw@ot observed before swelling. However,
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it is important to note that auxin measurementsewgerformed on plants grown in the
greenhouse and required a longer period in shgrcdaditions before stolon swelling could
be observed in comparison to plants grown in thienate cell used for the tuber
developmental series (day O to 8). Therefore StYEL remains a strong candidate for the
involvement in the increase of local auxin concatiins in the stolon tip after the switch to
SD conditions. Expression data for alternative mukiosynthesis pathways using the
publically available RNA-seq data (PGSC, 2011).eeded that either these orthologs are
poorly expressed in the case of poté# and TAR orthologs, or their expression in stolons
and tubers does not change over time as in theatgsatatoAMI1 gene orthologs (data not
shown). Therefore we conclude that alternative ywajls are unlikely to play a significant

role in the initiation of tuber formation.

The effects of IAA, SL and their inhibitors on stolon axillary bud outgrowth and
tuberization in vitro

In standardn vitro tuberization, apical tubers and subsequently dhteibers are formed on

etiolated shoots/stolons in the dark due to thenptong effect of high sucrose levels. Based
on the XYUC-likel gene expression profile and the IAA measurememtthé stolon, the

stolon apical meristem (STAM) is a likely site afxin biosynthesis. To study the role of the
stolon apical meristem and auxin biosynthesis englocess of lateral tuber initiation under
tuber inductive conditions, the stolon tip was rgeghfrom the in vitro stolon explants. As a
result, the axillary buds of the stolons grew aud éormed more tubers in comparison to the

control (Figure 4A).

When IAA was applied on the ablated stolon tipsillary bud outgrowth and thus
tuberization was suppressed (Figure 4B). Intergistinvhen explants were not transferred to
fresh IAA containing media after 19 days final tubembers showed a substantial increase
(Figure 4B, IAA A). These results indicate thatigtotips are a site of auxin biosynthesis and
that auxin regulates the process of axillary tuwtadion in a similar way as axillary shoot

growth in the aerial stem.
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Figure 4. Comparison of in vitro tuberization freqay between the ablated and not ablated stoleretiposed

to various treatments (A-D). In all panels the Ysaxlabeled; “Nr”) represents the number of exgdaand the
X-axis, (labeled “Days”) represents the days untié¥er inducing conditions. (A) The effect of stoltip
ablation on the production of in vitro tubers. (Bje€t of the application of M auxin on ablated stolon tips
where explants were either transferred to freshimnedfter 19 days (IAA B) or remained on the samelioma

over the experimental period (IAA A) The controlslack graph) were explants with ablated tips withou
hormone treatment. (C) Numbers of explants thatyed tubers after applying TIBA and the IAA antaigbn
PEO-IAA. The controls are the same as in (B). (D)&ffect of GR24 on in vitro tuberization efficiendy. all
cases, error bars represent standard error of th&n nof four replicated measurements. The insets are
diagrammatic representations of the location cdttrent application, and the ablation of the stdldotted
line).

TIBA is a widely used auxin transport inhibitor thaterrupts polar transport of auxin. When
TIBA was applied on the basal part of the explaatsjigher number of explants formed
tubers in comparison to the control (Figure 4C)ttirermore, the tubers were sessile and
formed on the distal axillary buds of the stolo8snilarly, when the auxin antagonist PEO-
IAA was applied on the basal part of the explaatpromoting effect on the tuberization was
observed, but not as strong as with TIBA treatgalaaxs (Figure 4C). TIBA and PEO-IAA
are likely to decrease the inhibitory effect of mwpas auxin transport (TIBA) or perception
(PEO-IAA) is reduced. As a result, the inhibition stolon bud outgrowth is reduced and

axillary buds are able to grow out and form tuherder inductive conditions.

To investigate a possible role of strigolactondssj$n the stolon axillary bud outgrowth and
initiation of lateral tuber formation, we appliedR@4, a synthetic SL analogue in ftimevitro
tuber induction system. Application of GR24 on Hasal part of the stolon explants resulted
in significantly less tubers (Figure 4D). At day, 8&ss than 2 explants per group of 12 treated
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with GR24 formed tubers, in contrast to more tham the control plants. This result reveals a

strong inhibitory effect of GR24 on stolon axilldsyd outgrowth

Root extracts of potato plants were investigatedie presence of SLs known to be present
in tomato roots (LOpez-Raez et al., 2008). Infalké potato cultivars analysed, two different
SLs namely orobanchol and orobanchyl acetate wetecttd (Figure 5). Phosphate
starvation using an aeroponics system increasel@vkeof both strigolactones. Interestingly,
the potato cultivars exhibited different levelstbé two SLs in both normal and phosphate

depleted growing conditions.

IAA transport assays

In order to investigate the direction of movemehtaaxin in the stolons, we scored the
transport of““C-labeled IAA in the presence or absence of tharpalixin transport inhibitor
NPA (2.5 uM) in stolon tips placed vertically in &gland medium, with their basal or the
apical part placed in the medium containing'fi@labeled IAA. Scoring the transport 6€-
labeled IAA revealed that the efflux of IAA frometstolon tip is 3.5 times more compared to
the influx into the stolon tip (Figure 6). This indted that the main direction of IAA
movement in the stolon tissue is from the stolpntai the basal part of the stolon. NPA is a
polar auxin transport inhibitor that acts by dibing the localization of the PIN proteins.
Application of NPA did not alter the transport &A into the stolon tip, but decreased the
outflux of IAA to the same levels as the influx icating that the polar movement of IAA out
of the stolon tip is mediated by the PINs, anduxfin probably due to diffusion. The results

of the'C-labeled IAA assays verified IAA is moving in al@odirection out of the stolon tip

B Figure 5. Identification of

Strigolactones orobanchol
and orobanchyl acetate in
3500 potato root extracts of three
genotypes (Karnico, Bintje
3000 - and  Andigena) under
normal growth conditions
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by the peak areas measured
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measurements.



a movement that is mediated by the PIN proteins.

Relative IAA transport capacity
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Figure 6. Fold difference in the transport of auxin out amdhe stolon tip in the absence and presencheof t
auxin transport inhibitor NPA. Influx of IAA intohe stolon tip is set as 1. Error bars are standaai of the
mean for ten replicates per treatment. Statisyicagnificant differences are noticed between tresits that are
noted with different letter, A or B (t test, a=0.05)

Discussion

We studied the free IAA and oxidised IAA (OxIAA) mi@nt in three different parts of the
stem of potato. The concentrations of free IAAhede three stem parts were 10 to 50 fold
higher than the concentrations found in Arabidogslashiguchi et al., 2011). Furthermore,
we show a negative correlation between the coramtis of free IAA and OxIAA in the
same tissue. It is particularly noteworthy thapotato, we found a gradient of IAA levels in
the stem with the highest concentration at the Kggire 1A). Since the basipetal transport
of auxin is well established, in potato the higiAléoncentration in the basal stem at the time
of harvest may indicate an auxin accumulation @ue bottleneck of transport in the lower
stem. This gradient is diminished after the switclshort day conditions. Whether this is due
to a reduced biosynthesis of auxin, degradatioim@eased transport into other tissues such

as the roots remains to be resolved.
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Indeed, assessment of the concentration of freeihAgtolon tips before and in three different
stages after the switch to short days shows a pkE&KA concentration in the stolon apical
meristems and the sub swelling region 16 days #feemduction to tuberise. Auxin is known
to participate in many developmental processed) ascflower development and lateral root
formation involving cell division and changes iretrientation of plane of cell division
(Marchant et al., 2002; Krizek, 2011; Luo et aD12). During stolon swelling the plane of
cell division also changes from transversal to inmjnal (Xu et al., 1998). The change in
cell division plane is likely to be at least partigntrolled by auxin and the increase in auxin

content that we noticed in these cells.

The guestion whethen planta auxin is transported from the shoot apex intogtwdons or
whether auxin is synthesised autonomously by thlerstip was answered by the finding that
the auxin biosynthesis ge®YUC-likel increases transiently after the switch to shopsda
and by the IAA transport assays. TBEYUC-likel gene expression appears to be highly
specific for stolons (PGSC, 2011) and thus mag lbausative factor in the increase in IAA
concentration in the stolon tip that was noticetbw days later. The phase-shift between
SYUC-likel gene expression and auxin accumulation is consistg¢h the delay between
expression and enzyme activity. The differenc&WJC-likel gene expression at day 0 and
day 26 may in part be due to the dilution of celith active transcription of this gene in
tubers in comparison to the stolon tissue. Howeagradual reduction &YUC-likel gene
expression in the young tubers is in line with @b#isation of IAA concentration and slow
decrease during further tuber growth. The findilgittthe expression of genes from
alternative 1AA biosynthesis pathways are not tsspecific or differentially expressed
during tuber development, makes it unlikely thaesen pathways play a key role in
tuberisation. In addition'*C-labeled IAA assays verified that the main dirctiof IAA
movement is from the stolon tip to the basal pathe stolon. NPA application that is known
to disrupt PIN protein polarity also disrupts IAAflex from the stolon tip (Figure 6). As a
result, the direction of IAA movement and the methia that mediates polar auxin transport

in stolons and in stems appear to be similar.

The high auxin levels in the swelling stolon arafaoned by the induction of DR5::GUS
(Figure 2). It is interesting to note that duringther tuber development, high levels of GUS
staining are maintained in the tuber heel and pnekstolon section. TheRbNV driven GUS
staining in the apical hook indicates that auxirtremsported from the STAM, being the
probable site of auxin biosynthesis, towards theabpart of the stolon (Figure 2C). The high
auxin levels in the stolon sections, not destirefibtm a part of the tuber both prior and after

tuberization implies the need for additional fasttor development and differentiation of this



organ. Clearly, other hormones, sucrose and a tigcatentified FT-ortholog all play

essential roles in tuber induction and formatiothef potato tuber (Navarro et al., 2011).

In vitro tuberization has been extensively used fodists concerning tuberization (Koda and
Okazawa, 1983; Hendriks et al., 1991; Ewing andilstr1992; Xu et al., 1998; Xu et al.,
1998) and has been proved to be a good representaftiwhat is happeningn vivo. It
combines the advantages of producing many tubgmshsonously, in a disease free, cost and
time efficient manner. Explants in our experimeuasign were grown in the dark to produce
stolons that would produce tubers upon inductiomilgi sucrose concentration. It is possible
that sucrose merely provides the energy sourceedeta produce the tuber and the dark
condition is the stimulus that induces tuber ingugtor alternatively that sucrose might be
the stimulus itself (Ewing and Struik, 1992). Here describe the use of both mechanical and
chemical ablation of the stolon tipiin vitro potato stolons to investigate the role of auxin in
the architecture of the stolon under tuber indudingditions. In addition, th&'C-labeled
IAA assays verified that IAA is polarly transportEdm the stolon tip to the basal parts of the
stolon (Figure 6). When auxin transport is inhiditeither through ablation or chemical
inhibition, there is a release of dormancy of axill stolon buds and an increase in the
number of tubers (Figure 4). The application of 18A the mechanically decapitated stolon
tips reduces the numbers of explants producingrsub@mpared to explants with decapitated
stolons. This suggests that the re-establishmemolzfr auxin transport restores the apical

dominance on the distal axillary buds.

Another major player in the control of shoot branghare the strigolactones (SL) (Hayward
et al., 2009). SLs, working together with auxinyd&deen shown to have an inhibitory role on
shoot branching (Gomez-Roldan et al., 2008). In iouvitro tuberization experiments a
synthetic SL analogue (GR24) was applied, leading marked inhibition of axillary stolon
bud outgrowth and subsequent potato tuber formatémether SLs are present in stolons of
in vivo growing plants and the role these may play iniigzadon remains unclear. However,
we measured SL for the first time in potato roatd @ere able to demonstrate their presence
in root extracts. Taken together, these resultstfgoia novel role of auxin in tuber formation.
Furthermore, in vitro tuberization experiments gaié an additional role for auxin together

with strigolactone in the regulation of stolon &4y bud growth.
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Abstract

The PIN family of transmembrane proteins mediatedraefflux throughout the plant and
during various aspect of plant developmentAtabidopsis, the PIN family is comprised of 8
members, divided into ‘short’ and ‘long’ PINs acdioig to the length of the hydrophilic
domain of the protein. Based on sequence homolagyguthe recently published potato
genome sequenc&danum tuberosum group Phureja) we identified ten putative potatelN
proteins. Mining the publicly available gene exgies data, we constructed a catalogue of
StPIN tissue specificity and analysed their expoeskevel during the process of tuberization.
A total of four SPIN genes exhibited increased expression four days aftluction to
tuberise which is prior to the first signs of stolswelling. For two PIN genes, StPINV and
SPINVII, promoter sequences were cloned and placed in &foa GUS reporter protein to
study tissue specificity in more detail. pr&RINV driven GUS staining was detected in the
flower stigma, in the flower style, below the ovanyd petals, in the root tips, in the vascular
tissue of the stolons and in the tuber parenchysies. PINVII promoter driven GUS
staining was detected in flower buds, in the vaactisue of the swelling stolons and in the
storage parenchyma of the growing tubers. Basetherobtained data in this study and
extending on current knowledge of auxin transpoget postulate a role for th&PINs in
redistributing auxin to the proper sites in the liwg stolon during early events in tuber

development.



Introduction

Auxin is involved in various developmental processsich as flower development (Krizek,
2011), root development (Rahman et al., 2007) andrgo patterning (Mashiguchi et al.,
2011). The presence of auxin in the plant cell thieddifferential effect of auxin on the cell in
terms of cell division, growth and differentiatias,controlled by two determinants: the rate
of metabolism and transport. The main sites of rmuxbsynthesis are the shoot apical
meristems along with cotyledons, expanding leavesraots (Ljung et al., 2001). From the
sites of biosynthesis, auxin is transported to opgats of the plant by diffusion or through
active transport. The directional Polar Auxin Trams (PAT) system distributes auxin from
the sites of biosynthesis to lower parts of thenpland is mediated by influx and efflux
carriers. The influx of auxin in the plant cells nsediated by the influx carriers auxin
resistant 1/like aux1l (AUX/LAX)(Marchant et al., 9% Marchant et al., 2002), while efflux
carriers have been identified as the PIN familydteins (Galweiler et al., 1998). The PIN
family has been investigated extensively in Arabils(reviewed in Krecek et al., 2009) rice
(Yamamoto et al., 2007), and tomato (Pattison aa@l&, 2011). The asymmetric distribution
of the influx and efflux proteins on the plasma rbeame results in the directional movement
of IAA from the upper to the lower parts of theqilalin Arabidopsis, the family is comprised
of 8 members (AtPIN1-8), and is divided in to twagps. AtPIN1 to AtPIN4, AtPIN6and
AtPIN7 represent the canonical (long) PINs. The long Pibteins have a relatively long
central hydrophilic loop and share high sequernicdagity, especially in the hydrophobic
domains of both N- and C- terminAtPIN5 and AtPIN8 form the second group of the PIN
family (‘short’ PINs). Short PINs have a virtualgbsent central hydrophilic loop (PIN
structure and evolution reviewed in Krecek et 2009). The first PIN mutantAtPIN1,
exhibited a naked, pin-forming inflorescence witb or just a few defective flowers
indicating the importance of proper auxin locaii@at and the role of PINs in plant
development (Galweiler et al., 199&tPIN2 and AtPIN4 are involved in the gravitropic
response and root development respectively (Meteal., 1998; Friml et al., 2002), while
AtPIN3 has a role in gravitropic and phototropic resporasewvell as apical shoot formation
(Okada et al., 1991). In contrast to the long PiMsich are located on the plasma membrane,
the short AtPIN5 is localized on the endoplasmic reticulum and pgdites in the
compartmental localisation and homeostasis of a(Miavec et al., 2009). The intron/exon
structure bears similarities within the PIN famihembers across plant species (Krecek et al.,
2009). In Arabidopsis the typical example is comprised of six exons, amdeptions are
found only in the short PINs or in PINs similarAtPIN2
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In the Solanaceae family, the PIN family of proteins has only beetudied in tomato
(Pattison and Catald, 2011) where the role of tiN groteins in auxin distribution during
fruit development was evaluated. The SIPIN groupoisiprised of 10 members. Six of those
are long PINs and SIPIN5, 6, 8 and 10 are shorsPliNpotato, th€IN genes have not been
functionally studied or systematically comparedaogenome-wide scale. Two potato genes,
highly homologues to Arabidopsis PIN proteingre shown to be up-regulated in the stolon
tips just prior to tuber swelling and down regutagmon after (Kloosterman et al., 2008). In
addition, it was recently shown that auxin coniaenteases locally in the stolon tip just prior
to stolon swelling (Roumeliotis et al., 2012). Téessults indicate a prominent role for auxin
and auxin transport in the regulation of potatoetigation although a coherent sequence of

events still has to be established.

In this paper, we describe the identification ofliidnal PIN family members using the
recently published potato genome. Furthermore, gex lavailable RNA-seq data to study
variation of StPINs expression in a number of potisues (PGSC, 2011).We studied the
expression of all the StPINs during the early ssagktuberisation using quantitative RT-
PCR. In order to study the expression pattern éurte cloned twdIN promoters and fused

these promoters in front of a reporter GUS protein.

Materials and methods

Identification of StPIN gene sequences

The potatoPIN sequences were retrieved by blasting all idewtifeabidopsisPIN gene
sequences against the potato genome sequenced®appary table 1). Identified Potato PIN
sequences were aligned (Crystal W2 alignment, /Mitgw.ebi.ac.uk/Tools/msa/clustalw2/

with the Arabidopsis thaliana PIN genes and were screened for the presence obtiserved
PIN hydrophobic/hydrophilic structure. Predictioh the location of the transmembrane

domains within the protein sequence was performdath WMHMM program (v2)

(http://www.cbs.dtu.dk/services/TMHMMT he predicted intron-exon structure of the StPINs
genes data was retrieved from the potato genomicsrowder
(http://solanaceae.plantbiology.msu.edu) The StB#des were named according to their
chromosomal location to avoid erroneous associstimked to theArabidopsis numbering.

Where two PIN genes are located on the same chmmethese are identified withandb.



Cloning and analysis of STPINV and StPINVII promoter sequences

The promoter regions dBTPINV (2741bp) andIPINVII (2983 bp) were cloned fro&
tuberosum group andigena using Gateway technology (Invitrogen Europe BVijsBlijk,
NL). All primers used are provided in Supplementaaple 3. Vector pKGFS7 (Karimi et al.,
2002), harbouring the GUS reporter protein was uedtransformation and promoter
expression studies. Transgenic plants harbouring thron&PINVII::GUS and
prom3PINV::GUS construct were obtained by Agrobacterium medi transformation
(AGLO) of S tuberosum group andigena in vitro plantlets as described previously (Visser et
al., 1989). The GUS staining assays was done agiled previously (Stomp, 1992). The
incubation of the tissues in GUS substrate X-Glus werformed overnight at 37°C. The

tissues were washed once with 70% ethanol prion&ging.

Expression analysis of StPIN genes

Solanum tuberosum group andigena plants were grown in the greenhouse and transfeore
short day conditions when the plants were at thefity expanded leave stage. Stolon tips
were harvested under long days conditions (day®;16h light) after which plants were
transferred to short days conditions (SD 8h lightid harvested at day 2, 4, 6 and 8 after the
switch to SD. Total RNA was extracted using theg@isRNaesy Plant mini kit (QIAGEN
Benelux B.V.Venlo, NL) and DNAsel treated (Inviteag). Jug of RNA was used for cDNA
synthesis and the final product was diluted 20 ¢ime a total volume of 40Qul
(BioradiScriptcDNA synthesis kit, Bio-Rad Labordes B.V., Veenendaal, NL). gRT-PCR
was performed using the BioradiQ™ SYBR® Green Superon a Bio-Rad cycler. The
reactions were performed in triplicate in a finalume of 10ul, containing 5ul of SYBR®
Green Supermix, 100 nM of each primer, PCR-gradéewand 2ul of cDNA sample.
Reactions were incubated at 95°C for 5 min, folldviy 40 cycles at 95°C for 15 sec and
60°C for 1 min.elF3e was used as a reference gene (all gRT-PCR pripmresices are
provided in Supplementary Table 2). RNA-seq dataasfous tissues of the RH genotype
was retrieved from the potato genomic browser antlides flower, leaves, shoot apex, stem
stolon, young tuber and root tissue. For eachdisRNA-seq reads are mapped against the
predicted gene structures indicating relative esgiom levels (nr of fragments per kb per

million reads or FPKM).
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Results and discussion

Identification of the PIN gene family members in potato

Based on sequence similarity with Arabidopsis Pliétgins and the presence of trans
membrane domains, a total of ten potato PIN gewesdcbe identified using the potato
reference genome (Material and Methods). As irbAl@psis, the potato PINs are divided in
two groups based on the length of the proteinjahg PINs and the short PINs. The group of

StPINV - — -— em

StPINIlI - — - .

StPINXb —— .- . . -

StPINXa — -— — - -

SIPINVI e e— —-— - = = »

StPINVI ——— s Em—— =m

StPINIVa - — - o

StPINII e - [ " [ I | [} (R - -
StPINI —— - -— - o

StPINIVD -— —

Figure 1.The predicted gene structure for the StPIN fandfygenes (BGl gene model). The direction of
transcription is from left to right. Black boxes repent the exons, white boxes represent then8l 3 UTR and
the lines represent the introns.

the short StPINs is comprised of three membersIN®#® (321aa), StPINI (355aa) and
StPINII (358aa)), same number of members as théidoasis group and one less than the
tomato group (Pattison and Catald, 2011). The m@mgi7 StPINs that form the group of
long PIN’s have a size range of 412 to 631 amindsad he difference in length between the
proteins is mainly due to the difference in lengthithe hydrophilic region located between
the transmembrane domains present at both endseoprbtein. The N-terminus and C-
terminus regions that contain the transmembraneadw@nof the proteins are highly
conserved in the Arabidopsis and Potato PIN pret€supplementary Figure 1). For 8 out of
the 10 PIN genes, the protein prediction model ipted to 7 exons. Exceptions &&INI|
with 14 exons an@®PINVb with 3 exons, two of the three short StPINs (Fégliy. In the N-
terminus of the proteins, all StPINs have 4 to &dr membrane domains followed by the
hydrophilic loop that varies in length. The C-tenué end has 3 to 4 trans membrane

domains, with the exception 8fPINII that has two trans membrane domains (Figure 3).



The phylogenetic analysis reveals the evolutiomalgtionship between the AtPIN and StPIN
predicted PIN proteins (Figure 2). In three cas@sAtPIN gene was found to group with a
single SPIN gene AtPIN2 with SPINVII, AtPING with SPINVI and AtPIN8 withSPINII).

In contrast, AtPIN1 clusters together with potat&PINIII, SPINXa, StPINIIIXb, while
AtPIN3, 4, 7 form a group with&PINIVa and StPIN. The shortAtPINS is located in a
branch withSPINI andVb. These results can indicate the evolutionary ptitasresulted in
the PIN family in Arabidopsis and in potato. It seems likely thAtPIN1 share a common
ancestor witlfPINIIT, SIPINXa andSPINXb. The fact thaBtPINXa andXb are very similar

in sequence level and are located on the same olmme indicates a recent duplication
event. In addition, the fact th&tPIN3, 7 and4 are located on the same branch indicates a
common ancestor witl8PINV and SPINIVa that are also located on the one branch.
Clustering of proteins based on sequence simildétyveenAtPIN and SPIN genes could
indicate similar functional roles or sub-functiaaation in species dependent developmental

processes.

Tissue specificity expression of potato PIN family members

Together with the potato genome sequence, additidata including RNAseq generated
expression data became available, targeting a nurobedifferent potato tissues or
developmental stages (material and methods). Barséde RH RNAseq tissue libraries, we
built a heatmap that shows sitesiPINs expression throughout the plant (Figure 4a). Only
SPINV and SPINIII are expressed in all tissues, WiPINV expressed at a high level. All
remaining potato PINs seem to have some degrassoket specificityIPINVII is expressed
predominantly in the stolon tissue, a@#®INIVa is present at a low level in all tissues with

the exception of rootsIPINI,

. s APING e which is highly similar in
protein sequence tatPINS, is
APINS AN Lo predominantly expressed in
/ StPINXa
~ STPINXb the roots.
AtPIN:
A StPINVII
sty In each tissue, a different set
STPINIVa APIN3
arina of SPINs appears to be

expressed (figure 4a). In the
APINS roots, StPINI, Xb, V and Il

Figure 2. Phylogenetic tree of the PIN proteins of Arabisisp

: gene expression was detected,
thaliana and Solanum tuberosum.
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while in the stolor&PINIVa andSIPINV are predominantly expressed watPINIII, Xb and
VIl present at lower levels. In the stolon 5 out ofStBINs were detected and witPINII|
and SPINV exhibiting the highest expression levels. In flosyeexpression of 6 StPINs was
observed but onlgPINV and SPINIVa show relative strong expression. In the shoot apex
stem and roots 7 StPINs exhibit expressi@&RINI, I11, VI, V, IVa, Xa and Xb). In the apex,
SPINV is expressed at the highest level. The fact thadra€SIPIN genes can be expressed in
each tissue indicates there is a level of redundd&etween thePIN genes. Redundancy
between thePIN genes is a mechanism that can ensure that theofl@uxin can remain
undisrupted. The polar auxin transport mediatesstogation of auxin from the sites of
biosynthesis to the lower parts of the plant arrtots. Little knowledge exists on the fate
of auxin after it reaches the root tips and entiws outer epidermis cells. StPINI is
predominantly expressed in the root which is irdeng as the Arabidopsis orthologtPIN5)
has been shown to participate in the subcellwaglization and homeostasis of auxin
(Mravec et al., 2009). Based on sequence simil&etyveenAtPINS and SIPINI it is likely
that SPINI is involved in auxin homeostasis in potato. Stitle role forQPINI in auxin

homeostasis and subcellular localization in thésroeeds to be confirmed.

Stolon is an underground etiolated stem that grdiageotropically. The Arabidopsis PIN2 is
known to have a role in the gravitropic responsmots (Luschnig et al., 1998; Muller et al.,
1998) by directing auxin flow to one side of thetrand thus mediating differential growth
across both sides of the root. In a similar manligint effects distribution of AtPIN3 protein
that regulates auxin distribution and differengabwth in response to light (Okada et al.,
1991). As a result, the comparison between theNStBkpressed in stem and stolon becomes
very interesting as stolons are generally deprigédight. StPINVII seems to be highly
homolog to AtPIN2 (72% similarity at the amino a@&del). In potato PINVII is expressed in
the stolon but not in high levels the stem, prawida possible explanation for the different
gravitropic response of the stolon in comparisorthi® aerial shoot. These results provide
useful leads to start understanding the diagearapbwth response of the stolon in

comparison to the aerial shoot growth and the RibiSntially involved.
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PIN expression during tuber development

In potato, previous research on tuber developn@rgaled twdxPINs (later name®&PINV
and SPINVII) that have a peak in expression 4 days after tiwuto tuberise, indicating a
role for auxin in the development of the potatoetutKloosterman et al., 2008). In order to
investigate the expression profile of the PIN famif genes in the early stages of tuber
induction, we performed gRT-PCR on stolon tip sasptollected 0, 2, 4, 6 and 8 days
(stages TO to 8 respectively) after plants wenesfiexred to short days to induce tuberisation
(Figure 4b). The results revealed that sev&BINs are highly expressed in the swelling
stolon (stage T8). In addition, a peak in exprastoels is noticed for siRIN genes at stage
T4 (SPINIII, 1Va, Xb, VI, VII andll) 4 days after induction to tuberise, ranging frdno 10-
fold increase in comparison to TO. By stage T8 (8aythe expression levels &PINIII
SPINVI andSPINII are the same as at stage TO, but a 2 to 5-folekdse was observed for
SPINVI, SPINIVa and Xb. The expression levels of two maB#PINs (SPINV, Vb) remain
relatively stable in all stages whil&PINXa and SPINI show a gradual increase of
expression. Auxin has been shown to be a posiggelator of PIN gene expression (Vieten
et al., 2005). The up regulated profile of StRIN genes at stage T4 is in accordance with our
previous findings where auxin was shown to accuteula the potato stolon tip after
induction to tuberise and prior to first visible efiilng (day 8) (Roumeliotis et al., 2012).
Auxin is  known to

% & participate in many
Q =)

5 83 p= developmental events,
285:5¢2; ’ |
. CeEsz8 2 P x©® such as embryogenesis
I | | st (Luo et al., 2011), flower

StPINIII

StPINIVa development (Krizek,
StPINXb

StPINVII 2011), lateral root
StPINXa || formation(Marchant et al.,
StPINVI o
StPINI . 2002) and tuber initiation
StPINII Short StPINs (Roumeliotis et al. 2012)
| StPINIVb

where auxin has been

Figure 4. Heat map of expression of the StPINshia torresponding 5ggqciated with the
tissues according to the RNA-seq data of the RH andhé tuber

developmental series (time points TO to T8). InuFég4a, expression establishment of meristem
levels in the various tissues are indicated by ebaaf red, where white
indicates no expression. In Figure 4B, for stages td0T8 of the
developmental series, 0 to 8 days after inducticluberise, shades of blue expression is probably
represent fold increase in the expression of threesponding gene and . Lo
white indicates the lowest expression detected. dsbwexpression is important  to  distribute
detected for StPINVb at stage T4 (C(t)=36.29), aighdst expression is gxin to the correct sites
detected for StPINIII at staae T8 (C(t)=25.:

identity. This peak in



where auxin may be required in the formation oéw iorgan, the tuber.

The RNA-seq data obtained from tubers and the gRR-Bxpression of PIN genes during
tuber development are not directly comparable aagpting was done on different genotypes,
time points and tissue types. Neverthel&BIN genes that are predominantly expressed in
the stolon tissue from the tissue panel were alfoubhd to be expressed in the stolon
developmental stages, with the exceptioi®@&INV. In the tissue pane§PINV seems to be
the predominanPIN gene expressed in the stolon as well as in alalbstther tissues.
Surprisingly, in the stolon developmental series3iPINV expression is lower compared to
the otherSIPIN genes. It is possible th&PINV is down regulated once the potato plant is
induced to tuberise, as shown by the IoW#INV expression in the tuber. All other PINs
found to be expressed in the stolon tissue in tHA-Req data, such &PINIII, 1Va, VII, Xb
are detected in the RT-PCR data. The compartmeligtdibution of auxin close to the
vascular system in the stolon and swelling tubeu¢Reliotis et al., 2012) may be a result of

the combined expression of all the PIN genes dwrarty stages of tuberisation.

StPINV/VII promoter GUS staining

In order to identify the regions of expression loé tSPIN genes in stolons and in young
tubers in more detail, the promoters of t8&8®IN genes were cloned in front of a GUS
reporter gene (Material and Methods). In transggtants harbouring th&PINV promoter
construct, GUS staining was detected in flowersloat tips, root tips and swelling tubers
(Figure 5a-d). More specifically, GUS staining wasible in the stigma and the style of
flowers and in the stem just below the ovary anthlpeg(Figure 5a). In stolon tissue, GUS
staining was detected in the vascular tissue (Eigbj) in the sub apical region where the first
visible swelling if the stolon takes place (Xuadt 1998), while in roots GUS staining was
restricted to the root tip (Figure 5c). In tube@JS staining was visible in the vascular
system, and in the perimedullary region (Figure ®&l)S staining was also detected in the
basal part of the pith close to the heel of thestulbhere it attaches the stold®PINVII
promoter driven GUS staining was also detectedowdr buds, roots, swelling stolons and
young tubers (Figures 5e-h). In mature flowersGWS staining was detected. In addition,
stolon tips did not have any GUS staining, unté gtolon tip started to swell (first visible

sign of tuberisation), with the staining to be restd to the vascular tissues (Figure 5f).
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Figure 5. PIN promoter expression study. Gus expression driven by the StPINV promoter is detected in flowers
(a), stolon tip (b), root tip (c) swelling tuber (d) and StPINVII expression was found the in flower bud (e),
swelling stolon (f), root tip (g) and in swelling tuber (h).

In the mature tuber (Figure 5h), GUS staining wéseoved in the pith and in the
perimedullary region, partially overlapping witret&PINV promoter driven GUS staining. In
some tissues such as the young tuBgt NV promoter andPINVII promoter driven GUS
staining is overlapping in the same regions in thscular tissue, in the pith and in the
perimedullary region. A large portion of the tulgeowth is attributed to the thickening of the
perimedullary region (Xu et al., 1998) thereforstdbution of auxin in this tissue by the PIN
proteins can be of importance. In contrast, irt tips and in flowers, GUS staining driven by
the SIPINV or SPINVII promoter seem to have a different spatial expragsattern. In roots,
SPINV promoter driven GUS staining is observed primairilthe root cap and in the stele,
while SPINVII promoter GUS staining is observed in the apicaistean adjacent to the root
cap, close to the elongation zone. It seems thattwo PIN genes might have partially
overlapping roles in distributing auxin in somesties, and unique functionality in others.
Redundancy between different members of the PINlyamas been reported before in tomato
(Pattison and Catald, 2011).The overlap of expressi theSPINs, as suggested aldy the
expression heatmap (Figure 4a) in the variousdssmplies tha&PINs in potato might act
synergistically to direct plant growth and devel@nt

Conclusion

In this research we present the PIN family of praten potato and discuss possible roles
based on the homology to the ArabidoRibls. Based on the potato genome sequence, we
identified ten potato PIN family members and stddibeir relative expression levels in
various tissues and during early potato tuberimatRromoter analysis of two of two potato



PIN homologues revealed the sites of location in heaats of the plant, as well as in the
stolons during the first days after tuber inductiddased on these results and what is known
about the changes in auxin content during earlgestaf tuber development, we discuss a

possible role fo&PINs in redistributing auxin in the swelling stolon atelveloping tuber.
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Abstract

GA biosynthesis and catabolism has been shown ag @h important role in regulating
tuberisation in potato. Degradation of active GAsoccuring in the stolon tips short after
induction to tuberisation. Overexpression of a Gégmhdation gene, results in earlier
tuberisation phenotype, while reducing expressibnthe same gene results in delayed

tuberisation. In addition, overexpression of gemaslved in GA biosynthesis results in

delayed tuberisation, while decreased expressidhosk genes results in earlied tuberisation.

The final step in GA biosynthesis is catalysed 3$A30x1 and SGA30x2 activity, that
convert incative forms of GA into active GAand GA. In this study we clone®GA30x2
gene in arkRNAI construct andused this construct to transform potato plants. StEA30x2
silenced plants were smaller and had shorter iotE® In addition, we assayed the
concentrations of various GAs in the transgeniatgland showed an altered GA content. No
difference was noticed on the time point of tubetiation. However, the transgenic clones
had increased number of tubers with the same yieddilting in smaller average tuber weight.
In addition, we cloned the promoter 8§GA30x2 to direct expression of the GUS reporter
gene to visualize the sites of GA biosynthesishia potato plant. Finally, we discuss how
changes of several GA levels can have an impashont, stolon and tuber development, as
well as the possible mechanisms that mediate feedafd and feed-backward regulation

loops in the GA biosynthetic pathway in potato.
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Introduction

The genes that participate in GA biosynthesis and effect on plant development have been
extensively studied irrabidopsis (Huang et al., 1998; Fleet et al., 2003; Schomtairgl.,
2003). The biosynthesis of GAs is a complex netwafrknteracting pathways comprising
more than 120 precursors and bioactive GAs that Hzeen identifiedn planta so far
(revewed in Hedden and Phillips, 2000). GA 20-ogeland GA 3-oxidase, catalyse the last
two steps of active GA biosynthesis, convertingiiveg forms of GA such as Ginto active
forms such as GAwhile GA20x catalyzes the breakdown of bioacté#&s. Overproduction

of active GAs results in a series of phenotypeshsas longer hypocotyls, increased stem
elongation, earlier flowering and decreased seenhacy (Huang et al., 1998), while plants
over-expressing oGA2ox genes show a GA dose dependent stem length (Scingrabal.,
2003).

Potato tubers are formed at the etiolated tips iafjabtropically growing shoots, called
stolons. The formation of tubers is a result ofigmaling cascade involving environmental
inputs, hormonal signaling and transcript regutati@A has been associated with a role in
potato tuber formation, in which high concentrasionhibit or delay tuberisation while, low
levels promote tuber formation (Kumar and Wareitf@)f4; Ewing, 1987; Xu et al., 1998). In
anin vitro tuberisation experiment, application of GA resutisdelayed, reduced and less
synchronous tuberisation. An estimation of the gedous GA levels revealed that GA
content is lower under tuber inductive conditioXs gt al., 1998). Moreover, degradation of
the active GA content in the potato stolon tip bgtction of theGA20x1 gene occurs soon
after induction to tuberisation and prior to tubgwelling bothin vitro and in vivo
(Kloosterman et al., 2007). Cloning and over-exgirgs the SGA20x1 gene in potato,
resulted in a dwarf phenotype reduced stolon groeuid earlierin vitro tuberisation
phenotype, while plants with reduced expressionS@A2ox1 showed delayedn vitro
tuberisation and altered tuber morphology, concamitvith altered GA content during the
process of tuberization (Kloosterman et al., 20@R)er expression of th&tGA200x1 gene
that is involved in GA biosynthesis, resulted ithetaplants with elongated internodes that had
reduced dormancy period while antisense plants wieoeter with shorter internodes and an
earlier tuberization phenotype (Carrera et al.,0200n contrast, expression &GA30x2
under a constitutive or leaf specific promoter hessim taller plants that tuberise earlier under
short day conditions. SimilarlphyB RNAi knock-down transgenic plants are able to posd
tubers even under unfavorable long-day conditiord exhibit increased GA content in the

stem (Jackson and Prat, 1996), again in contrdkttiéd common notion that higher levels of



GAs delay tuberisation. However, the site of acdation of GA is crucial in this respect and
a higher level of GA in the stem is often assodiatith a lower level of bioactive GA's in the
stolon most likely due to differential mobility ¢fie various GAs and feedback regulation
(Bou-Torrent et al., 2011). Over-expression of SBG#2 using a tuber specific promoter had
a small effect on plant height and a slightly dethyuberisation phenotype. New evidence on
auxin content and auxin related genes during esdalges of tuber development support a role
for auxin and a crosstalk with GAs after tuber icition to regulate the plane of cell division
in the stolons tips to seize longitudinal growtld anitiate tuber growth (Roumeliotis et al.,
2012).

In this study we cloned th&#GA30x2 gene and transformed potato plants witB@A30x2
RNAI construct, to modify GA metabolism and studhe impact on potato tuber formation
and plant growth. In addition, we cloned the proenatf SGA30x2 to direct expression of the
GUS reporter gene to visualize the sites of GAitisesis in the potato plant. We discuss
how changes of several GA levels can have an impactshoot, stolon and tuber
development, as well as the possible mechanisnis niegliate feed-forward and feed-

backward regulation loops in the GA biosynthetithpay in potato.

Materials and methods

Construction of the StGA30x2 RNAi and promStGA30x2::GUS plasmids

Gateway technology (Invitrogen Europe BV, BlijswijdL) was used for the construction of
the IGA30x2 RNAI and the promStGA30x2::GUS constructs. BBA30x2 gene sequence
was retrieved from the NCBI_(http://www.ncbi.ninhgov), (gene annotation number
gb|FJ792643). For the construction of the StGAIRNRAI silencing construct, a 623 bp long
fragment was amplified from stolon cDNA library (&iberosum L. varAndigena) using
StGA30x2 specific primers (5- caccGTGACGTCATCGAAGAAC and 3'-
TTAACCTACTTGGACGCCAC) and cloned into destinatioactor pK7GWIWG2 (Karimi
et al., 2002). The promoter region 8GA30x2 (3528bp) was cloned fror. tuberosum
group andigena using specific primers (5-GGG-GCA-ACT-TTG-TAC-AAAAA-GTT-
Gaccaaaaagggaaattctagag and 3- GGG-GCA-ACT-TTG-AAC-AAA-GTT-
Gtactcttcgatgacgtcactga). Vector pKGFS7 (Karimalet 2002), harboring the GUS reporter

protein was used for transformation and promotguression studies. Transgenic plants
harboring theSGA30x2 RNAI construct and the prd&GA3ox2::GUS construct were
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obtained by Agrobacterium mediated transformatid@L({0) of S. tuberosum group andigena

in vitro plantlets as described previously (Visser etl#189). Several transgenic clones were
obtained for thexGA3ox2 RNAI, and the three best clones based on StGA&xx2ession
levels and phenotype were selected for furtherystBamilarly, several clones harboring the
prom3GA30x2::GUS construct were obtained and selection forttiree best clones was
based on the performance of the GUS assays. The S&il8ng assays was performed as
described previously (Stomp, 1992). The incubatbthe tissues in GUS substrate X-Gluc
was performed overnight at 37°C. The tissues werghed once with 70% ethanol prior to

imaging.

Plant material

Single-node cuttings from short-day-grown potat@ang (Solanum tuberosumL. var
Andigena) transformed with th&GA3ox2 RNAI construct and the pro®iGA3ox2::GUS as
well as the untransformed control were propagatedvitro, on standard MS medium
(Murashige and Skoog, 1962) 2% (w/v) sucrose. Bapdntlets were grown for 2 weeks
before being transferred to 5L soil filled potsaftl height and the number of branches for
each plant were monitored weekly. After 10 weelkanis were transferred to a climate
chamber with 8 hours light 2C and 16 hours dark &€ in order to induce tuberization. 17
days after plants were placed in the climate chasylitee underground parts of tB&€5A30x2
RNAI transgenic clones plants were harvested, ahdrtyield was estimated. For statistical
analysis we used the SPSS Statistics v19 (© SB8S,2001, Chicago, IL, www.spss.com)

software package, (post hoc comparisons LSD, a¥0.05

Quantitative RT-PCR

Estimation of the level of expression of tBE&SA20x, SGA30x2 and SGA200x genes was
performed with quantitative RT-PCR (gRT-PCR). Gepecific primers used were (primer
sequences in Supplementary Table 1). RNA was dgttdoom the same samples GA content
was estimated using the Qiagen RNaesy Plant mifilAGEN Benelux B.V. Venlo, NL).
The Invitrogen DNAse | Amplification Grade was ugedavoid DNA contamination, and the
Bio-Rad iScript cDNA synthesis kit was used for d®Nynthesis (Bio-Rad Laboratories
B.V., Veenendaal, NL).dg of RNA was used per cDNA synthesis reaction, thiedproduct
was dissolved 20 times. The Bio-Rad iQ™ SYBR® Gr&epermix was used for the gqRT-



PCR with the Bio-Rad cycler. The reactions werdagrered in triplicate in a final volume of
10 ul, containing 5ul of SYBR® Green Supermix, 100 nM of each primeZRRPgrade water
and 2ul of cDNA sample. Reactions were incubated at 9%%% min to activate the enzyme,
followed by 40 cycles at 95°C for 15 sec and 603€C1f min. elF3e was used as a reference

gene (primer sequences in Supplementary Table 1).

GA measurements

For GA measurements, plants transformed with $t®A30x2 RNAI construct and the
untransformed control were propagaiedvitro and placed in the greenhouse as described
above. Samples from apex and middle stem were ctetlefrom three plants with two
biological repeats for two independent clones d®&duntransformed control. Samples were
harvested on two time points. The first harvesktplace before the switch to inductive short
day conditions. The second harvest was performeeek after the plants were placed in
inductive short days. Material was immediately &éozn liquid nitrogen and ground into a
fine powder. GA measurements were performed agitedcelsewhere (Lange et al., 2005).
Standards were used for the following gibberelli@gy;, GA;, GAg, GAg, GArg, GAz, GAgg,
GAz4, GAL, GAs; and GA.

Results

With the purpose of examining the role of altered ntent in the stolon tips on tuber
development, we cloned a fragment &6GA30x2 gene, which is involved in active GAs

degradation, in an RNAI construct and we transfartie construct into potato plants.

Expression levels of the StGA20x2 gene in the RNAi clones.

In order to investigate the transcript levels af 8GA30x2 in the transgenic clones, RNA
was extracted from the apices of independent clames gRT-PCR was performed with
specific primers (primer sequences in Supplementayle 1). The transcript levels of
SGA30x2 revealed that the transgenic clones exhibitedl@néc14) to more than 20-fold

(clone 24) decrease, verifying that the RNAI camdticonferred decreased expression for the
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targeted gene (Figure 1).

StGA30x2 gene expression

30
25
20
15

10

e [
Control Clone 14 Clone 24 Clone 27

Figure 1. Expression levels of the StGA3ox2 gene in thexape four transgenic clones and the
untransformed control grown in the greenhouse. St@A30x2 gene expression for clone 24 is set to one
Error bars represent standard error of the meangubkree technical repeats.

StGA3o0x2 RNAi transformed clones have shorter plants with smaller leaves and
smaller average tuber weight.

Potato plants transformed with tB&5A30x2 RNAI construct and their untransformed control
were placed in the greenhouse and monitored wedeklyheir height to identify possible
differences between the clones and the untranstbrooatrols. After week four, all four
transgenic clones exhibited shortened stem lerfgtdule 2A) and smaller leaf size (Figure
2B) compared to the control. At week nine, the {damere transferred to climate chambers
and grown under short day conditions in order thuge tuberisation. The differences between
the stem length of the transgenic plants and thensformed control continued to increase,
resulting in significantly shorter plants for alahsformed clones (Figure 2C). 17 days after
the plants were placed in the short day climatentieas to induce tuberisation, tuber fresh
weight and number of tubers was scored. Overaltlifierences in tuber formation were not
very large, especially regarding total tuber weidtite control plants had an average of 43 g
per plant, while the transgenic clones had 44 gcfones 27 and 24 and 50 g for clone 14.
Statistically only clone 14 showed a significantraase in total fresh weight. On average

however, all transgenic plants produced either nsers or exhibited reduced average tuber



weight (Figures 3A, 3B and 3 C).

c::iA *

axdee Cione 14
=y Clone24

= * = Clone 27

—— T

Clone 14 Clone 24 Clone 27

week 4 week 5 week 6 week 7 week 8 week 9

Clone 14 ' Clone 24 Clone 27

Figure 2. (A) Scoring of plant height (cm) of the Wild Tyg&/T) Solanum tuberosum L. var. Andigena and three
transgenic clones 14, 24 and 27. Error bars reptresandard error for nine repeats per clone andegieats for the
wild type control. Asteriks (*) represent statisisignificant difference between control and tgersc clone (post-
hoc comparisons LSD, a=0.05). (B) Comparison betwleames of the Wild Type Solanum tuberosum L. var.
Andigena and transgenic clones 14, 24 and 27. (C)p@dson between control and transgenic clones4.4nd 27 .

Localisation of StGA30x2 expression.

In order to identify the regions of expression bé tStGA30x2 gene, a 3528 kb putative
regulatory region of the StGA3ox2 gene was cloned &used to the GUS reporter
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Figure 3. (A) Scoring of the number of tubers, (B) the fregtight and (C) the average tuber weight of the Wild

Type (WT) and the transgenic clones 14, 24 andE®&Dr bars represent standard error for nine regsat clone

and six repeats for the wild type control. Stapgesent statistical significant differences (post-bomparisons

LSD, a=0.05).

gene. GUS activity was found in the tips of yourgves (Figure 4A), young flower buds
(Figure 4B), around vascular tissues in a crosiageof the stem taken from the region 1
centimetre directly below the shoot apex (Figuré 4@ in non-tuberising stolon tips (Figure
4D). In the stolon tip, GUS staining is highesttlie stolon apex and small leaf scales, and
appears to be surrounding the vascular bundledasiii what was found in the shoot stem.
No GUS staining was found in the lower stem, ramtsn tubers (data not shown). These

results indicate th&tGA30x2 expression appears to be restricted to activelwigg tissues.

StGA30x2 RNAI construct alters the levels of the various GAs in the apex

In order to investigate the effect of tB&5A30x2 RNAI construct on the GA content in the
potato plant, we measured the concentration of rinagor GA precursors, the two bioactive
GA species as well as four degradation productes@hGAs were measured in the apex,
middle stem and tuber in two independent transgeloines and an untransformed control

under long day conditions to achieve a special @naporal overview or GA metabolism



(Figures 5 and Table 1).

Figure 4. promStGA3ox2 directed GUS activity staining in tipes of leaf primordia in the apex (A), in the flew
buds in the apex (B), in the vascular bundles irsti@ot close to the apex (C) and in the stolon(ips

The transgenic clone 14 had higher levels ofy@#d GAy in comparison to the control
plants, both substrates f&GA30x2 activity (Figure 5). In addition, GA, a precursor of
GAx two steps up in the biosynthesis pathway, had higbacentration in the transgenic
clones compared to the untransformed controlo &%l GA, are also substrates for the
StGA20x enzyme that degrades these two GAs intg, &@#&l GAs, respectively. In clone 14,
both degradation products Gfand GAy levels are increased. Contrary to expectations,
active GA and GA products of theXSGA3ox2 step, were not lower compared to the
untransformed control. Instead, GhRevels were even higher in clone 14 compared € th
control. GAjand GA are template foBBGA20x genes to produce Gfand GA. Only GAg,
levels were lower in clone 14.
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Figure 5. Changes in the gibberellins biosynthetic pathd@y clone 14 (top) and clone 27 (bottom) in
comparison to control plants under Long Day condidi GA12, GA15 and GA24 were not scored (white
letters with black outline). GAs indicated in gremad higher concentration, GAs indicated with red fower
concentrations and GAs indicated with grey hadtatistical changes compared to the untransformetraio
The gene encoding the enzyme catalyzing each Hiostjyo step is written next to corresponding siapd
numbers represent the several members of the sangefgmily. The gene family members that were down-
regulated are indicated with red colour, the fanmigmbers that were up-regulated are indicated grigen
colour and the family members that did not shoved#nces in expression are indicated with gray.

Gene expression analysis on the same samples i doo GA content, revealed that in
clone 14, three out of four identifiec@GA200x genes had a two to three fold increase in
expression levels compared to the untransformettaofFigure 5). In addition, out of five
identified SGA20x genes, only two had a 3-fol&GA20x1) or a mild 0.5 fold §GA20x5)

increase (GA biosynthesis genes expression lewesipplementary Figure 1).

In clone 27, down-regulation of StGA30x2 was albsarved. In addition, only GA20 but not
GA9 content was higher. Moreover, as noticed fonel 14, concentrations of GA44, GA51
and GA29 were also higher. On the other hand, imirast to clone 14, increase in GA9 and
GA4 content was not observed. Furthermore, no @s&en the expression levels of the
StGA20x genes was noticed, while only one out air f{&tGA200x genes had higher

expression levels compared to the untransformettalqi®upplementary Figure 1). Our



Apex - long days Apex - short days

Clone 14 Clone 27 WT control Clone 14 Clone 27 WT control

ng/g | Average SE Average SE Average SE Average SE Average SE Average SE
FG

GA9 1.45 0.15 0.7 0.3 0.05 0.05 0.3 0.1 0.3 0 0.05 0.05
GA4 1.65 0.25 0.6 0.4 0.35 0.05 0 0 0.1 0.1 0.25 0.25
GA34 9.6 0.1 6.05 1.95 14.15 1.85 0.15 0.15 0.15 0.15 2.7 2.6
GA53 1.25 0.55 11 0.3 0.65 0.15 0.1 0 0 0 0 0
GA44 2.45 0.25 1.95 0.45 0.9 0.3 0.55 0.15 0.25 0.05 0.35 0.35
GA19 5.65 0.35 6.4 1.2 5.65 0.95 1.85 1.55 1.45 1.25 1.7 1.5
GA20 >20 n/a >20 n/a 10.2 1.6 7.35 6.55 6.8 6.1 4.65 4.65
GA1l 1.15 0.05 0.65 0.25 0.95 0.05 0.25 0.25 0.2 0.2 0.2 0.2
GA8 13.35 1.35 14.75 2.05 >20 n/a 2.45 2.25 2 19 8.7 8.4
GA51 4.15 0.45 3 0.8 0.6 0.2 15 13 1.45 1.25 0.55 0.55
GA29 >20 n/a >20 n/a 9.05 0.65 15.35 14.85 14.55 14.25 9 8.9

Table 1. Concentrations of the GAs scored in the apiceswof transgenic clones and the Wild Type
untransformed control under long days and after waek in tuber inductive short day conditions ahd t
Standard Error. The values are averages of tw@irntbent biological repeats.

measurements verified that in the apex during Idags the GAy content is higher in the
partial silencedGA30x2 transgenic clones, compared to the wild type obniin the middle
stem the GA content was significantly lower for siw@&d GAs but similar to the shoot apex.
GA,, concentration tends to be higher in the transgenites. GA and GAy products of the
GA; and GA catabolism by StGA2ox, show no significant diffece between the
untransformed plants and the transgenic cloneshe riddle stem. In addition, the
concentration of the active form Gdid not differ in the wild type and the transgeplants

(data not shown).

GA content was also measured after switch to tudmbrctive short day conditions. The GA
content in tuber inductive short days is much lovarall GAs measured in our research
compared to the non-inductive long days. In thexaplee difference in the content of the
precursor GAy noticed in long days is decreased and the Ghtent does not differ between
the SGA30x2 RNAI clones and the control (Supplementary Tab)leSignificant differences
are visible only in the content of GAand GA, that is lower in the knock-down clones
compared to the untransformed control (Supplemgnfable 2). GA levels in potato tuber
samples were also measured under tuber inductivg glay conditions in several tissues
including the potato tubers, but virtually no GAswdetected in any of the samples (data not
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shown). Therefore, not concrete conclusions casirédn from this set of results.

Discussion

Recently, the cloning and expression &@A3o0x2 under the control of 3 different promoters
was described (Bou-Torrent et al., 2011). CaMV-8&§llated expression of this gene and the
expression by the leaf specific promoter resultedailler plants with altered GA content
under tuber inductive short day conditions. A Ispkcific expression resulted in shorter
plants and the authors suggest that this was twtef PTGS co-suppression. In our study,
the RNAI mediated reduction in expression 3fA30x2 resulted in shorter plants with
shorter internodes, a similar phenotype to 8#®A200x1 antisense clones (Carrera et al.,
2000) andXGA20x1 overexpression clones (Kloosterman et al., 200/¢ SGA200x1 and
SGA30x2 RNAI clones seem to have reduced capacity to pedbA and GA while the
SGA20x1 overexpression results in increased conversionaateA; and GA to GAs and
GAsz4 These results imply that the shoot and internimohggth of the potato is strongly
correlated with the ability of the potato plantimduce and catabolise the bioactive,GAd
GA,.

The concentration of several GAs was examined minglependenBtGA3ox2 RNAI clones.
GA,, the substrate &GA30x2 was found to be higher in both clones andy@ko substrate
for IGA30x2 was found to be higher in clone 14, likely due be treducedtGA3ox2
expression levels. GHand GA are a substrate also f&fGA2ox in a biosynthetic step that
produces GA and GAy In both clones, GA and GAg were found to have higher
concentrations suggesting that this metabolic payhvg working in higher rates in the

transgenic clones compared to the untransformettaion

Additional evidence that the metabolic flux of &etiGAs is altered is provided by levels of
GAg and GAy, in short day conditions (Figure 6). Switch to tubeductive short day
conditions are known to induc&GA20x1 gene expression that regulates catabolism of the
active GA and GA into GAs and GA, (Kloosterman et al., 2007). Interestingly, levefs
GA; were not altered in the transgenic clones howetsrbieakdown product, GAis
reduced, indicating a reduction of GAurnover as a result of lowered GAiosynthesis
through GA30x2.

In Arabidopsis, the presence of a possible feeddod regulation of GA2ox genes through
GA; and GA to stabilize GA concentrations has been descr{féomas et al., 1999). In

clone 14, higher concentration of @& observed. Expression analysis of f@#&A20x genes



in clone 14 revealed that twaGA20x genes had higher expression levels. In clone 27 no
differences in GA and GA content was observed ai®GA20x gene expression was not
altered. Thus, at least for clone 14 there seente ta positive correlation between the GA

levels and th&GA20x gene expression.

In pea, there is evidence of a negative feedbadakharesm that regulateSGA20ox gene
expression (Martin et al., 1996; Ait-Ali et al.,99). Application of GA negatively effects
SGA200x and XGA30x gene expression. In transgenic clone 14, two bttiree SGA200x
genes investigated are up-regulated and in trarsgéone 27, onexGA200x gene is up-
regulated. These findings could be a result ofrttteiced capacity of the transgenic clones to
produce GA and GA. Without high capacity to produce GAnd GA the negative feedback
regulation would promot&GA200x gene expression, resulting in higher levels ofy@Ad

GA, due to the inability of GA3ox to catabolize th@se-cursors at a sufficient rate.

As shown in Figure 5, botBGA3ox genes exhibit a down-regulated profile in the sgEmic
clones. It is likely that the RNAI construct, daspbeing specifically designed to target
SGA30x2, also affects transcript levels 8fGA30x1, due to sequence similarity. However,
the steady state levels of GAre not significantly different. This could alse Attributed to
the higher levels of the substrates 36GA30x genes, which may be able to sustain this

metabolic step despite the low6GA30x gene expression levels.

Leaf specific expression &GA30x2 resulted in earlier tuberisation, while a leafafie co-
suppression line foBtGA30x2 gene resulted in delayed tuberisation under timductive
short day conditions (Bou-Torrent et al., 2011)e3é results can largely be explained by the
different modes of transport of the various GAsff@ent GAs have been found to be
differentially transported in Pea (Proebsting et &4P92). Leaf specific expression of a
SGA3ox gene would result in increased Giosynthesis in the stem, using a large part of
the available and mobile GAsubstrate pool, resulting in reduced availabibfythe GAy in

the stolon. A reduction of Gfin the stolon can result in decreased capacigraoduce the
less mobile GA promoting earlier tuberization (Bou-Torrent &t 82011). Consistent with
that, the sink effect of the above-ground partsasoccurring in the tuber specific promoter
driven SGA30x gene expression, which results in local increds&A, in the stolon tips,

delay tuberisation and alter the humber of tubesdyiced by each plant.

In the shoot apex, bioactive GAs show little oramanges in observed concentrations. Based
on the physiological similarity between the shgod»aand stolon apex, a similar steady-state
level of bioactive GAs could be expected to ocouthe stolon top. The fact that we could not
observe changes in the time point of potato tulpitiation may be explained by this

assumption.
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Scoring the number of tubers and tuber yield preduay the transgenic clones revealed that
two out of three of th&GA3ox2 RNAI clones had smaller average tuber weight (@C),
due to increased number of tubers (Figure 3A) rathan reduced yield (Figure 3B). Tuber
specific promoter drive®GA30x2 expression also resulted in increased numberbefrsubut
not altered yield (Bou-Torrent et al.,, 2011). Inrawansgenic clonesXGA30x2 gene
expression is down regulated, while t&i65A20x genes are up regulated (Figure 5). In Pea,
decreased auxin content through shoot decapitagsnlts in increased®PsGA2ox1 and
decreasd’sGA30x1 gene expression resulting in reduced;@Antent (Ross et al., 2000).
Auxin is known to be one of the major factors colitng branching (Ongaro and Leyser,
2008; Hayward et al., 2009) and the mechanismsctivatrol branching in stolons are similar
to the mechanisms that control branching in sh¢Bsumeliotis et al., 2012). Altered
GA:Auxin ratio within the stolon due to reductioh®A30x2 expression may therefore result
in increased stolon branching and tuber formafidns might provide a possible explanation
for the increased tuber numbers observed on thenstdor some of the transgenic clones
(Figure 3A).

In this study we investigated the effects of 86@A30x2 RNAI transformation on the plant
development, tuber formation and GA content in fmotadants. In agreement with previous
studies, potato clones transformed with Bi6A30x2 RNAI construct were shorter with
reduced internode length, and had altered contentarious GAs, but did not alter the total

yield produced or the time point of tuber initiatio
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Abstract

Auxin is known to be involved in various developrt@revents, including meristem identity,
shoot branching and initiation of potato tuberse Pheviously identified&YUC-likel gene in
potato, that exhibits a peak in expression afteetunduction and prior to tuber swelling was
cloned and over-expressed in order to study thextsffof altered auxin content on shoot and
stolon architecture and tuber development. The tpotaants transformed with the
35S:SYUC-likel construct exhibited increased shoot and stolondtiag, reduced leaf size,
lower average tuber weight and enhanced advertitigl lateral root formation. In addition,
one transgenic clone, displayed a cracked tubemgiipee. Investigation of the IAA content
on three independent transgenic clones revealddtiieaconcentration of auxin was not
altered in the shoot apex, but was significantlywdo in the basal part of the stem. Our
research helps to elucidate the importance of spfa@ihges of auxin content on several

developmental events of the potato plant, suclhastsstolon and root architecture.



Introduction

Auxin is the most extensively studied plant hormaonith effects on various aspects of plant
development, including shoot branching, floweritggeral root initiation, root growth and
embryo patterning. Auxin biosynthesis and auxingpert are the two main determinants that
control auxin content in the plant cell. Auxin disution occurs by diffusion and/or by active
transport involving influx and efflux carriers. Theansport of auxin into plant cells is
mediated by the influx carriers such as the AUX1X dene family (AUXIN RESISTANT1,
LIKE AUXIN RESISTANT; (Marchant et al., 1999; Maraht et al., 2002), while polarity
determining efflux carriers have been identifiedtlas PIN family of proteins (Chen et al.,
1998; Galweiler et al., 1998; Luschnig et al., L9®RRiller et al., 1998). Influx and efflux
carriers sustain the Polar Auxin Transport (PATthpay that distributes auxin from the sites
of biosynthesis to other tissues of the plant whauoein participates in developmental
processes, such as lateral root formation (Marclearal., 2002) or gravitropic response
(Muller et al., 1998). In Arabidopsis it has beesmbnstrated that several tissues such as
young leaves, cotyledons and roots have the cagptaciproduce auxin (Ljung et al., 2001).
Two major auxin biosynthesis pathways have beepgsed, a tryptophan (Trp)-dependent
(Zhao et al., 2001) and a Trp-independent pathv&so (et al., 1998). Indole-3-glycerol
phosphate or indole is the likely precursor of I&&he Trp-independent pathway but little is
known about this pathway (Ouyang et al., 2000; gheinal., 2008). Several pathways have
been proposed for Trp-dependent biosynthesis: ritiele-3-acetamine (IAM) pathway, the
indole-3-pyruvic acid (IPA) pathway, the tryptamit€AM) pathway and the indole-3-
acetaldoxime (IAOx) pathway (reviewed in Lehmanmlet2010). These pathways have not
yet been fully elucidated but several genes haea entified. For example, the members of
the YUCCA-gene family (flavin mono-oxygenase) were showrctdalyse the last step of the
IPA pathway, converting IPA into IAA (Mashiguchi at., 2011) as well as catalyzing the
hydroxylation of the amino group of tryptamine metTAM pathway, a rate limiting step in
auxin biosynthesis (Zhao et al., 2001) (auxin bitisgsis pathways and genes involved in

these pathways reviewed in Mano and Nemoto, 2012).

The main sites of auxin biosynthesis are mainlgapneristems and the young leaves (Ljung
et al., 2001). Auxin transport from the sites obdyinthesis to the lower parts of the plant
mediates shoot branching. There are two main hgsigbs on how auxin transport regulates
shoot branching. In the canalization-based modeinas transported basipetaly from the site

of biosynthesis to the lower parts of the planpamt mediated by PIN proteins (Vieten et al.,
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2005). In this model, release of axillary bud dommarequires transport of locally produced
auxin into the main shoot in which strigolacton8kg) play an inhibitory role (Prusinkiewicz
et al., 2009). According to the second messengatein@uxin in the shoot mediates the
production of a second messenger that has a diffscit on bud outgrowth (Snow, 1937;
Sachs and Thimann, 1967). Cytokinins and strigolsed have been shown to have an effect
on bud outgrowth when applied directly on the axyl buds (Sachs and Thimann, 1967;
Gomez-Roldan et al., 2008). The biosynthesis afelermones have both been found to be
regulated by auxin (Nordstrém et al., 2004; Tangtkal., 2006; Brewer et al., 2009; Hayward

et al., 2009) and are good candidates for theafobecondary messengers.

In potato, stolons are underground diageotropicatjyowing shoots that, under
environmentally favourable conditions, develop tgbat their apical meristems (Ewing and
Struik, 1992). Even though the relationship betwstsion branching and the number of
tubers produced is not extensively studied, it hasn shown that the degree of stolon
branching is one of the factors effecting numbet size of the tuber (Celis-Gamboa et al.,
2003). Recently, we showed auxin biosynthesis ¥lied in stolon branching and tuber
development and that the branching mechanism isttiien seems to be similar to the auxin
mediated mechanism that mediates branching in sH®&dumeliotis et al., 2012)n vitro
application of auxin to single nodal potato exptamésulted in an earlier tuberisation
phenotype with sessile and slightly smaller tul{gs et al., 1998)In vivo, we have found
that, in the stolon tips, there was a peak in agrintent a few days after induction to tuberise
and prior to visible swelling. A role for auxin ithe transition from stolon to tuber is
accompanied by increased transcription levels Y& homologue in potatdYUC-likel,

and theXIPIN family of genes during early stages of tuberisa{l@oumeliotis et al., 2012).

Here we describe the analysis of transgenic pqiktots over-expressing tHi@#YUC-likel
gene for altered IAA content in relation to pota&velopmental processes, including shoot

and stolon branching and tuber formation.

Materials and methods

Identification of StYUC-like gene sequences

The potatoYUC gene sequences were identified based on homolegrctses within the
potato genome sequence for all known ArabidopsisCYgenes (NCBI). PotatoyUC
sequences were aligned with the Arabidopsis thaligdC genes using Crystal W2



alignment, (http://www.ebi.ac.uk/Tools/msa/clustalyy We have named the identified potato
SYUC-like genes according to their sequence homolog®YC-likel gene. Gene IDs for
all YUC-like genes and the Arabidopsis YUC genes usedii dtudy are provided in
Supplementary Table 1.

StYUC-like1 cloning and plant transformation

Gateway technology was used for the cloning®YUC-likel (GeneBank accession number
JN935396) fromSolanum tuberosum group Andigena genomic DNA (primer sequence in
Supplementary Table 2). The plasmid pK7WG2 (Karehial., 2002) was used as the
destination vector for the over-expression of teeggunder the CaMV35S promoter (CaMV
35S¥YUC-likel). Agrobacterium (AGIO) mediated plant transformativas performed on
stem cuttings as described in (Visser et al., 1989jotal of 12 transgenic clones were
obtained. Three transgenic clones considered torelpeesentative for all 12 different
transgenic clones, based on the overground braggbtenotype, shoot length and on the

SYUC-likel transcript levels, were taken for more detailedlists.

Plant Material and measurement of auxin concentration

Single-node cuttings from short-day-grown potataangd (Solanum tuberosum group
Andigena) transformed with the CaMV 3581JC-likel construct were propagatéd vitro,
on standard Murashige and Skoog medium (MurashigeSkoog, 1962) 2% (w/v) sucrose.
Potato plants were propagatedvitro and grown for 4 weeks before being transferresbtb
filled pots in the greenhouse. After 5 weeks, theot apex and basal internode stem
segments were harvested and immediately frozemundl nitrogen. For all tissue samples,
two biological repeats were collected and tissvem {3 different plants were pooled for each
repeat. All samples were ground to a fine powdel stored at -80°C. The auxin extraction
was performed as described in (Roumeliotis et28l1,2). The LC-MS/MS analysis, on the

same tissue samples was performed as describBdiytef-spira et al., 2010).
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Quantitative RT-PCR

The same material as used for auxin measuremergsuaad for gRT-PCR. RNA was

extracted using the Qiagen RNaesy Plant mini kit BN Ase | treated. cDNA synthesis was
performed using Bio-Rad iScript cDNA synthesisdaid gRT-PCR was performed using the
Bio-Rad cycler. The elF3e gene was used as referggene (primer sequence in

Supplementary Table 2). Data analysis was perfounset the Bio-Rad iQ5 software.

Assessment of the branching phenotype

Potato plantlets growm vitro for 2 weeks were placed in 5 litre pots with s®ihe height
and the branching phenotype of the plants were toi@d weekly. All side shoots longer than
5 centimetres were considered to be branches aidi¢hgth was measured. After 8 weeks,
tissue samples were harvested (shoot apex) toastexpression of ti@YUC-likel gene in
the wild type plants and in the transgenic plaAfter 10 weeks, plants were transferred to a
climate chamber with 8 hours light (18°C) and larksalark (14°C) to induce tuberisation. 17
days after plants were placed in the climate chasplibe underground parts of the plants
were harvested. Tubers with a size larger tharOdneentimetre diameter were collected and
weighed per plant to estimate fresh weight. Fortladl statistical analysis we used SPSS
Statistics v19, (SP§SInc., 2001, Chicago, ILpost-hoc comparisons DLS, a=0.05.

Growth conditions for estimating changes in root architecture

35S SYUC-likel over-expression transgenic and untransformed dopitrats were growimn
vitro for four weeks before being transferred to anpena system (Nutricolture co. UK) on

Hoagland’s solution. Root architecture was mondataily for length and branching.

RNA-seq data for the StYUC-like genes

The potato genome browser (PGSC, 2011) was useetriove RNA-seq data of different
tissues including shoot apex, flower, leaves, petistem, stolon, tuber and root tissue of the

RH genotype. For each tissue the number of readsacfi RNA fragment corresponds to



expression values for each predicted gene (nr adnfients per kb per million reads or

FPKM).

Results

Tissue specificity of the StYUC-like1 gene and genes used in this study

Four annotated genes with high sequence homologirabidopsis YUCCA genes were
identified within the potato genome sequence. Tlukethese (denote@YUC-likel-3) fall
into a single clade and show highest similaritAtsUC3 and 7 with a fourth gene§YUC-
liked) forming an out-group (Figure 1A). In a study léttranscript levels based on the RNA-
Seq data of four potatdUC-like genes, it was revealed thatyUC-likel gene showed the
highest expression in the stolon tip compared & dtherSYUC-like genes (Figure 1B).
Expression studies of transcript levelsSfUC-likel in the stolon tip during early stages of
tuber development show a peak in expression afteertinduction and prior to visible
swelling (Roumeliotis et al., 2012), establishihgstgene to be the main candidate to study
the role of auxin in stolon and tuber developm@n.an amino acid level, sequence of the
potato SYUC-likel genes has 72% similarity #rabidopsis YUC9 and 95% similarity to a

tomato flavin monooxygenase-like protein (accessimmbers in supplementary table 1).

_
@
AtYUC3
Atvue? 8‘ =
StYUCHiked + O
StYUC-ike2 o C;J
StYUC-ike ! x O
AtYUCS 8_ 3 a
AtyUCS ] o =
AtYUCB 6 6 @ C o
ALYUCE 3 g 5 g g % g S
Aryuet S0 @B LSS Gene
Atyuc4 WL 1o 00w
AtYUC2
Atvuctt y
| I StYUC-like1
StYUC-like2
T T T T T T 1
60 50 40 30 20 10 0 StYUC-like3
Nucleotide Substitution per 100 residues ‘ StYUC-like4

Figure 1. Heat map of expression of the StYUC-like genethancorresponding tissues according to the RNA-
seq data of the potato diploid genotype RH. Expoestvels in the various tissues are indicatedHades of
red, where white indicates no expression detected.
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Over-expression of the StYUC-likez gene results in altered above ground
phenotypes

In order to analyse the function of ti®YUC-likel gene in potato, we made a construct
containing the entire coding region of tB¥UC-likel gene and placed it under the control of
a constitutive CaMV 35S promoter. Investigationttod transcript levels of th&YUC-likel
gene in the apex of the transgenic clones revealedveral hundred fold increase in the
transcript levels compared to the control (FigureTAree transgenic clones considered to be
representative for all 12 different transgenic elwrbased on the over ground branching
phenotype, shoot length and on the StYUC-likel drept levels, were grown under
greenhouse conditions and monitored weekly forrtingight and overall above-ground

phenotype to identify possible differences betwetve transgenic plants and the

Figure 2. Fold increase StYUC-like1 gene expression
of the expression of the 300

StYUC-likel gene in

the apex in four 250

transgenic clones and

the untransformed

200
control grown in the
greenhouse. The
StYUC-likel gene 150
expression in the
untransformed control is 10
set to one fold. Error
bars represent standard 50
error for two biological
repeats with three plants A

pooled per biological
repeat. Clone 8 Clone 9 Clone 12 WT

Fold expression

o

untransformed control plants. After 12 weeks, rfeetences in height were detected between
the transgenic clones and the non-transgenic den(fagure 3A). All three clones also
exhibited extensive branching (Figure 3B and 4AJ amaller leave size (Figures 4B). While
the control plants had an average of 3 brancheglpat, all three transgenic clones had, on

average, more than five branches (Figure 3B).

Examination of the length of the branches in eamdterrevealed that in the first branch from
the base, only a small difference of the brancltlenwas observed. In contrast, the
transgenic clones exhibited significantly longearzh length for almost all higher branches
(Figure 3C). The control plants had an averagethemd 43, 30 and 17 centimetres for
branches one to three respectively, and no sidecbes above the fourth node. In contrast,
for clone-8 the average length of branches onéxtare 38, 21, 30, 23, 32 and 31 centimetres
respectively and similar results were found for abiger transgenic clones. These results show



that the transgenic clones exhibited increasedcbiag and that for branches 3 to 6 the

length of the respective branch is longer in consparto the controls.

om A ne B Branching
1200 4 Fia
180 6] - T Week 5
1160 - 3 T
140 4 5
120 4 4
100 4 —o—Line 8
80 ——Line 9 | 34
60 ——Line 12 o |
40 —a—WT 1
20 4 |
0 +— —— s — ————— 04— — - T 1
2 4 6 8 10 12 Weeks Clone 8 Clone 9 Clone 12 WT
cm
e C Branch length
Week 5
50 o & % * . %
*  x
40 4 :|: I I * 1
30 4 1 I l
20 4 I
10 4
04 e 1 | - - L .. 1 N N [ .
Branch 1 Branch 2 Branch 3 Branch 4 Branch 5 Branch 6
Clone 8 Clone9 ®Clone 12 WWT control

Figure 3. (A) Height measurements for four tranggefones and the untransformed control over aopleoif 12
weeks of growth in the greenhouse. Error bars sgmtestandard error for ten individual plants gene. Dotted
clone indicates the early stage when differencdmight between three clones and the untransforoetiol are
statistically significant. Significant differenc8VOVA test, a=0.05) 2.5 weeks after the plantsevplaced in
the greenhouse are represented with a star oefthtep corner. (B) Scoring of the branching frequefor three
transgenic clones and the untransformed control.Sgying of the length of the branches for thremgsgenic
clones and the untransformed control. Error bapsesent standard error for two biological repeats three
plants pooled per repeat and stars indicate statissignificant differences between the clone ahd
untransformed control (ANOVA test. a=0.(

Over-expression of the StYUC-likez gene is altering the below-ground phenotypes

To investigate the effect dtYUC-likel over-expression on stolons and tuber formation,
transgenic plants grown in the greenhouse for 1@k&eunder non-inductive long-day
conditions were transferred to short-day conditidmsinduce tuberisation (material and
methods). After 2 weeks in the growth chamber, e&l8rshowed numerous buds and sessile
tuber-initials on almost all side buds indicatimgreased branching (Figure 5A). Moreover,
transgenic clone-8 exhibited tubers with extensiaeks that were mainly parallel to the axis
of the potato tuber from the heel to the tuber gifégure 5C). This cracked phenotype was
noticed in all tubers in all plants of clone-8. Floe estimation of final tuber numbers (Figure

6A) small tuber-initials were not included if snallthan 0.5 cm. For all three transgenic
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clones, the average tuber weight was significalttyer compared to the control and the
number of tubers was increased for clones 9 ancbfripared to the wild type plants (Figure

6C). Clones 9 and 12 had a significantly higher bermof tubers, however, with the same

total fresh weight as the untransformed contray(Fés 6B).

Figure 4. (A) Comparison
of the branching
phenotype between a
transgenic clone and the
untransformed  control
with a diagrammatic

representation of the
branching  phenotype.

\ | <
B o

Red arrows indicate the

branches on the

= transgenic clone. (B)

Comparison between

the leaf size of the

3 T 2 untransformed  control

WT Clone 8 Glone 9 Clone 12 and transformed clones

8,9and 12.

Preliminary observations on the root architecturglants grown in soil indicated a bushy
root structure for the 35&YUC-likel transgenic plants compared to the untransformed
controls, however, the differences were diffic@tdquantify in a soil grown system. To be
able to score for altered root morphology in a destructive way, plants were grown in
aeroponic systems. Observation of the root netwbdwed that the transgenic plants have a
root system with increased adventitious rooting &tdral root formation compared to the
untransformed control plants, exhibiting a bush@at phenotype (Figure 5B) in alignment
with the initial observations of plants grown intpavith soil. The increased capacity of
lateral root formation was evenly distributed otlee entire root system established by the

explants.



Clone 9

Figure 5 (A
Comparison
between stolons of
the untransformed
control and
transgenic clone-9.
Arrows  indicate
stolon  branching
or tuber initials.
(B) Comparison
between the
architecture of the

/i root system of the
| Clone 9 ‘Clone 12 untransformed

- control and clones
8, 9 and 12. (C)
Potato tuber of the
untransformed
control next to
clone-8 showing
tubers  with a
cracked
phenotype.

Clone 8

Clone 8

Transformed plants with the 35S::YUC-like1 construct have altered auxin content

To investigate the effect of the 33YUC-likel construct in the transgenic potato clones on
the auxin content we assayed auxin levels in tlex @md in the basal part of the stem in
mature plants grown in the greenhouse (Figure Stjntation of the IAA content in the apex
where auxin biosynthesis is predominately takingce] showed no significant differences
between the 35&YUC-likel plants compared to the untransformed plants (19@G0
pmol/gr FW for the transgenic clones and 210 pmdigd/ for the untransformed control;
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Figure 7A). However, in the basal part of the stém, 35S:SYUC-likel transgenic clones
have less free auxin compared to the untransformeatrol plants (Figure 7). The
untransformed control plants have an average |IAAtad of 130 pmol, while in the
transformed clones IAA content ranges from 62 top8&®l. These results are contrary to
expectations in plants where a higher level of i8fAnticipated due to the over expression of

a gene participating in auxin biosynthesis.

A Nrnftubers ‘ Tuber fresh weight Figure 6. (A) Scoring
12 4 s0 of the average number
o j; of tubers per plant for
. 3 each clone. (B) Scoring
. i: of the average tuber
20 fresh weight per plant

) ' I J‘O . for each clone. (C)
’ 5 Scoring of the average
’ Clone 8 Clone 9 Clone 12 ’ Clone 8 Clone 9 Clone 12 tUber We'th for eaCh
Average tuber weight clone and the

C untransformed control.

Error bars are standard
error for 6 plants per
clone, and stars indicate

9

E:d

5

ed

j' statistically significant
3 differences between the
2 clone and the
; untransformed control
e i

Clone 8 Clone 9 Clone 12 (ANOVA test, a:OOS)

Discussion

SYUC-likel gene was previously shown to be expressed predbeiynin the stolon tip and
exhibits a peak in expression just prior to tulveeling, followed by a peak in auxin content
(Roumeliotis et al., 2012). In this study, we imgested the effect of a 35StYUC-likel
construct on shoot, stolon and tuber developmenttramsgenic potato. Independent
transformed clones with the 358YUC-likel construct had decreased apical dominance in
the shoot and stolon, smaller leaf size and enliaadeentitious and lateral root formation.
These findings are not in agreement with the phgrest observed for the rice and
Arabidopsis YUC gene over-expressers (Cheng et al.,, 2006; Yamarattal., 2007).
Moreover, decreased apical dominance is indicativelecreased IAA levels in the stem,
which is in contrast to an anticipated increaskAdf content. Assessment of the IAA content
in shoot apex and basal stem, revealed that wiiléifierences were observed for auxin
concentrations in the apex, IAA content in the basam was decreased in the transgenic
clones compared to the untransformed control. lIrihaée analysed transgenic clones, the

number of shoot branches was increased from thd tiide and up and their length was



significantly longer compared to the untransfornamhtrol. Shoot branching and apical
dominance in stems is mediated through polar amaivsport from the sites of biosynthesis to
the lower parts of the plant. Lower levels of auikirthe basal stem is expected to result in
decreased apical dominance and increased shoothimgn(Prusinkiewicz et al., 2009),
therefore low IAA levels provide a possible explgma for enhanced shoot branching in the
transgenic clones. In addition to increased shomtdhing, stolons also exhibited decreased
apical dominance, resulting in increased stolomdinang and higher number of tubers and
tuber initials. Previously we presented evidenca the mechanism that mediates stolon
branching is similar to the mechanism that regslaeoot branching (Roumeliotis et al.,
2012). Therefore, lower auxin content in the babkalot can also explain the decreased apical
dominance in the stolons. A decreased apical domman the stolons, releases the stolon
buds from dormancy allowing the development of sdeoy stolons that can develop into
tuber-initials under inductive conditions, resudtiim a larger number of small tubers.

IAA content .
400, A B Figure 7. IAA content

for 3 independent clones
and the untransformed
control in the apex (left)

_ and basal stem (right).
=28 Plants were grown in the
200 greenhouse for 5 weeks

_ prior to harvesting the
150 tissues. Error bars
100 represent standard error

for two biological repeats
&E . . with three plants pooled
ol ! per repeat and stars

Clone 8 Clone9 Clone12 WT Clone 8 Clone 9 Clone 12
Apex Basal stem

Pmols/gr FW

indicate statistical
significant  differences
(ANOVA test, a=0.05).

In order to investigate whether the increased bmiagccan be attributed to decreased auxin
transport or changes in the levels of strigolactpme= examined the expression levels of the
SPINs, SCCD7 and8 genes in the basal stem. The results did not ledemy significant
differences in the expression levels of these ganethe basal stem compared to the
untransformed control (data not shown). Therefadelitional experiments about the transport
capacity of auxin and the levels of strigolactorres required in order to attribute the
enhanced branching phenotype to changes in then dtensport capacity or changes in
strigolactone content.

Attenuating auxin biosynthesis by production of loleuy triple and quadruplguc knockout
lines inArabidopsis, has been shown to result in decreased leaf Gizeng et al., 2006). This
links auxin biosynthesis with leaf size. Thus, thedluced leaf size observed in the

35S:SYUC-likel plants is consistent with lower auxin levels ia gtem.
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In all three transgenic clones, increased advenstirooting was observed. It has been
demonstrated that strigolactone content is nedgtigerrelated with adventitious rooting
(Rasmussen et al.,, 2012) and tikED7 and 8 genes that are involved in strigolactone
biosynthesis are positively regulated by auxin (Mand et al., 2009). Therefore it is possible
that lower auxin content can result in lower stiggtone content and advanced adventitious
rooting. Investigation of the expression levelshef SCCD7 and8 genes in the stem did not
reveal significant differences in the expressiovelge of those two genes compared to the
untransformed control (data not shown). Still, ert investigation is required to examine
auxin and strigolactone content as well asI@CD7 and8 expression levels in the roots of

the transgenic plants in order to be conclusivauatie cause of this phenotype.

In addition to the production of larger numberssofaller tubers, transgenic clone-8 showed
uniformly aberrant tuber morphology. The observeatked tubers are likely to be the result
of disturbed coordination of cell division and erp@n in different cell layers of the tuber.
Since auxin is a primary factor in initiating cdlvision this phenotype is likely to be linked

to locally altered auxin levels (Méller and WeijeP909).

Both the low auxin content in the transgenic pleamsl the phenotypes appears not to be
consistent witfYUC-likel over expression, however, co-suppression (PTG&likely in

the light of the very higliYUC-likel transcript levels in the transgenic clones. Inepth
instances, for example iArabidopsis, YUCCA gene over expression did not lead to
significantly higher levels of auxin due to absemmk substrate for the YUC protein
(Stepanova et al., 2011). Therefore, it cannot keluded that a feed-back regulation
mechanism might be present and reduce the produatithe substrate @&YUC-likel. Such
feed-back and feed-forward mechanisms are knowrexist in other plant hormone
biosynthesis pathways, such as gibberellins. Sufdedback regulation mechanisms could
also reduce other compensating pathways for auxidygtion, resulting in the reduced IAA

content in the stem.

In this research we present data concerning trextefif a 35SSYUC-likel construct on
various experimental events in potato. Overexpoessf SYUC-likel gene resulted in small
changes in IAA content in the basal stem, whichasckd shoot and stolon branching,
increased lateral root formation and reduced leaf. Our research sheds light on the effect
that small changes in IAA content have in sevemletbpmental events of the potato plant

and on our understanding of the mechanisms thatateciranching in shoots and stolons.
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General discussion

The scope of the research presented in this tiessto elucidate the role of auxin in tuber
initiation, to describe a more accurate model difetisation physiology and to clarify the

mechanisms that mediate stolon branching. In thapter, the most important results are
recapitalized with emphasis on tuber developmeidt stolon architecture. Finally, future

prospects of this research are discussed.

A role for auxin in tuber development

Auxin is the most well studied phytohormone andipgates in a variety of developmental
processes. Early on in plant development, auxitribigion mediates embryo patterning
(reviewed in Moller and Weijers, 2009). Other deyghental events that also require new
meristem identity to be established, such as flo#erelopment (Krizek, 2011) and lateral
root formation also require the action of auxin Kbavsky et al., 2008). Recently, in
(Dhonukshe et al., 2012), it was shown that therientation of the plane of cell division of
Arabidopsis stem cells is auxin dependent, demonstrating asilgles auxin mediated
mechanism that regulates changes in the orientafioall division in plants.

Cytological studies in the stolon tip revealed thabn tuber induction, longitudinal cell
division is arrested, and the plane of cell divischanges from a lateral to a longitudinal in
order to terminate stolon elongation and achievellswy of the tuber (Xu et al., 1998). Our
hypothesis was that auxin is likely to participaietuber development. Early experiments
with applications of auxin irin vitro tuberisation systems did not provide a direct link
between auxin and tuber development or had equivesalts (Koda and Okazawa, 1983; Xu
et al.,, 1998). The advent of the genomic era irlogip provided new tools to study tuber
initiation and development though the study of gexgression and function. The differential
expression of an auxin response factor gene showipgak in expression just after tuber
initiation provided a first indication that auxitags a role in tuber initiation (Faivre-Rampant
et al., 2004). A more comprehensive expressionyaigthg a microarray approach provided a
much more detailed picture of the transcriptomeewrdgulation of genes during tuber
initiation. This microarray experiment revealedtthdarge number of auxin related genes had
a differential expression profile during early etgeim tuber development (Kloosterman et al.,
2005). Examples of such genes are ®b-like genes, amdrll-2 (auxin down+egulated)
and anacrA-like (auxin regulated gene containing a GTP-binding) sienes. Iirabidopsis,
transcript levels o&dr genes were shown to be down-regulated in presefmameaxin (Datta et
al., 1993), while in tobacc@crA expression levels are up-regulated after auxiniegubn
(Ishida et al., 1993). In potato, transcript levefsthe SPIN-like and theacrA-like gene
exhibited a peak in expression after tuber intiatiwhile theadr-like gene was down
regulated. Therefore, this expression data indicttat auxin levels are likely to increase
during early stages of tuber development. Scoringuain content in the stolon (Chapter 2,
Figure 1) revealed that after tuber initiation, iausontent is indeed increased not only in the
stolon tip, but also in the region just below thie ®©f swelling. In the analysis of auxin
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biosynthesis genes, as well adPdil family of genes which is involved in auxin trangpeve
were able to verify that the at least one auxirsymthesis gene, namé&lyUC-likel, is up-
regulated during early stages of tuber developrt@hapter 2, Figure 3). In addition, auxin
transport assays revealed that IAA is polarly tpaned basipetally from the distal stolon
apical meristem (STAM) to the proximal region oé tstolon (Chapter 2, Figure 6), indicating
that the stolon tip is a possible site of auxinsipithesis. In chapter 2, we studied the
expression pattern of tHIN gene family in potato, and we used pRIM:GUS studies to
visualize the locations d?PIN gene expression for two differeRtN genes in the swelling
tubers (Chapter 3, Figure 5). Taken together, thesdts, combined with the known role for
auxin in the development of other meristems, presigtrong evidence for a role of auxin in
tuberisation and more specifically in the eventd thke place after tuber initiation.

The group of phytohormones that has been extegssteidied for their effect on tuber
formation is the gibberellins. Application of GAssults in an inhibition of tuber initiation
(Kumar and Wareing, 1974; Xu et al., 1998). In #ddi SGA200x genes have been shown
to be up-regulated during early stages of tubeeldgwment (Kloosterman et al., 2005) and
GA content is decreasing during stolon tip swellijXg et al., 1998). The first visible sign of
tuber induction is the termination of longitudirsablon growth (Xu et al., 1998). Active GAs
are known to be involved in plant shoot elongat{Bpray et al., 1996; Coles et al., 1999)
including potato (Carrera et al., 2000; Kloosternanal., 2007). Therefore, cessation of
stolon elongation is likely to be a result of GAgdedation.n vitro experiments showed that
the termination of stolon elongation and initiatioh stolon swelling occurs 5 days after
induction to tuberise (Xu et al., 1998). Our obsd¢ionns onin vivo plant material on non-
swelling stolon tips did not indicate an increaseauxin content at day 5. In contrast, in
rapidly swelling stolon tips 16 days after tubetduntion by short days, auxin content exhibits
a four-fold increase compared to non-inductive dms. Swelling of the stolon tip is
attributed to random cell divisions and cell enéamgnt that are compatible with the role of
auxin.

Our findings on auxin content joint with the knowole for GAs in tuber initiation and
development, allows us to describe the physioldginadel that portrays the cross-talk
between GAs and auxin during early stages of tehgan. GAs and auxin seem to be
involved in tuber development in two consecutivages (Figure 1). At the stolon growth
phase, GA content is relatively high and is medg@tstolon elongation. The plain of cell
division remains transversal during this phase.iAwontent is relatively low, and the role of
auxin is to maintain stolon apical dominance. Stast conditions induce tuber initiation, and
the mobile signal StSP6A is produced and transgdrten the aerial parts of the plant to the
stolon tips (Navarro et al., 2011). When the StSRBétein reaches the stolon tip, tuber
formation is induced. GA levels are rapidly deghdad auxin content has a peak. This
occurs simultaneously with termination of longituali stolon growth, change of the plane of
cell division and swelling of the stolon to formettuber. GA content is a very important
switch in this developmental event. If GA degraoiatis hindered, a delay in the tuber
initiation can occur, while greater GA degradatwaduces tubers earlier (Kloosterman et al.,
2007).

At the tuber swelling stage, GA content has bearatted, while IAA content remains high
and slowly decreases over time, correlated witleakpn the expression of&aYUC gene. It
is during this stage that changes in the oriematiocell division in the tuber take place to
conduct tuber growthln vitro experiments with auxin application also point dbe



importance of auxin in tuber initiation (Chapter B)auxin levels remain high by continuous
application of auxin to the stolon tip, tuber fotroa is inhibited. On the other hand, a single
auxin pulsen vitro stimulates tuberisation in comparison to the aast(Chapter 2, Figure
4B). Therefore, the auxin peak that we foundivo, is an important factor for a stolon to
start swelling. Recent evidence on the role forimum regulating the orientation of cell
division in Arabidopsis (Dhonukshe et al., 2012), supports the notiondhain is likely to be
the key factor regulating changes in the orientatibcell division and tuber growth.

The direct connection between the signal transdugiathway resulting in the transport of
StSP6A protein to the stolon tip and auxin accutimaremains unclear. However, un-
published results showing protein-protein inte@ctibetween StSP6A and the potato
StKANADI transcription factor (Dr. S. Prat; Natidn€entre of Biotechnology, Madrid,
personal communication) gives an intriguing linktvbeen day-length initiation of
tuberisation and auxin. IArabidopsis, KANADI has been shown to be involved in organ
polarity (Kerstetter et al., 2001) and this polaig likely to be mediated via relocation and
differential recycling of PIN proteins (llegemsadt, 2010). Hd3a the FT homologue in rice
has also recently been shown to interact with itbe KANADI homologue OsKANADI1
(Taoka et al., 2011).

The StSP6A/KANADI interaction in stolon tips thusopides a possible mechanism for the

reorganization of auxin flow and accumulation twathave demonstrated in our experiments.

The elucidation of the light-regulated pathway foduction of tuberisation and the
identification of the corresponding mobile signafether with the action of major plant
hormones in this process now allows a novel mooddd constructed for tuberisation and
growth. Figure 2 represents a concise overviewefirocesses involved.

LD

S
@
== = | [ls

o

—

Figure 1. Changes in the GA and IAA content in the stolgn @A content is initially high and I1AA content is
low under non-inductive long day conditions. Thelat is elongating longitudinally (A). The black tted line
represents switch to tuber inductive long daysP8#stranscript (green arrow) is the mobile sigimlttreaches
the stolon tip. Elongation of the stolon is ternt@th(B), and GA content drops while 1AA contentrisreased.
Tuber swelling is achieved initially by cell tramssal division (C) and finally by random cell diwigs (D).
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The mechanism that mediates stolon branching

Auxin produced in the apex is transported basipyetalthe lower parts of the plant mainly

through influx and efflux carriers (Blakeslee et @005) that are localized in the plant cells
that maintain the Polar Auxin Transport (PAT) stne@&eviewed in Ongaro and Leyser,

2008). Release of dormancy of the axillary budaireg the export of the locally produced
auxin from the bud to the main PAT stream. Ablatidra shoot apex, obliterates one of the
main sites of auxin biosynthesis (Ljung et al., P0thus allowing auxin produced in the side
buds, to be released in the main auxin transportust (Snow, 1937; Ongaro et al., 2008).
Auxin acts indirectly to mediate shoot branchinghaut entering the axillary bud (Booker et

al., 2003), thus suggesting that a second mess&uyarstream of auxin may be required
along with auxin to regulate side shoot outgrowlfwvo candidates for the role of the

secondary messenger have been described; cytolanohstrigolactones (Gomez-Roldan et
al., 2008; Ongaro and Leyser, 2008). Cytokininsteaasported acropetelly and can directly
promote bud activation (Sachs and Thimann, 1967addition, auxin content is negatively
correlated with cytokinin biosynthesis, suggestingt auxin might regulate shoot branching
by controlling cytokinin content (Nordstrom et &Q04; Tanaka et al., 2006).

Strigolactones are a recently discovered grouphytghormones with an effect on shoot
branching (LOpez-Réaez et al., 2008; Umehara et 24108; Brewer et al., 2009). The
branching phenotype of several mutants with in@eédsranching such afecreased apical
dominance (dadl) in petunia andmore axillary branching (max) in Arabidopsis can be
rescued when these mutants are grafted on wild typts, suggesting a mobile signal that
moves from the roots to the above ground parthefplant. In addition, SL levels in these
mutants were lower, and SL application restoredphenotype to the wild type (Gomez-
Roldan et al., 2008; Umehara et al., 2008) sugygdhiis mobile signal is SL, or is derived
from SL. SLs have been shown to be transportedigiirahe xylem sap iArabidopsis, and
transcription of genes involved in SL biosynthesis up-regulated by auxin (Foo et al., 2005;
Hayward et al., 2009), making SLs a good candiftat¢he secondary messenger mediating
shoot branching together with auxin. SLs are sugge$o act directly in restraining the
release of the side bud growth (Brewer et al., 2089indirectly, by modulating auxin
transport (Prusinkiewicz et al., 2009).

Botanically, stolons are etiolated shoots that gohageotropically in the soil. In chapter 2,
studies on the directional movement of radio lathelaxin verified that auxin is transported
from the stolon apical meristem to the basal pafrtthe stolon. Study of auxin biosynthesis
genes revealed that at least one auxin biosynthesis is expressed in the stolon tip, and the
expression study of th&PIN gene family revealed that ti#N genes are expressed in the
stolon tip transporting auxin out of the apical imEm. Thein vitro experiments with
ablation of the stolon tip increased the numbesidé tubers grown on the explants (Chapter
2, Figure 1A), while application of auxin removedust promotion (Chapter 2, Figure 1B).
Chemically ablating the stolon tip by applying autiansport inhibitor or auxin antagonist
had the same promoting effect (Chapter 2, Figure hGaddition, application of artificial SL

in thein vitro system strongly inhibited tuber formation in theleh apex as well as in the
side buds, suggesting that the genetic machiner$ligerception and action is present in the
stolons. SL detection assays in plants grown io@®ric systems revealed that the potato is
able to produce at least two different SLs (Chaftdfigure 5). These results suggest that a



similar system to the one described in shoots é&sent in the stolons and mediates the
formation of tubers under tuber inductive condiion such a model, auxin is produced in
the stolon apex and is moving basipetally through PAT stream. Strigolactones act
synergistically with auxin to prevent side bud satgth. Ablation of the stolon tip results in
dampening of the PAT and the buds are released dmmmancy by pumping their locally
produced auxin in the stolon. Enhanced stolon Iviagcwill result in a higher number of
secondary stolon apical meristems that are ablpraduce tuber initials, under inductive
conditions. Therefore, the hormone regulated stdlianching is an important feature that
controls the number of tubers produced by the pgiknt (Figure 2).

A
AL
- -3
=dennna- L Ty ey I;y ----- |
R5—
B
P

Figure2. Representation of the mechanism that mediatesrstmlanching. (A)Red arrow represents the Polar
Auxin Transport that mediates basipetal movemerauxin from the sites of biosynthesis in the stdipnto the
basal part of the stolon not allowing the side stobuds to shoot. Green arrow with dashed lineessprts
Strigolactones that are moving in the oppositeatiiva to auxin in the stolon and act synergisticalith auxin to
inhibit bud outgrowth. Small red arrows in the siials represent the locally produced auxin thabtsable to be
transported into the main auxin stream. (B) Ablatidrthe stolon tips is enough to allow the locglypduced
auxin in the side buds of the stolon to be reledsmd their dormancy and produce tubers under tirmhrctive
conditions.

Changes in GA content, as well as changes in auxin content can both
result in an increase in the number of tubers, but not in total tuber
yield

In chapters 4 and 5, we used reverse genetic agptoanvestigate the role of gibberellins
and auxin in tuber development. Investigation &f Hverage tuber weight and total tuber
weight in the 35SYUC-likel and in theXGA30x2 RNAI transformed plants revealed that in
both cases, the number of tubers was altered butothl tuber weight was not significantly
different.

Little is known about the role of auxin in potattbér yield and the role of auxin has been
investigated mainly on tuber initiation and devehgmt. In chapter 4, the 353 YUC-likel
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transformed plants exhibited enhanced shoot bragchitered auxin content and altered root
development (Chapter 4, Figure 3). In addition,tlie stolons enhanced branching was
noticed, and in several independent clones the eurob tubers per plant was increased
(Chapter 4, Figure 4A) or the yield per plant waduced (Chapter 4, Figure 4B). Reduced
yield in some clones was attributed to the fact tha stolons had numerous small tuber
initials that were not scored as set tubers dukein small size. In all cases, the average tuber
weight of the transgenic clones was significantyvér compared to the control plants
(Chapter 4, Figure 4C). In addition, all tubersdarced by clone 8 had cracks that extended
from the tuber apex to the tuber heel, where theertus attached to the stolon. The
phenotypes observed in stem and roots of the ¥38:iikel transgenic potato plants were
not always in alignment with higher auxin contesmnaticed forArabidopsis and rice (Cheng

et al., 2006; Yamamoto et al., 2007) and fit bettgh lower auxin content as predicted in
(Prusinkiewicz et al., 2009). Scoring of the ausamtent revealed that the IAA content in the
stem was lower than in the untransformed contrblafer 4, Figure 7), possibly due to low
substrate availability. In addition, lower auximgent can reduce the apical dominance of the
stolon apical meristem, allowing a greater numbiestolon side buds to shoot and form
tubers under tuber inductive conditions, providangossible explanation why an increase
number of tubers is noticed in the transgenic @done

In chapter 5, we investigated the effect of silagcBGA30x2 that is involved in GA
biosynthesis on tuber initiation and tuber formati@he transgenic clones had shorter stem
length, smaller leaf size (Chapter 5, Figure 2) alteled GA content (Chapter 5, Figure 4).
The number of tubers in the transgenic clones \ggsiavestigated and in several transgenic
clones was higher compared to the control ChaptéClapter 5, Figure 3A) but the average
yield did not seem to be different in the majotythe transgenic clones (Chapter 5, Figure
3B), resulting in lower average tuber weight (Cleaph, Figure 2C). Potato plants with
antisense fol¥GA200x1 cDNA, a gene also participating in active GA biuesis, also
exhibit shorter stem and internode length, but badearlier tuberisation phenotype and
increased vyield (Carrera et al., 2000). In addjtigotato clones down-regulated for
SGA20x1, a gene involved in active GA degradation, hadnmasked changes in the aerial
part of the plant, but produced elongated tubegllsvgs or had a higher degree of stolon
branching. Two of the transgen®#8GA20x1 suppression clones had a lower yield. Over-
expressingxGA2ox1 also resulted in lower average tuber yield witanpé having either
fewer or smaller tubers (Kloosterman et al., 20@Yr finding that the tuber yield was not
altered in theéxGA30x2 RNAI transgenic clones is partially in contrastiwihe findings on
changes on yield when other steps of the GA bid®sgis pathway are altered.

Based on these results, it seems likely that tlysiplogical pathways described in this thesis
exert their main affect on the time point of tulbgtiation or alter the stolon development to
deliver more or fewer tuber, but the yield capaoityhe potato plant seems to be independent
of these pathways. Yield capacity is more likelyli® dependent on the nutritional and
physiological status of the plant material, comafi§ that were similar in all the experiments
described in this thesis.



Future perspectives

The research described in this thesis succeedsssigrang a role for auxin in tuber
development, as well as in providing evidence oa thechanism that regulates stolon
branching. In addition, studies with transgenimel® that have altered IAA and GA content
revealed that tuber yield was not affected by ttghormone levels, but there was a change
in the number of tubers produced.

In this work, we discussed the phytohormone patlswHat mediate tuber formation.
However, several other pathways have been showerisd that remain to be elucidated. For
example, theSIBELS5 transcript is increased under tuber inductive damds and SBELS
over-expression in potato plants overcomes thebittny effect of long days on tuber
formation (Chen et al., 2003). StBEL5 transcriptremsported from the aerial parts of the
plant to the stolon tips in a photoperiod dependeainner. Furthermore, th&BELS5
transcription is induced by light (Chatterjee et, &007). StBEL5 with its heterodimer
partner, StPOTH1, have been shown to effect GAldety regulatingSGA20ox1 gene
expression (Chen et al., 2004) therefore consiguBtBELS a possible link between the
photoperiodic and the phytohormone tuber indugbathways.

The micro RNA miR172 has also been proposed to playimportant role in tuber
development. miR172 is involved in FT gene expmsan Arabidopsis that regulates floral
transition and miR172 transcript levels are medidtg the light receptor phyB (Matrtin et al.,
2009) The Arabidopsis FT gene expression is regulated KYONSTANS In addition,
CONSTANS gene expression is represseddifF1 (member of thédOF genes) gene and by
the FKF/GI complex (Sawa et al., 2007). Is has dmmonstrated irrabidopsis, that one
DOF gene,DAGI, acts as a negative regulator AiGA30x1 by binding directly on the
promoter and also that DAG1 acts functions as aatingg component of phyB-dependent
responses (Gabriele et al., 2010). If such a simégulation system was present in potato,
phyB dependent short day sensing would result wind@gulation of th&xGA3ox1 gene and
SCO gene would be repressed, resulting in a releastheofpotatoFT gene expression,
including SP6A that has been shown to regulate tuber initiatidmerefore, such a potato
DAG1 gene may have an additional role of the link betwé¢he photoperiod dependent
pathway and levels of GA.

It remains challenging to try to explain how otfetors that are involved in tuber initiation,
such as sucrose content, nitrogen levels and textyser fit in a more holistic model for tuber
development. It cannot be excluded that environalefactors, like low N content and
optimal temperatures are perceived by the plantenrthnce the tuberising signal. On the
other hand, it has been postulated that sucrosk itsght even be an inductive signal for
tuber development (Ewing and Struik, 1992). Theea# of these parameters need to be
examined in more detail in order to contribute e full model that can describe tuber
initiation and growth.

Another interesting point that grants further irtigegtions is how auxin mediates tuber
development. When the events are placed in a clogical order, IAA content peak in the
stolon tip is followed by changes in the orientataf the plane of cell division. Auxin is
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known to participate in a variety of events thajuiee changes in the orientation of the place
of cell division and changes in meristem identitys possible that the role of auxin in tuber
development involves rearranging the direction @atd of cell division in the growing tuber.
Therefore a more detailed study of the directioraokin transport by the PIN proteins in
specific cells in the swelling stolon as well asefy tuned auxin applications in the stolon
apical meristem would be informative on the efi@chuxin in the new growing organ.

From an agronomic point of view, elucidating thecirenism that mediates stolon branching
is very important. For the first time, there is sdwevidence that auxin is produced in the
stolon tip and that stolon branching is mediatedaltsimilar mechanism to shoot branching,
but auxin or changes in the balance between therale@GAs that are present in the potato
plant do not affect tuber yield. Under tuber intles conditions, the side shoots can result in
tubers grown in the side of the stolon. It wouldveey interesting to study methods that can
regulate stolon branching, depending on the desesdlts, small tubers that are suitable for
seed potatoes or bigger tubers that are orientatethe food market. Research presented in
this thesis is only the base for understandingamdrolling auxin mediated stolon and tuber
development.
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Summary

Potato Solanum tuberosum) is one of the most important crop plants. It gesat nutritional
value for man and is used in industry in a wideetgrof applications. Among agricultural
commodities, potato is ranked With a value of over 44 billion dollars at a woside scale.
The edible part of the potato plant is the potat®t that grows at the tips of etiolated shoots,
called stolons. Study of the physiology of tubeitiation revealed a role for gibberellins
(GAs) in tuber initiation. GA degradation genes aperegulated prior to visible swelling and
and GA levels decrease rapidly at the early stajesiber induction. A more detailed
investigation of the expression pattern of genemdwearly stages of tuber development with
the use of a microarray chip, provided new insight the phytohormone related genes
involved in tuber initiation and development. SeWeauxin related genes exhibited a
differential expression pattern, indicating thatxiau might be involved in tuber
organogenesis. Auxin is one of the most importaut well studied phytohormones, with a
role in many developmental events, such as embmtbenning, shoot branching and
adventitious root formation. In several of theseastons, auxin mediated changes of the
plane of cell division is an important feature thigve organ development.

In this thesis we try to elucidate the role of auand its branching counterpart, Strigolactones
(SLs) in tuber initiation and development. In aiboit we study the physiological
mechanisms that regulate stolon branching, andeffect of changes in the branching
mechanism on tuber numbers and tuber yield. Furtbes, we study the effect of altered GA
content on stolon branching and tuber developmeahtygeld.

In chapter one, we discuss the importance of thatparop and introduce auxin, SLs and
GAs, the biosynthesis pathways and their respectiles in plant development. In addition,
we discuss the mechanisms that mediate shoot branahd the factors that regulate tuber
initiation.

In chapter two, we used several different approa¢benvestigate the role of auxin in tuber
initiation and development. Auxin applications ioitéd in vitro_tuber initiation when 1AA |
was renewed in the medium. On the other hand, ahause of auxin was provided to time
vitro explants, the rate of tuberisation was increaBkzhsurements of the auxin contentrin
vivo stolon tips revealed that auxin content peaketipusr to tuber swelling. In addition,
expression studies of auxin biosynthesis genes athdlaat at least ondJC-like gene that is
likely to be involved in auxin biosynthesis, hapeak in expression prior to the increase in
IAA content. Radiolabeled IAA transport assays @atied that auxin is polarly transported
from the stolon tip to the basal part of the stolbhis finding indicates auxin is synthesized
in the stolon tip. Furthermore, application of Shghein vitro tuberisation system strongly
inhibited tuberisation, and measurements of staicfoine content imn vivo plants revealed
that potato plants are able to produce SLs. Tabgether, this data highlight a role for auxin
in tuber development, and helped us to descrilbeeahanism for stolon branching analogous
to the control of above ground shoot branching .

An earlier microarray chip experiment on potatostutlevelopmental stages had revealed that
at least twd?IN-like genes had a peak in expression during early stfgaber development.
In chapter three, we identify ten members of Bil family of genes in potato based on
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sequence similarity with knowRIN genes. Using the RNA-seq data generated within the
potato sequencing project, we investigate the egpya pattern of thBIN family in various
tissues in potato. Using the tuber developmentyest as described in chapter two, we
investigated the expression pattern of Bill gene family during the early stages of tuber
development. We cloned the promoter regionSBINV and SPINVII, and used them in
promoter driven GUS constructs in order to vis@atise locations of expression of those two
PIN genes in various tissues of the potato plant asdtowers, roots and swelling stolon tips.
Finally, we combine the results of chapters two #@meke to discuss the role of auxin
distribution in tuber initiation and development.

GAs is a group of phytohormones that is known halired in tuber initiation. In chapter
four, we report the cloning dtGA3ox2 and the use of this gene in an RNAIi construct to
silence its expression in potat&tGA3ox2 is known to be involved in the degradation of
active GAs into inactive formsXGA3ox2 RNAIi plants exhibited shorted shoot length,
smaller leaf size and smaller average tuber weigin, to increased number of tubers per
plant. The content of several GAs was determineds well as the expression of GA
biosynthesis and degradation genes in the traitsgkmes and reveals changed metabolic
fluxes of GA pathways due to the silencing6A30x2 expression. Finally, we discuss our
results with respect to the current literature ba tole of GA in tuber initiation stolon
architecture and tuber development.

In chapter five, we investigated the role &fYUC-likel gene in tuber initiation and
developmentSYUC-likel was identified to have a peak in expression dutufigr induction
and prior to tuber swelling in the tuber developtakstages from chapter twStYUC-likel
was cloned into a CaMV35S over-expression vectdrteansformed into potato plants. The
transformed clones exhibited enhanced shoot arldnstaranching, enhanced lateral root
formation and decreased average tuber weight dineteased number of tubers per plant. In
addition, one of the transgenic clones exhibitenagked tuber phenotype. Measurements of
the IAA content in the transgenic clones revealed the transgenic clones had less auxin in
the basal stem, providing explanation for the phgreobserved that are consistent with the
lower auxin content phenotypes. Furthermore, weudis the role of auxin biosynthesis in
stolon branching and how it impacts on the numibéulmers that are produced.

In chapter six, we summarise the most importanili®ef this thesis. We discuss the role of
auxin in tuber development based on the auxin comeak and the possible interaction with
GA to regulate tuber initiation and growth. In ddth, we portray an auxin mediated model,
similar to the one that is present in shoots, tuaitrols stolon branching. Furthermore, the
effect of altered GA and IAA content on the numbétubers and tuber yield is discussed.
Finally, we present the future prospects of thekwan tuber initiation and development
research as well as from an agronomic point of view



Samenvatting

Aardappel (Solanum tuberosum) is een van de béjesigr landbouwgewassen wereldwijd
(rang 7) met een economische waarde van meer damilgd dollar. Het heeft een hoge
voedingswaarde voor de mens alsook een grote \@dstheid aan industriele toepassingen.
Het eetbare deel van de aardappelplant is de Keafjrdeit op de toppen van geétioleerde
scheuten, de zogenaamde stolonen. In eerdere snahe de gebeurtenissen voorafgaand en
tijdens aardappelknolinitiatie werd al snel een ticda rol voor het plantenhormoon
Gibberelline (GA) gevonden. GA degradatie genendenral op-gereguleerd nog voordat de
eerst stolon zwellingen zichtbaar zijn, met alsalgwat GA niveaus snel afnemen tijdens de
eerste stadia van knolvorming. Een meer gedetdilleederzoek naar de expressie van genen
tijdens de eerste stadia van knolontwikkeling nmetldp van een microarray, resulteerde in
nieuwe inzichten met betrekking tot hormoon geeslede genexpressie. Naast GA genen
werden ook verschillende auxine (IAA) gerelateegdeen geidentificeerd met differentiéle
expressie tijdens knolvorming. Dit resulteerde éenadinname dat er ook een regulerende rol
voor auxine is weggelegd tijdens aardappelknolvognAuxine is een van de belangrijkste
en best bestudeerde fytohormonen, met een rol @h aetwikkelingsgebeurtenissen zoals
embryo ontwikkeling, stengelvertakkingen en adwmiwortelvorming. In een aantal van
deze processen is een verandering van de orienitieceldeling een belangrijk kenmerk
waarin auxine een belangrijke rol lijkt te spelen.

In dit proefschrift proberen we de rol voor auxiren zijn tegenhanger m.b.t
stengelvertakkingen, strigolactonen (SLs) in deulaie van knol initiatie te ontrafelen.
Daarnaast bestuderen we de fysiologie van stoltakkingen, en het effect van
veranderingen in stolonvertakking op knol aantabenopbrengst. Ook doen we onderzoek
naar de invioed van veranderde GA concentratiestapnen vertakking, knolontwikkeling
en opbrengst.

In hoofdstuk 1 bespreken we het belang van deapped als voedings gewas en beschrijven
we de factoren van belang voor aardappelknol induddaarnaast introduceren we de
biosynthese routes van de planten hormonen auSinen GA en hun functies in relatie tot

plant ontwikkeling. Ook wordt het mechanisme vaengelvertakkingen besproken met de
focus op bovengenoemde planten hormonen.

In hoofdstuk 2 gebruiken we verschillende onderzaeithoden om de rol van auxine te
begrijpen tijdens het proces van knolinitiatie erivwokkeling. Applicatie van auxine (I1AA)
aan het medium remt in vitro knol inductie als alexine in het medium op tijd wordt
ververst. Anderzijds, wanneer een enkele puls vaina aan in vitro explantaten word
gegeven, lijdt dit uiteindelijk tot een versterlkeolintiatie phenotype. Uit metingen van de
auxine concentratie in de stolon tips bleek datirenpiekt vlak voor stolonzwelling.
Expressie studies van auxine biosynthese genemléoman dat ten minste een van de YUC-
achtige genen, betrokken bij de biosynthese vamauren piek in expressie heeft nog voor
de piek in auxine concentratie. Met radioactiefageld IAA wordt aangetoond dat auxine
polair wordt getransporteerd van de stolon tip rerbasale deel van de stolonen. Op basis
van dit resultaat kan worden geconcludeerd datnauixi de stolon tip wordt geproduceerd.
De applicatie van Strigolactones (SL) in het irrorituberisation systeem resulteerde in een
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sterke inhibitie van knolzetting en via metingem\de strigolactone concentratie in in vivo
planten wordt voor het eerst aangetoond dat aaefi@ippten strigolactones kunnen
produceren. Al deze gevens tesamen tonen een oolauxine in knol ontwikkeling, alsook
een rol in stolonvertakkingen opeenzelfde maniealzdeschreven in bonvengrondse
stengels.

Uit een eerdere microarray experiment met vernssiden aardappel ontwikkelingsstadia
bleek dat ten minste twee PIN-achtige genen, bled#mokoij auxin transport, een piek in
expressie vertoonden tijdens de vroege stadia vetoktwikkeling. In hoofdstuk drie,
beschrijven we de identificatie van tien leden danPIN-familie van genen in aardappel op
basis van sequentie-overeenkomst van beschrevegd?idh uit andere species. Met behulp
van de RNA-seq data, gegenereerd binnen het aaidsgquencing project , onderzoeken we
het expressiepatroon van de PIN-familie in de \ellsnide weefsels van de aardappelplant.
Ook wordt de expressie van de verschillende PINegegevolgd tijden verschillende
knolontwikkelingsstadia. De promoters van twee familie leden zijn gekloneerd en
localisatie van expressie in de aardappel plaoitgevoerd via GUS reporter constructen en
gevisualiseerd in verschillende weefsels van delaggelplant zoals bloemen, wortels en
stolon tips. Aan het eind van hoofdstuk 3 worderregiltaten voor auxine distributie in de
aardappel besproken in relatie tot de resultatarheafdstuk 2.

Gibbereline (GA) is een groep van fytohormonen waar bekend is dat ze betrokken zijn bij
knolinitiatie. In hoofdstuk vier beschrijven we Kenering van StGA30x2 en het gebruik van
dit gen in een RNAI construct om StGA30x2 expredsieverlagen. Voor StGA3ox2 is
bekend dat het betrokken is bij de afbraak vareaetGAs naar inactieve vormen. StGA30x2
RNAI planten vertoonde verkorte stengels, kleislad en een lager gemiddeld knolgewicht,
dit laastste met name als gevolg van toename viaaameal knollen per plant. De veranderde
concentraties van GAs en de expressie van GA bibega en afbraak genen in de transgene
klonen, laat zien hoe de GA metabole routes verandels gevolg van de verlaagde
expressie van StGA3ox2. Tot slot bespreken we oaszaltaten over de rol van GA in
knolinitiatie en ontwikkeling in relatie tot de Mige literatuur.

In hoofdstuk vijf onderzoeken we de rol van StYUK®L gen, een auxin biosynthese gen, in
knol initiatie en ontwikkeling. StYUC-likel werd fentificeerd met een piek in expressie
tijdens knolinitiatie in de ontwikkelingsstadia ®deschreven in hoofdstuk twee. StYUC-
likel werd gekloneerd in een CaMV35S over-expresgetor en getransformeerd in
aardappelplanten. De getransformeerde klonen vettoo versterkte stengel en
stolonvertakkingen en meer laterale wortelvormitgp@k en een lagere gemiddelde tuber
gewicht door een verhoogd aantal knollen per plaat van de transgene klonen vertoonde
ook een interessant gebarsten knol phenotype. Bliingen van de IAA concentratie in de
transgene klonen bleek dat de transgene plantedemiauxine ophoopten in het basale
stengel gedeelte, wat overeenkomt met de verhoegmal stengel vertrakkingen in dit
gedeelte van de plant. Daarnaast beschrijven weld@n auxine biosynthese in de regulatie
van stolonen vertakking en hoe dit relateerd aamadatal knollen die worden gevormd.

In hoofdstuk zes, vatten we de belangrijkste rageft van dit proefschrift samen. We
bespreken de rol van auxine bij knol ontwikkelinghmsis van de auxine concentratie piek en
de mogelijke interactie met GA om het proces vaal knitiatie en groei te reguleren. We



beschrijven een model voor stolon vertakkingen esekomstig met het model zoals
beschreven voor bovengrondse stengelvertakkingeh eea centrale rol voor auxine.
Bovendien wordt het effect van gewijzigde GA en IA#houd op het aantal knollen en
knolopbrengst besproken. Tot slot presenteren weortierzoeks mogelijkheden op het
gebied van knol initiatie en ontwikkeling vanuithdandbouwkundig oogpunt.
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Chapter 2

Supplementary Figure 2.1. Expression analysisvef §itYUC-like genes during early stages in tubeetmment.
Stage 1; stolon tip grown under long day conditibdh) light. Stage 2; Stolon tip harvested 5 ddter awitch (5
DAS) to short day conditions (8 h light). Stage st visible swelling harvested 6-7 DAS. Stagetuher
initiation (7-8 DAS). Stage 5; Tuber size 1 wittaddieter of about 0.8 cm (9-10DAS). Stage 6; Tulmr 28i(11-12
DAS). Stage 7; Tuber size 3 (15DAS) and stage &iefwsize 4 (25 DAS). On the X axis, A correspormls t
transcript number PGSCO0003DMT400030255 in the potagenome (PGSC, 2011), B to
PGSC0003DMT400038139 (StYUC-likel), C to PGSC0003DMIDE2778, D to PGSC0003DMT400051713
and E to PGSC0003DMT400097007.
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Chapter 3

Supplementary Table 3.1.Accession numbers of thabidopsis PIN genes used in

alignment.

Arabidopsis  Accession number

AtPIN1 AF089084
AtPIN2 AF086906
AtPIN3 AF087818
AtPIN4 NM_126203
AtPIN5 QSLFP6
AtPIN6 Q9SQH6
AtPIN7 NM_102156
AtPIN8 NM_121514

Supplementary Table 3.2. Primers for qRT PCR usedis study.

Primer number sequence ( in 5' --->3' order)
StPINIII F AGGCAGCTCTACCACAAGGA
StPINIII R CAAGCCCAACAAACAAAACC
StPINVII F TCATCTAAAGGGCCAACACC
StPINVIIR GTTGTATAGCTCCCCGCTCA
StPINIVa F ACCAATGCTCAGGGATCAAC
StPINIVa R GTCAGCTGCAATGAATCGAA
StPINV F GGGACCCACTGGACTGACTA
StPINV R ACTTGCTGGAGGCATCTGTT

StPINI F CCCCAAGCAGTGACATCTTT
StPINI R CGAAATTATGGTGCCAACAA
StPINVI F GAATCCGCATTTTCATCCTC
StPINVI R CCCGTTATGTAAAGGCGTGT
StPINXa F CAGCCGAGCTGTTTCCTAAC
StPINXa R TTTTCGCCACACCATAATCA
StPINII F ATAGCATGCGGAACCAAAAA
StPINII R TGTCCCCTTAGTCCAACAGC
StPINXb F TTGGCCTAACTTGGTCCTTG
StPINXb R AAACATTGCCATTCCGAGAC
StPINVDb F ATGTCAAAGGCAGGAAGTGG
StPINVb R GTGCCACCAGCCATTACTTT
elF3e F GGAGCACAGGAGGAAGATGAAGGAG
elF3e R CGTTGGTGAATGCGGCAGGAAGGAG




Supplementary Table 3.3. Primers used for cloning.

StPINV prom F CACCaaagttccaagttcaatc
R tttcgcaaaaaaaattgtcaaatag
StPINV gene F CACCaaaatgatcacttggcacga
R caatggaggccttcaaaa
StPINVII prom | F CACCgtcacatcctcagaccaag
R tcaaatttcgagaatccaacaa
StPINVII gene | F CACCatgcacaactaaatgagtatga
R aaaagagagaaaagtatgaaag

Supplementary Table 3.4. Genomic location ofStitN genes.

PIN gene
StPINV
StPINIII
StPINIVa
StPINXb
StPINVII
StPINXa
StPINVI
StPINI
StPINII
StPINIVb

Genomic area

PGSC0003DMB000000051:1583809..1580797
PGSC0003DMB000000026:1618465..1622012
PGSC0003DMB000000322:55773..58731
PGSCO003DMB000000379:54866..546988
PGSC0003DMB000000613:194621..197391
PGSC0003DMB000000008:4038046..4041324
PGSC0003DMB000000227:699831..693452
PGSCO003DMB000000068:6791..3618
PGSC0003DMB000000004:2324342..2326593
PGSC0003DMB000000123:720022..721629
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Supplementary Figure 3.1. Alignment of the StPINI &tPIN proteins was performed with
ClustalWw2-Multiple Sequence Alignment (http://wwbi@c.uk/Tools/msa/clustalw2/)
alignment type: slow, and alignment options: ddfafi': identical, ™": conserved

substitutions, ".": semi-conserved substitution).

StPIN 11 M TLSDFYHVMIAVVPLYVAM LAYGSVKW/KI FSPDQCSG NRFVALFAVPLLSFHFI A 60
At PI N1 M TAADFYHVMIAWPLYVAM LAYGSVKW/KI FTPDQCSG NRFVALFAVPLLSFHFI A 60
St Pl NXa M TVSDLYHVLTAVVPLYVAM LAYGSVKWAKI FSPDQCSG NRFVALFAVPLLSFHFI A 60
St PI NXb M SLSDLYHVLTAVVPLYVAM LAYGSVKWAKI FSPDQCSG NRFVALFAVPLLSFHFI A 60
St PI NI Va M SVHDL YWWLTAVVPLYVAM LAYGSVRW/KI FSPDQCSG NRFVAI FAVPLLSFHFI S 60
St PI NV M TVWHDL YWWLTAVVPLYVAM LAYGSVRW/KI FSPDQCSG NRFVAI FAVPLLSFHFI A 60
At PI N3 M SWHDLYTVLTAVI PLYVAM LAYGSVRWAKI FSPDQCSG NRFVAI FAVPLLSFHFI S 60
At PI N7 M TWHDLYTVLTAVI PLYVAM LAYGSVRWAKI FSPDQCSG NRFVAI FAVPLLSFHFI S 60
At Pl N4 M TVWHDLYTVLTAVVPLYVAM LAYGSVQWKI FSPDQCSG NRFVAI FAVPLLSFHFI S 60
St PI NVI | M NGKDI YDVLAAI | PLYVAM LAYGSVRW/KI FTPDQCSG NRFVAVFAVPLLGFHFI S 60
At PI N2 M TGKDMYDVLAAMVPLYVAM LAYGSVRWAG FTPDQCSG NRFVAVFAVPLLSFHFI S 60
St PI NI M SLRDVYHVVAATI PLYVVM LAYI SVRWEKLFSPEQCSG NKFVAKFSI PLLSFQVI S 60
At PI N8 M SW.DI YHVWSATVPLYVSMILGFLSARHLKLFSPEQCAG NKFVAKFSI PLLSFQ I'S 60
StPINVI  meeeeeem - MVPLYFAM VAYGSVKW/KI FSPEQCSG NRFVAVFAVPVLSFHFI S 47
L N e

StPI N M GADDI YKVVVGWWPLYVAL I LGYGSVKWMHMFKPEQCDTI NRFNCFFI LPFFNFQFI A 60
St Pl NVb M EWLDI YKVI EAMVPLYLAL GLGYGSVKW/HKL SAEHCDAI NRLNYFFVLPFFTFDFI S 60
At PI N5 M NCGDVYKVI EAMVPLYVALI LGYGSVKW/H FTRDQCDAI NRLVCYFTLPLFTI EFTA 60
StPINII ANNPYTMNI RFI AADTLQKLI VLGVLAVWANVSK- - - - - RGSLEWSI TLFSLSTLPNTLV 115
At PI N1 ANNPYAMNL RFLAADSL QKVI VLSLLFLWCKLSR- - - - - NGSLDWII TLFSLSTLPNTLV 115
St PI NXa SNNPYAMNYRFI AADTLQKVI VLVWLAI WBRI SS- - - - - RGSLEWSI TLFSLSTLPNTLV 115
St Pl NXb SNNPYAMNYRFI AADTLQKI | VLFVLAI WERVSS- - - - - RGSLEWSI TLFSLSTLPNTLV 115
St PI NI Va M\NPYEMNFRFI AADTLQKVI MLI VLCI WBNVTK- - - - - NGSLEWSI TI FSLSTLPNTLV 115
St PI NV M\NPYEMNFRFI AADSL QKVI MLVWLSLWANLTK- - - - - NGSLEWSI TI FSLSTLPNTLV 115
At PI N3 TNNPYAMNLRFI AADTLQKI | MLSLLVLWANFTR- - - - - SGSLEWSI TI FSLSTLPNTLV 115
At PI N7 SNNPYAMNLRFI AADTLQKLI MLTLLI | WANFTR- - - - - SGSLEWSI TI FSLSTLPNTLV 115
At PI N4 TNDPYAMNFRFVAADTLCKI | MLVLLALWANLTK- - - - - NGSLEWM Tl FSLSTLPNTLV 115
St PI NVI | TNDPYSMNYHFI AADSLQKWVI LFALFI WHVFSK- - - - - RGSLEW/I TLFSLSTLPNTLV 115
At Pl N2 SNDPYAMNYHFLAADSL QKVVI LAALFLWOAFSR- - - - - RGSLEWM TLFSLSTLPNTLV 115
StPIN I GSNLYKVNLKLLLADFI QKFLAVFLLAI FAKLKP- - - - - KGNLTW | TGLSVSTLPNTLI 115
At PI N8 ENNPFKMSPKLI LSDI LQKFLVVVWLAWLRFWHPTGGRGGKLGW/I TGLSI SVLPNTLI 120
St Pl NVI QNNPYQVDTKFI LADTLSKI LVLVLLSWMAI CK- - - - - - - GQLDWLI TLFSVSTLPNTLV 100
AtPIN6 ---------- FI LADTLSKI FVFVLLSLWAVFFK- - - - - AGGLDWLI TLFSI ATLPNTLV 45
StPIN NI NPYNLNYLFLTGDVI AKALVI LI LVLWANFYR- - - - - KGSFSWE TTFSLSTLNNTLV 115
St PI Nvb QVNPYKMNYPFI CGDLI AKAI | GFFLTLWANFYS- - - - - KGNFSWSI TTFSFCSLTNALV 115
At PI N5 HVDPFNWMNYRFI AADVLSKVI | VTVLALWAKYSN- - - - - KGSYCWSI TSFSLCTLTNSLV 115
StPINII M3 PLLKGWGEFSGSLMWQ WLQCH | WTLM_.FMFEFRGARLLI SEQFP- DTAGSI VS 174
At PI N1 M3 PLLKGWGNFSGDLMVQ WLQCH | WYl LMLFLFEYRGAKLLI SEQFP- DTAGSI VS 174
St PI NXa M3 PLLKGWYGDASGSLMWQ WLQCI | WTLMLFLFEYRGARMLI AEQFP- DTGGSI VS 174
St Pl NXb M3 PLLKGWYGDASGSLMWQ WLQCI | WTLMLFLFEYRGARMLI AEQFP- DTGGSI | S 174
St PI NI Va M3 PLLI AMYGEYSGSLMWQVWWLQCI | WTLLLFLFEFRGAKMLI MEQFP- ETAGEI VS 174
St PI NV M3 PLLI AMYGEYSGSLMWQVWLQC! | WTLLLFLFEYRGAKMLI MEQFP- ETAASI VS 174
At PI N3 M3 PLLI AMYGEYSGSLMQ WLQC!H | WTLLLFLFEFRGAKM.I MEQFP- ETAASI VS 174
At PI N7 M3 PLLI AMYGEYSGSLWQ WLQCI | WTLLLFLFEYRGAKI LI MEQFP- ETGASI VS 174
At Pl N4 M3 PLLI AMYGTYAGSLMWQUWWLQCI | WTLLLFLFEYRGAKLLI MEQFP- ETGASI VS 174
St PI NVI | M3 PLLKAMYGDFSGNLM/Q VWWMQEVI WTLM.FMFEYRGAKLLI GEQFP- ETAASI TS 174
At PI N2 M3 PLLRAMYGDFSGNLMVQ WLQSI | WTLM_FLFEFRGAKLLI SEQFP- ETAGSI TS 174
StPIN I LG PLI KAl FGDAAAELLAQLI ALQSLVWYNLLLLLFELN- - - - - ATKES- - - - - - YMVB 164
At PI N8 LGVWPI LSAI YGDEAASI LEQI VWLQSLI WYTI LLFLFELN- - - - - AARALP- SSGASLEH 174
St PI NVI MG PLLNAMYGDFTQSLMVQLVWLQC!H | WWTLLLFLFEYRAATI LI KNQFPGNVAASI TK 160
At PI N6 MG PLLQAMYGDYTQTLMVQLVWLQC! | WTLLLFLFELRAARLLI RAEFPGQAAGSI AK 105
StPIN VGVPLMKAMYGDLGVDLVVQAAVI QALLW.TSLLFALEFWKTKMNNNIE NG - - - - - - - - - 166
St Pl NVb ME PVMNAMSPQVGVDLVI QSLAI QFLI WSI | | QFMVELKNAKDEI MACEG- - - - - - - - - 166
At PI N5 VGVPLAKAMYGQQAVDL WQSSVFQAIl WAL TLLLFVLEFRKAGFSSNNI SD- - - - - - - - - 166

R . AT Sk ek ok
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St PI NXb
St PI NI Va
St PI NV
At PI N3
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At Pl N4
St PI NVI |
At PI N2
StPINI
At PI N8
St PI NVI
At Pl N6
StPIN
St Pl Nvb
At PI N5

StPIN 11
At PI N1
St Pl NXa
St Pl NXb
St PI NI Va
St PI NV
At PI N3
At PI N7
At Pl N4
St PI NVI |
At PI N2
St PI N |
At PI N8
St PI NVI
At PI N6
StPI NI
St Pl NVb
At PI N5

StPINII
At PI N1
St PI NXa
St PI NXb
St PI NI Va
St PI NV
At PI N3
At PI N7
At PI N4
St PI NVI |
At Pl N2
StPIN I
At PI N8
St PI NVI
At Pl N6
StPIN
St PI Nvb
At PI N5

StPIN 11
At PI N1
St Pl NXa
St Pl NXb
St PI NI Va
St PI NV
At PI N3
At PI N7
At Pl N4
St PI NVI |
At PI N2
StPIN I
At PI N8
St Pl NVI
At PI N6
StPI NI
St Pl NVb
At PI N5

| HVDSDVMSL DGRQVL ETEAEL KEDGKLHVTVRKSNASRSDI FSRRS- - - - - GGFSSTTP
| HVDSDI MSLDGRQPLETEAEI KEDGKLHVTVRRSNASRSDI YSRRS- - - - - QALS- ATP
FKI DSDVI SLDGKEPL ETQAEVGDDGKL HVWVRKSTSSRSEI FSRMSH- GHNTGGLSMIP

FKVDSDI | SLDGKEPLETQAEVGDDGKLHVTVRKSTSSRSEI FSRRSH GPNSG- LSLTP
FKVESDVVSL DGQDFL ETDAEL GQDGKLHVTVRKSNVSRRSFAM: - - - - - - - - - - - - - TP
FKVESDVVSL DGHDFL ETDAEI GQDGKLHVTVRKSNASRRSFAM: - - - - - - - = - - - - - DH
FKVESDVVSL DGHDFLETDAEI GDDGKLHVTVRKSNASRRSFCG - - - - - - - - - - PNMTP
FKVESDVVSL DGHDFLETDAQ GDDGKLHVTVRKSNASRRSFYGGGG: - - - - - - - TNMIP
FKVESDVVSL DGHDFL ETDAEI GNDGKLHVTVRKSNASRRSLIMM - - - - = = - = - - - - - P

FRVESDVI SLNGREPL QADAE| GDDGKLHVI VRRS- SASSI | SSYNK- - - G LQSNNMTP
FRVDSDVI SLNGREPL QTDAE! GDDGKL HVWVRRSSAASSM SSFNKSHGGGLNSSM TP
PSEVAVELEVPGEPELEKD- - - - - - = == == == == === 22w e e omoc oo m o
TGNDQEEANI EDEPKEEEDEEE- - - - - - = - = == == == =« =< =2 m e e e e e e
FEI DNDVI SLDGRNPLCTESEI NGNGRI HVRI RRSTSSAPESAFSSS- - - - - - - - QTP
| QVDDDVI SLDGVDPLRTETETDVNGRI RLRI RRSVSSVPDSVMVEPS: - - - - - - - LCLTP
ANNNSVEL GNI NTTTQWE = - = = = = == <« = m o s mmm e e e e e oo
ANGDLEGNDNNNAS- - - - = = = = = = = = = < < x @ m o m et e e e e
VQVDNI NI ESGKRE- - - = - = = = = = = = = = = = = s e oeomom o e e e e

RPSNLTNAEI YSLQSSRNP- TPRGSSFNHTDFYSMVAGTAGRNSNFG- ANDVYGVSN- - -
RPSNLTNAEI YSLQSSRNP- TPRGSSFNHTDFYSMVASGGGRNSNFGPGEAVFG- - - - - -
RPSNLSNTEI YSLQSSRNM TPRDSNFNHNDI YSMYNGKNN- - ATMSPRTSNFG- - - - - -
RPSNLTNAEI YSLQSSRNP- TPRGSSFNHTDFYSMVNGKN- - - ANMBPRNSNFG- - - - - -
RPSNLTGAEI YSLNSSRNP- TPRGSNFNHTDFYAMMGFPG- RLSNFGPADS- - - - - - - - -
RPSNLTGAEI YSL SSSRNP- TPRGSNFNHNDFYSMMGFPGGRL SNFGPADMYSVQS- - - -
RPSNLTGAEI YSLST- - - - - TPRGSNFNHSDFYNMMGFPGGRL SNFGPADMYSVQS- - - -
RPSNLTGAEI YSLNT- - - - - TPRGSNFNHSDFYSMVGFPGGRL SNFGPADMYSVQS- - - -
RPSNLTGAEI YSLSS- - - - - TPRGSNFNHSDFYSVMGFPGGRLSNFGPADL YSVQS- - - -
RASNLTGVEI YSVQSSREP- TPRASSFNQSDFYAMF- ASKTASPKHGYTNSYG: - - - - - -

RASNLTGVEI YSVQSSREP- TPRASSFNQTDF YAMFNASKAPSPRHGY TNSYGGAGAGPG
RASNLSNAEI FSVHTP- - < - < = <= == == - - - LHNG - Dl PFGHGDLG VGFR- - - - - - - -

RASNL SNAEI FSVNTPNNRFFHGGGGSGTL QF YNGSNEI MFONGDL GGFGFTRPGL- - - -

------- NSRGPTPRPSNYEEESGK- - - SRENNYL GGAAAPAPTQSNSN- - - - - - - TNYP
-------- SKGPTPRPSNYEEDGGP- - - AKP- TAAGTAAGAGRFHYQSGGSGEGGGAHYP
--------------- NLGFDEES- - - - - - GFGKTN- = = = === == == == == - = - = - VGYP
--------------- NYGHDEESGV- - - AGFGRGNGVYGQGN- - - - = - = - = - - - - - AGYP
------------ TPRPSNFEENCTQGAL T- SSPKFGFYPAQS- - - - - - - - - = = = - - - NYP
-------- SRGPTPRPSNFEENCAPGGL VQSSPRFGYFPAQQP- - - - - - - - - - - APGSYP
-------- SRGPTPRPSNFEENCA: - - - MASSPRFGYYPGG: - - - - - - - - - - - - GAGSYP
-------- SRGPTPRPSNFEESCA: - - - MASSPRFGYYPGG: - - - - - - - - - - - - APGSYP
-------- SRGPTPRPSNFEENNA: - - - VKYGFYNNTNSSVP- - - - - - - - - - - - AAGSYP
GDVFSVQSSKGPTPRTSNFEEEMSKI GSNKKNRGGRSMSGEL YNSGSNAST- - - NGLVYP
GDVYSL QSSKGVTPRTSNFDEEVMKT- AKKAGRGGRSMSGEL YNNNSVPS- - - - - - - - YP
--------- AASTRLSGGYASSDAYS- - - - - = <= === s mcmmmmama e e e LQP
--------- GASPRRLSGYASSDAYS- - - - = == === s = o mmme e e e LQP
AP- NPGVFS- - - - PSNNG- - - - - - TKAHKNTA: - - - - - KKGD- - QEG- GKDLHVFWWIBSS
AP- NPGVFS- - - - PNTGGG: - - GGTAAKGNAP- - - - - - VVGGKRQDGNGRDL HVFVWBSS
APTNAG FS- - - - PVTGG - - - PGTKKKANG - - - - - - TESG - ----- KDLHVFVWABSS
APTNAG FS- - - - PATG - - - - PVTKKKANGG: - - - - - TEGG - ----- KDLHVFVWASSS

AP- NPEI ASI VPKNTKNQQ: - - - - QL QVHSQHOHQQQQQUNGKAS- HDAKEL HVFVWSSS
AP- NPEI SSAVPKSTKPQOPNVQTQKQEV NAKANNHDAKEL HVFVW\BSS
AP- NPEFSSTTTSTANKSV- - - - NKNPKDVNTNQQT TL PTGGKSNSHDAKEL HVMFVWBSN
AP- NPEFS- - - - - TGNKTG - - - SKAPKENHH- - - - - - - HVGKSNSNDAKEL HVFVWGSN
AP- NPEFSTG - - TGVSTKP- - - NKI PKENQQQLQ- - - - EKDSKASHDAKEL HVFVWSSS
PP- NPMFSGQRKKEVGSGS- - - - - GVPTPVSVPVPVPI PVPVBNSNNNSKEL HVFVWBSS

PP- NPVFTG - - - STSGAS- - - - - GVKKKESGGGGSGEGVGVGEQN- - - KEMNMFWIESS
TPRGSNFNELDTI TVITSGN- - - - - = = == = m o m e e mee e e TPMAVNVBPV
TPRASNFNELD- - - VNGNG- - - - = - = == == = = = = m e e mee e e TPVWWVKSPA

229
228
233
232
220
220
223
226
220
230
234
183
196
212
157
183
180
180

284
281
284
282
269
275
274
277
271
281
293

246
213

327
329
302
310
301
316
309
312
307
338
344

266
233

367
375
340
348
354
375
364
355
356
392
391

295
258
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At PI N5

StPIN 11
At PI N1
St Pl NXa
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At PI N7
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St PI NVI |
At PI N2
St PI N |
At PI N8
St PI NVI
At PI N6
StPI NI
St Pl NVb
At PI N5

StPINII
At PI N1
St PI NXa
St PI NXb
St PI NI Va
St PI NV
At PI N3
At PI N7
At PI N4
St PI NVI |
At Pl N2
StPIN I
At PI N8
St PI NVI
At Pl N6
StPIN
St PI Nvb
At PI N5

StPIN 11
At PI N1
St Pl NXa
St Pl NXb
St PI NI Va
St PI NV
At PI N3
At PI N7
At Pl N4
St PI NVI |
At PI N2
StPIN I
At PI N8
St Pl NVI
At PI N6
StPI NI
St Pl NVb
At PI N5

NSPVSD- - - - VIFGGHDYTANL DQP- - - AAPNKDVRVPI SPGKVEGQ - - - - = < = - - - - - - 406
ASPVSD- - - - VFGGGGGENHHADYS- - - TATN- DHQKDVKI SVPQGN- - - - - - = = = - = - - - 413
ASPVSEGE HVFRGG- DFGNELG - - - GHHSKDYDDFGREEFSLGD- - - - = - = == - = - - - 382
ASPVSEGE HVFRGGGDYGNEL GV- - - GAHPKDYDEFGREEFTFGN- - - - = - = == = = - = - 391

ASPVSEAAG.HVFGGTDFSANEQS- - - CQSDGAKEI RMLVSDHPQSGDNK- - VI SQD- - F 407
NSPVSEAGG. HVFGGENDFSANEQS- - - GRSDGAKEI RMLVSDHTQNGDSK- - Al PQTGEF 430
GSPVSDRAGLNVFGGAPDNDQGGR- - - SDQG- AKEI RMLVPDQSHNGETKAVAHPASCGDF 420

GSPVSDRAGL QVDNGA- - NEQVGK- - - SDQGGAKEI RVLI SDHTQN- - - - - - AGPMNGDY 404
ASPVSDVFG- - - - GGAGDNVATEQ- - - SEQG- AKEI RWVSDQPRK- - - - - - - - SGEDDI 400
ASPTSEGNHKHAI NRGDSSEL G- - - - - VL. DASKAVL QQEI AAAREN - - < - - = = = = = - - - 433
ASPVSEANAKNAMIRGSSTDVSTDPKVS! PPHDNLATKAMNLI ENF - - - = - = == == - - - 437
AGKVFK- - - - - - QASPSSKMAVIES- - - - - SCLNGERQGYRDDVGEK- - - < - - = = = = = - = - 330
AGRI YR ----- QSSP- - KMWES- - - - - GQRHAAKD- | NGSVPEK- - - - = = = = = == - = - 290

---------------- RNNNQENYNMERDDF SFANRDGADQVNNQDGEKAGENK:- - - AKVM 447
---------------- SNDNQ- - YVEREEFSFGNKDDDSKVL ATDGGNNI SNKTTQAKVM 455

................ KNNSNGCHREEPVLKKLGSSSTAELFP- - - - - NTAN- ETKATAM 420
________________ KONLNGNDREGPVVR- - - SSSTTELRP- - - - - KI AQEETKATAM 427
GGEEFSFGGDVGGEG- DGKNKDEKKEEKEGL TGLNTGAT- - - - - - - - - - - GVQDSGTGKQM 455
GGEDFTFGGANGGGKDGDEEKGEKEGPTGL TKL GSSSTSEL HPKLA- - - GGQDAGMGKQM 487
GGEQQFSF- - - - - AGKEEEAERPKDAENGL NKLAPNSTAAL QSKTGL - - GGAEASQRKNM 473
GCE-----mmmmmmmm- EESERVKEVPNGL HKL RCNSTAELNPKEA! - - ETGETVPVKHM 448
GEDS----------- CGEGEREI EKATAGLNKMGSNSTAEL EAAGGD- - GGGNNG- - THM 445
_________________ ASSVSKGNVEKEI El EDGSK- - - - - - - - - NVEDG- - - EKKSQM 464
................. MBPGRKGHVEMDQDGNNGGKSPYMGKKGSDVEDGGPGPRKQOM 480
________________________________________________________ VA V 200
_________________ El SFRDI SNFPVQEVGAA- - - - - - - - - - - - DSLNTNDI | KQEM 361
................. El SFRDAL KAAPQATAAGGGASMEEGAAGKDT TPVAAI GKQEM 333
......................................................... RNI 186
---------------------------------------------------------- TV 182

PPTSVMIRLI LI MVWARKLI RNPNTYSSLFGLTWSL VSFRAWNLKMPAI | AQSI SI LSDAGL 507
PPTSVMIRLI LI MVWRKLI RNPNSYSSLFG TWSLI SFKWNI EMPALT AKSI SI LSDAGL 515
PAASVMIRLI LI MVWARKLI RNPNTYSSLLGLAWSLI SFRWNI QVWPLI FAKSI SI LSDAGL 480
PPASVMIRLI LI MVWARKLI RNPNTYSSLI GLTWSLVSFKWNVQWPAI | AKSI SI LSDAGL 487
PPASVMIRLI LI MVWARKLI RNPNTYSSLI GLI WELI SYRWHVHMPKI | EKSI SI LSDAGL 515
PPASVMIRLI LI MVWARKLI RNPNTYSSLI GLI WELI SFRWHVHMPKI | EKSI SI LSDAGL 547
PPASVMIRLI LI MVWRKLI RNPNTYSSLI GLI WALVAFRWHVAMPKI | QQSI SI LSDAGL 533
PPASVMIRLI LI MVWARKLI RNPNTYSSLI GLI WAL VAFRWDVAMPKI | QQSI SI LSDAG. 508
PPTSVMIRLI LI MVWARKLI RNPNTYSSLI GLI WALVAYRWHVAMPKI LQQSI SI LSDAG. 505
PPASVMIRLI LI MVWRKLI RNPNTYASLI GLI WELVSFRWNI QWPS| VKGSI SI LSDAGL 524
PPASVMIRLI LI MVWARKLI RNPNTYSSLFGLAWSL VSFKWNI KMPTI MSGSI SI LSDAGL 540
RTRSVGTMKI LLKAWRKLI | NPNTYATLI G | WATLHFRLGMLPEM DKSI HLLSDGGE. 260
PNALVMLRLI | VMVGRKLSRNPNTYSSI LGLLWSLI SFKWNVGVPSLVKYSI KI | SDAGL 421
PSAI VMVRLI LTVVGRKLSRNPNTYSSLLGLVWSLI SFKWNI PMPNI VDFSI KI | SDAGL 393
NNAEL AFWPL MKAVSTKL AKNPNSYACFL GLFWALVASRWHFRMPSI | EGSI LI MSKAGS 246
KNTTPSLGSVMIT VWKL SKNPNFYACFLG MASL VADRWHFVLPNI VKECI SI MBKAGS 240
VWGEKSFLEVMSLVWALKLATNPNCYSCI LA AWAFI SNRWHLELPG LEGSI LI MSKAGT 242

GVAMFSLGLFMAL QPRI | ACGNSVASFAVAVRFL TGPAVMAAAS| AVGLRGTLLHVAI VQ 567
GVAMFSLGLFMALNPRI | ACGNRRAAFAAAMRFVVGPAVMLVASYAVG.RGVLLHVAI | Q 575
GVAMFSLGLFMAL QPKM SCGKTI AAFSVAVRFI SGPAVMAAASFAI GLRGVLLHI Al VQ 540
GVAMFSLGLFMALSPRI | ACGKTI ALFSMGVRFLTGPAVMAAAS| AVGLRGVLLHI Al VQ 547
GVAMFSLGLFMAL QPKI | ACGNTVATFAVAVRFLTGPAVMAAASI | VGLRGTLLHVAI VQ 575
GVAMFSLGLFMAL QPKI | ACGNTVATFAVAVRFLTGPAVMAAAS| AVG.RGTLLHVAI VQ 607
GVAMFSLGLFMAL QPKLI ACGNSVATFAVAVRFL TGPAVVAVAAI Al GLRGDLLRVAI VQ 593
GVAMFSLG --------------- ESSFYSVSFFR- - - ---------mmmmm e o - 527
GVAMFSLGLFMAL QPKI | ACGNSVATFANVAVRFI TGPAI MAVAG Al GLHGDLLRI Al VQ 565
GVAMFSLGLFMAL QPKI | ACGKSVATFSVAVRFLTGPAVI AATSI Al GLRGVLLHVAI VQ 584
GVAMFSLGLFMAL QPKI | ACGKSVAGFAVAVRFLTGPAVI AATSI Al G RGDLLHI Al VQ 600
——————— GVFMASQASI | ACGTKKAI LAVALKFVLGPVLMAI SSI AVGLRGQLFRLAI VQ 236
GVAMFSLGLFMASQSSI | ACGTKMVAI | TMLLKFVLGPALM ASAYCI RLKSTLFKVAI LQ 320
GVAMFSLGLFMALQPRI | ACGTKMVATI GVAI RFI GGPLVMSAASI AVGLKGVRLHTAI VQ 481
GVAMFSLGLFMAL QPKM PCGAKKATMGMLI RFI SGPLFMAGASL LVGLRGSRLHAAI VQ 453
GVAMFSMGELFMAL QGKI | ACGAALTI YAM LRFVWGPATMALGCVWLG.RGNVLRI Al | Q 306
A GWTI GVFVAMUKVMAGGTGVI VFALFLRFFI GPATMIT GSFVWGLHGNVLRASI LQ 300
GTAMFNME FMAL QEKLI VCGTSLTVMGWLKFI AGPAANVAI GSI VLGLHGDVLRVAI | Q 302
* . *
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AALPQGE VPFVFAKEYNVHPDI LSTGVI FGWMLI ALPI TLVYYI FMGL- - 614
AALPQGE VPFVFAKEYNVHPDI LSTAVI FGVMLI ALPI TLLYYI LLGL-- 622
AALPQGE VPFVFAKEYSLHPDI LSTGVI FGVMLI ALPI TLVYYI LLGL- - 587
AALPQGE VPFVFAKEYGVHPDI LSTGVI FGMLVALPI TLVYYI LLGL-- 594
AALPQA VPFVFAKEYNVHPAI LSTX- - - - === === --mmmmm e e e oo - 601
AALPQGE VPFVFAKEYNVHPAI LSTAVI FGVMLI ALPI TLVYYI | LGL-- 654
AALPQGE VPFVFAKEYNVHPAI LSTGVI FGVMLI ALPI TLVYYI LLGL- - 640
AALPQG VPFVFAKEYNVHPTI LSTGVI FGMLI ALPI TLVYYI LLGL-- 612
AALPQGE VPFVFAKEYNLHPDI LSTAVI FGMLVALPI TI LYYVLLGV-- 631
AALPQGE VPFVFAKEYNVHPDI LSTAVI FGVMLVALPVTVLYYVLLGL- - 647
AALPQG VPFVFAKEYNI HPTI LSTGVI FGWMLI Al PI ALAYYFLLEI -- 283
AALPQGVVPFVFAKEYNLHPEI | STGVI FGMLI ALPTTLAYYFLLDL-- 367
AALPQGE VPFVFAREYGLHPDI LSTGVI FGVMLVSLPVTLLYYVLLGL- - 528
AALPQGE VPFVFAREYNLHPDLLSTLVI FGM VSLPVTI LYYVLLGL- - 500
AALPQAVTSFVYAQEYGLHADVLSTAVI VGTI | SLPLLI AYYAI LDI MP 355
VI LSPYSLSFLNHTEY- - - - - - - - R 321
AALPCSI TSFI FAKEYGLHADVLSTAVI FGVLVSLPVLVAYYAALEFI H 351
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Chapter 4

Supplementary Table 4.1. PGSC transcript number and primer pair for theugedes this study.




Supplementary Figure 4.1. Expression levels of Si@X, StGA3ox and StGA20x

genes in the two transgenic clones and the control.
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Chapter 5

Supplementary Table 5.1. Sequences of the primers used in this study.




Supplementary Table 5.2. Annotation numbers ofjfvees used in this study.
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Education statement

Issued to: Efstathios Roumeliotis
Date: 5 October 2012
Group: Plant Breeding, Wageningen University & Research Centre

Education Statement of the Graduate School

Experimental Plant Sciences

The Graduate Schooll

1) Start-up phase

First presentation of your project

Augxin interaction on potato tyber development (general)

Writing or rewriting a project proposal

Tuber development: a gene expression based approach to unraveling the prerequisites for tuber yield and quality
Writing a review or book chapter

list title if applicable

MSc courses

PBR 30306: Breeding for Resistance and Quality

Laboratory use of isotopes

date

Nov 2008

Jan 2009

Feb-Mar 2010

Subtotal Start-up Phase

13,5 credits*

2) Scientific Exposure

EPS PhD student days

EPS PhD student day, Leiden University

EPS PhD student day, Utrecht University

EPS theme symposia

EPS Theme 1 symposium 'Developmental Biology of Plants', Leiden University
EPS Theme 1 symposium 'Developmental Biology of Plants', Wageningen University
EPS Theme 1 symposium 'Developmental Biology of Plants', Leiden University
NWO Lunteren days and other National Platforms

ALW meeting 'Experimental Plant Sciences’, Lunteren

ALW meeting 'Experimental Plant Sciences', Lunteren

ALW meeting 'Experimental Plant Sciences', Lunteren

Plant Breeding Research Day

Seminars (series), workshops and symposia

Ecology and EPS II

Plant Sciences Seminar Climate change

Seminar plus

International symposia and congresses

EUSOL meeting Toledo

7th Solanacea conference, SOL 2010

EUSOL meeting Natal

Sol& IGuGI 2011meeting, Kobe, Japan

Presentations

Poster presentation in EUSOL meeting

Poster for Plant Breeding Research Day

Poster ALW meeting 'Experimental Plant Sciences', Lunteren

Oral presentation EUSOL meeting Natal

Oral presentation SOL & ICuCl 2011

IAB interview

Excursions

date

Feb 26, 2009
Jun 01, 2010

Jan 30, 2009
Jan 28, 2010
Jan 20, 2011

Apr 07-08, 2008

Apr 24-25, 2009

Apr 19-20, 2010
Feb 08, 2010

Sep 22, 2009
Feb 08, 2011

Oct 05-08, 2009

Sep 05-08, 2010

Nov 14-17, 2010
Nov 28-Dec 02, 2011

Oct 07, 2009
Feb 08, 2010
Apr 19, 2010
Nov 14-17, 2010
Nov 30, 2011
Dec 04, 2009

Subtotal Scientific Exposure

14,9 credits*

3) In-Depth Studies

EPS courses or other PhD courses
Bootcamp Enterpreneuship

Gateway to Gateway technology
Basic statistics

date

Jul 20-25, 2008
Nov 17-22, 2008
Dec 14-22, 2009

»  Journal club
Member of the literature discussion group at the Plant Breeding Group 2008-2011
» Individual research training
Subtotal In-Depth Studies 7,2 credits*
4) Personal development date
»  Skill training courses
Cource: Personal efficiency Apr 24 & May 22, 2008
Cource: Scientific writing May 09-Jun 24, 2010
» Organisation of PhD students day, course or conference
»  Membership of Board, Committee or PhD council
Subtotal Personal Development 2,5 credits*
TOTAL NUMBER OF CREDIT POINTS*] 38,1

Herewith the Graduate School declares that the PhD candidate has complied with the educational requirements set by the Educational
Committee of EPS which comprises of a minimum total of 30 ECTS credits
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Layout: Efstathios Roumeliotis

Cover pictures: Gus expression driven by the StPfxbmoter is detected in flowers (a), stolon tip (b
root tip (c) swelling tuber (d) and StPINVII expséan was found the in flower bud (e), swelling stol
(), root tip (g) and in swelling tuber (h). Pictsr (a) to (d) taken by Bjorn Kloosterman. Pictyeso
(h) taken by Efstathios Roumeliotis.



