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ABSTRACT

ABSTRACT

Somatic embryogenesis (SE) can be inducedtro in Medicago truncatul®2HA by
auxin and cytokinin but not in wild type JemaloNild-type Jemalong will only form
callus in the presence of auxin and cytokinin anthhlemalong and 2HA will form
roots in response to auxin alone. The F2 analysH#& X Jemalong crosses suggest
that a single gene may open the way to SE but iaddit genes are required to
maximise the process. Auxin and cytokinin are resglifor 2-3 weeks for SE and fde
novo root formation auxin is essential for about oneekveAbscisic acid (ABA) and
ethylene, both stress related hormones, enhandadbEtion but inhibit callus ande

novoroot formation.

The WUSCHEL(WUS gene was investigated M. truncatula(Mt) and identified by
the similarity with Arabidopsis WUSn amino acid sequence, phylogeny, promoter
element patterns, and expression pattémnplanta MtWUS is induced by cytokinin
after 24-48 h in embryogenic cultures and maximwpression occurs after 1 week
which coincides with totipotent stem cell inductiditWUS expression, as illustrated
by promoter-GUS studies, subsequently localise¢bdécembryo and corresponds to the
onset ofMtCLV3 expression. RNAI studies show thatWUSexpression is essential for
callus and somatic embryo production. There is eawi¢ based on the presence of
MtWUS promoter binding sites thatWUSis required for the induction dfitSERF1
which appears to have a key role in the signalieguired for SE induced in 2HA.

MtWOX5 as forMtWUS was identified by similarity té\rabidopsiswOX5based on
amino acid sequence, phylogeny, promoter elemdtdrpa, and expression patteins
planta MtWOX5expresses in the auxin induced root primordiumrand meristem and
appears to be involved in pluripotent stem celluicttbn. GA suppresses tidtWOX5
expression in the root apex and suppresses thepronordium induction, consistent

with the importance dfitWOX5in in vitro root formation.

The evidence is discussed that the homeotic geitd&)JSandMtWOX5are “hijacked”
for stem cell induction which is key to somatic eytbandde novoroot induction. In
relation to SE, a key role faWUSin the signalling involved in induction is discess

and a model developed.
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CHAPTER 1 Introduction

1.1 General Introduction

Somatic embryogenesis (SE) is the process wherehyzygotic cells form embryos
and the embryos pass through characteristic emtmigal stages ultimately producing
a new plant. Somatic embryos (SEs) can be indutedro from somatic cells by the
utilization of hormone signals and a suitable ggpet

SE occurs naturally in some plant species sucKad@nchoé(Garcés et al., 2007). A
type of SE known as apomixis also occmrsivo. In apomixis, embryos develop in the
ovule without fertilisation, producing seed witlettkame genotype as the parent.

Somatic embryogenesis is a useful model for ingattig embryo development
because of the similarity of the developmental psses between somatic and zygotic
embryogenesi§Zimmerman, 1993; Dodeman et al., 1997). Embryakigedin vitro
from somatic cells allow the supply of substancesgenously and the embryos can be

accessed more easily (Fehér et al., 2003).

In modern plant science research, genetic transfioom is a powerful tool for
functional genomics. Besides shoot regeneratiomatioc embryo formation is also an
important method for regenerating plamwitro. SE has been studied since the work of
Steward et al. (1958) and Reinert (1958), and ples/i a pathway for

Agrobacteriuramediated transformation in plants.

Legumes are not only important food crops but e important as a natural source of
nitrogen because of their symbiotic associationhwvitie rhizobia bacteria in their
nodules. Because of the ability for nitrogen figati small genome size, self-fertility,
and ability to be transformed, the legume spebleslicago truncatulehas become an
international model legume species for genetic amudecular studies and its whole

genome is being sequenced (Cook, 1999; Young aadrdker, 2006).

Most species of legumes, includimg. truncatula, have difficulty in regeneratingn
vitro. SEs can be induced M. truncatulacv Jemalong (Jemalong) in culture, but the
number is very low. Therefore, our group selectegkmetic line which could produce
SEs in high numbers (Nolan et al., 198®). truncatulacv Jemalong 2HA (2HA)
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obtained via a cycle of tissue culture and subsatgselection through seed for four
generations is a highly embryogenic mutant. 2HAdpa@s 500 times more SEs than its
wild type progenitor Jemalong when cultured, anis imearly isogenic with respect to
Jemalong (Rose et al., 1999). Little informatioraigilable about the 2HA mutation,
but a mutant that can increase the induction of SH}ktimes and regenerate normal

plants is of value in understanding SE mechanisms.



CHAPTER 1 Introduction

1.2 Zygotic Embryogenesis

In Arabidopsis, the morphology of zygotic embryogsis has been investigated in most
detail (Berleth et al., 2002). The embryo developtieom a fertilized egg cell to a full
embryo can be separated into discrete stages: ewgage, globular stage, heart stage,

torpedo stage and bent cotyledon stage.

After fertilisation, the zygote elongates and descasymmetrically producing an apical
daughter cell and a basal daughter cell (Fig. 1ARer several longitudinal and
transverse divisions the apical daughter cell fotimesmajor part of the globular embryo
with the apical embryo domain, which will differete to form the shoot apical
meristem and the cotyledons, and the central emdogmain which will form the
hypocotyl. The basal daughter cell also divideotm the hypophysis, which will form
the quiescent centre (QC) of the root apical memstthe root cap, and the suspensor
which connects the embryo with the maternal tisSwespensor cells can be seen at each
developmental stage. The structure of shoot apiaistem and root apical meristem
can be identified at the heart stage. The vasdiféarentiation in the cotyledon and
hypocotyl can be first seen at the torpedo stage, lzecomes clearer in the bent
cotyledon stage (Tykarska, 1976, 1979; Laux ef804).

A 75 Y .
T . ]
— L | W
e I T ] hy,
G@@_@“ / Y Ly

zygote 1-cell  B-cell 16-cell early globular late globular transition late heart

Figure 1.1 The Arabidopsis embryo development processCells with different colours indicate the
different domains of the embryo: Gray (ad), apmelbryo domain; white (cd), central embryo domain;
dark gray (hy), hypophysis. Ac, apical daughtel; ¢xl, basal daughter cell; su, suspensor. Theaiags
modified from Laux et al., 2004.

Some genes expressed in the zygote can serve &ermaBothWUSCHEL-related
homeobox ZWOX2J and WOX8are expressed in the zygote. After the first divis

WOX2localizes to the apical daughter cell and its dedants until the 16-cell stage;
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and WOXS8 localizes to the basal daughter cell and its dedaets including the
hypophysis and suspensor until the early globutges(Haecker et al., 2004).

In the globular and heart stage, some key geneg\sighportant developmental events
in Arabidopsis. WUSCHEL(WUS expresses in the organizing centre (OC) under the
central zone of the shoot apical meristem andisgaftom the 16-cell stage embryo
(Fig. 1.2) indicates the formation of the shootcapimeristem primordiumWusS is
required for maintaining stem cells in an undiffdrated state (Mayer et al., 1998). The
CLAVATA 3(CLV3 gene expresses in the central zone of the shmot above the
organizing centre where the stem cells are locdad 1.2). TheCLV3 gene is required
to regulate thaVUS expressionThe CLV3 expression starts aft®WUSexpressionat
the late heart stage, indicating that the shootahpneristem has formed completely
(Laux et al., 2004). Th6(sHOOTMERISTEMLES&TM gene is another marker
indicating that the shoot apical meristem structbes been completed. It starts to
express in the epidermis of the central zone okHut apical meristem at the late heart
stage, outside of th€LV3 expression regionSTM expresses in cells which act as a
transition zone (Fig. 1.2) between the stem ceils @differentiating cells, and restricts
the organ initiation until enough cells from sterall€ are produced to facilitate

subsequent organ formation (Lenhard et al., 2002).

16-cell early globular globular late globular

late heart

Figure 1.2 Expression pattern ofWUS, WOX5, CLV3 and STM genes in the different stages of
embryogenesis inArabidopsis. WUS expression is in red and starts at the 16-celyjests®vVOX5
expression is in green and starts at the earlyuigobstage.CLV3 expression is in blue, an8TM
expression is in yellow, and both of them stathatlate heart stage. ad, apical embryo domairligiot
blue), central embryo domain; hy, hypophysis; lens-shaped cell. The diagram is modified from Laux
et al., 2004.
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The root apical meristem QC maintains the undiffea¢éed state of the surrounding
stem cells (Sabatini et al., 2003). In zygotic eyobr the QC is derived from the
hypophysis cell at the globular stage (Mansfieldlet1991) and high auxin is required
in the hypophyseal region for QC initiation (Frir003).WOX5expression (Fig. 1.2)
starts in the hypophyseal region and locates ifQ@e(Haecker et al., 2004VOX5is
associated with auxin accumulation (Gonzali et 2005) and is required to maintain
the stem cell population (Sarkar et al., 20BCARECROWSCR plays a role in
specifying the QC identity and also can be used msrker to indicate QC formation in

embryogenesis (Laux et al., 2004; Tucker and L&08,7).

After the bent cotyledon stage, the embryo is neaturd the dormancy processes start.
However, in some crops, a prematurely sproutingrgmimay sometimes occur when
there is germination on the plant without dormarmyscisic acid (ABA) is involved in
the induction and regulation of the dormancy artdhits precocious germination and

improves the quality of the seed (Kermode, 2005).
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1.3 Somatic Embryogenesis

Somatic embryogenesis as previously indicatedf@ra of asexual reproduction from
somatic or gametic cells (Zimmerman, 1993). It esawaturallyin vivoin some species
like Kalanchoé(Garcés et al, 2007) and Bryophyllum (Yarbroug@32), but not in
most other species. To obtain Sksvitro, and regenerate plants, many strategies have
been used. Hormones, stress, nutrition, explante,typpecial genotypes, and
environmental factors such as light and temperatgeusually investigated in different
species to find the best somatic embryo inductiod eegeneration rate. Different
species usually have some special mix of factodssaime special procedures may be
required, but usually auxin, stress, special ggredyand basic nutritional support are
the basic requirements for SE (Merkle et al., 1998 processes of SE may be divided
into three stages: induction, development, and geton. The induction stage
involves the processes which initiate the embryagprogram, the development stage
involves the embryo development to the cotyledagest and the germination stage
occurs after the cotyledon stage when small plentdee formed (Merkle et al., 1995).
Even with very specific strategies, the micro-eanments regulatingin vitro

development are still not as well definedrasivo for zygotic embryogenesis.

Molecular biology opens up new approaches for smneahbryogenesis investigation.
One approach is in overexpressing embryo-relatedegelike the SOMATIC
EMBRYOGENESIS RECEPTOR KINASERK gene, or genes likK&/USandLEAFY
COTYLEDON(LEC) to help understand the pathway of somatic embngction
(Hecht et al., 2001; Zuo et al.,, 2002; Harada, 20&hother approach is to use
hormone specific or functionally specific genesrarkers, likePIN-FORMED1(PIN1)
and M. truncatula SERINE/THREONINE KINASE @MtSK1) genes, to analyse the
regulation of hormones and stress in SE (Bassunat.,e2007; Nolan et al., 2006).
These approaches are discussed in reviews by RuaodeNalan (2006a) and by

Namasivayam, 2007.

1.3.1 Induction

The induction process is required for the somattiscto obtain embryogenic

competence for somatic embryogenesis (Dodeman, t%l7). Once the somatic cells
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acquire embryogenic competence they proliferateforon proembryogenic masses
(PEM) which will give rise to SEs in the explargsiie (Jiménez, 2001a). The PEM may
be thought of as a group of totipotent stem cé&liglants from tissue such as immature
zygotic embryos or somatic embryo tissue where stelinexist, SEs can be produced
without a callus stage. Otherwise, the inductioocpss may be associated with several
divisions and there is a callus phase (Williams Bfasheswaran, 1986). More detailed
consideration of factors involved in somatic embiryduction, such as hormones and

stress, will be presented in Section 4.

1.3.2 Development

In suspension cultures, somatic embryos show girsilges to zygotic embryogenesis
with globular, heart, torpedo, cotyledon and plketn8tages. Suspensor-like cells can
also be found, but only in some reports (Yeung5)99

Before the globular stage, there are several @iffegs in morphology between zygotic
and somatic embryos, especially in cell divisiorttgras and suspensor formation
(Yeung, 1995). These differences might be dependenthe microenvironment in
which embryo development occurs. The zygote i<h#d to a suspensor, and receives
nutrients via these cells. The suspensor is noallysnormal in SE and in the early
development the embryo in tissue explants is saded by cells of the callus and the
relationship to surrounding cells is more compkchtAfter the globular or early heart
stage, SEs usually grow on the callus surface aathtain a loose attachment with
callus cells, and the microenvironment is more Isirio zygotic embryogenesis (Yeung,
1995; Bassuner et al.,, 2007). Therefore, the mdoglyobetween the two types of

embryogenesis is more similar after the heart stage

Somatic embryogenesis shows similar morphologicahges to zygotic embryogenesis
during the globular to cotyledon stage (Yeung, 19%md it is believed they have
similar gene regulation patterns (Zimmerman, 1998grefore, in molecular genetics,
SE can also provide understanding of zygotic endmypesis such as in the case of
SERK (Schmidt et al., 1997) antit SOMATIC EMBRYO RELATED FACTOR 1
(MtSERF) (Mantiri et al.,, 2008a). Similarly, the knowledgéom zygotic

embryogenesis from genetic models Ikeabidopsisis frequently used to investigate
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SE (Fehér et al., 2003).

Root apical meristem formation in somatic embryssnot so easily identified. In
zygotic embryos, the root meristem structure canséen at the heart stage. Root
meristem-like structures can frequently be cleadgognised in the fully developed
somatic embryo. For the earlier embryo-like strugsuvhich have greater attachment to
the callus, root apical meristem structures areiiog around the base of the structure
even after detachment from the callus (Bassuned.e®2007). Therefore the marker
genes likeWOX5and SCRwhich indicated root apical meristem formationziygotic
embryogenesis may show different expression patierSE.

Exogenous hormones are usually decreased in ceoatient or not supplied in the
medium during somatic embryo development. High eotrations of auxin inhibit
embryo development and may cause secondary emtaryosn, but low concentrations
of auxin may be necessary in some species (Ammifi&83). Endogenous cytokinin
levels decrease in the developing zygotic embrigereffore it is not surprising that
exogenous cytokinin in SE causes abnormal developsigch as multiple shoots in
some cases (Merkle et al., 1995).

1.3.3 Germination

The major events in germination processes are sra/or root development from the
embryo (Merkle et al., 1995). After the cotyleddage, zygotic embryos will go into
dormancy and form the seed, but SEs usually getmit@a form plantlets without
undergoing dormancy. However, in many systems,stieeess rate of germination in
SE is quite low and may be caused by embryos noglfelly mature. This may be
caused by (1) lack of hormone support by the samatnbryo itself and where
exogenous cytokinin can help (Ammirato, 1983), pr(®) premature germination. In
zygotic embryogenesis, ABA can induce dormancyibiblgermination, and improve
the quality of the embryo in the germination stagermode, 2005). Therefore,
exogenous ABA is also used in SE to improve thelityuaf the embryo for many

species (Ammirato, 1983). Some SEs may go into dnoyand gibberellic acid (GA

which is frequently used in the medium to help stien@mbryo germination may help

to break the somatic embryo dormancy (Ammirato,319saj, 2004).
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1.4 Regqulation of the Induction of Somatic Embryogenesi

In this section, major factors influencing the inton of embryogenic cells are
considered in some detail. These factors are: hoesyostress, and some developmental

genes.

Genotype and explants type can influence the chiyabf somatic embryo induction.
Immature embryos are regularly used for somatic rgminduction in many species
such as wheat, soybean aAdabidopsis(Merkle et al., 1995). For some strongly
embryogenic genome types, likéedicago sativaRegen S andll. truncatula2HA and
R108, expanded leaves or seedling roots can alssdkfor somatic embryo induction
(Rose, 2004).

1.4.1 Hormones

The major hormones which can influence the inducgimocess are auxin, cytokinin and
GA. GA has been implicated as a suppressor of evglenesis (Thakare et al., 2008). In
this section | have included background on hormme¢abolism, not often considered
in relation to SE.

® Auxin

- Auxin regulation of plant function

The plant hormone auxin was discovered in the 1988s Callis, 2005) and has been
extensively researched. Auxin is involved in margnp growth and development
processes, including cell growth and cell divisi@@allis, 2005), vascular tissue
differentiation (Mattsson et al., 2003), laterabtrdormation (Wilmoth et al., 2005),
control of apical dominance (Booker et al., 20@8¢ phototropic response (Friml et al.,
2002b) as well as embryogenesis. The biology ofirais< very complex, even after
several decades of research it is still not fuliglerstood. Recent research has focused
on IAA (indole-3-acetic acid) (Fig. 1.3), the nabauxin hormone, and its biosynthesis,

transportation and the molecular basis of its actio
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- The IAA biosynthesis pathway

There are two types of IAA biosynthesis pathwaggtophan-dependent synthesis and
tryptophan-independent synthesis (Fig. 1.3). Thgptbphan-dependent synthesis
pathway begins with tryptophan (Trp), which is certed to indole-3-acetaldoxime
(IPOx) through cytochrome P450 or the tryptamined=MUCCA pathway, and then
IPOx is converted to indole-3-S-alkylthiohydroxirmabr indole-3-acetonitrile or
indole-3-acetaldehyde to finally form IAA. Anothpathway which bypasses IPOX is
from Trp to indole-3-pyruvic acid (IPA), to indoRacetaldehyde which then converts
to IAA (Zhao et al., 2001; Zhao et al, 2002; Ljungt al., 2002). The
tryptophan-independent synthesis pathway existemadely in green plants than the
tryptophan-dependent synthesis pathway (Sztein.e2@00). It begins from indolic
precursors through indole and is converted to |1Atkeut Trp. Limited information on
the genes or enzymes involved in this pathway @&lable (Ljung et al., 2002; Kelley
and Riechers, 2007).

Trp Tryptophan-dependent

Tryptophan-mdependent Cytochrome
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Figure 1.3 IAA biosynthesis, transportaion, and gea expression regulation A:
indole-3-S-alkylthiohydroximate, B: indole-3-aceitpite, C: indole-3-acetaldehyde. Data obtained and
modified from Ljung et al., 2002, Staswick et 005, Blakeslee et al., 2005, and Callis, 2005. t8¢ie
for abbreviations.

After synthesis, IAA can be inactivated by the fatiman of conjugates with sugars,
peptides or amino acids. These structures may genauxin storage, and can release
free auxin by hydrolysis (Woodward and Bartel, 2006 higher plants, most IAA is
stored as inactive conjugates (Sztein et al., 2000¢se conjugate processes may be
involved in IAA regulation e.g. in the removal otaess exogenous auxin (Fig. 1.3).
GH3 was the first IAA amino acid conjugating enzyrdentified, found in soybean
(Hagen and Guilfoyle, 1985), and six enzymes withilar function were found in
Arabidopsiswhich can conjugate IAA to amino acisvitro (Staswick et al., 2005). All
these enzymes can be induced in response to exsg@nxin (Staswick et al., 2005)
and likely function to remove the excess auxin. G#i2ymes can interact with many
types of auxin including IAA and-Naphthalene acetic acid (NAA), but importantly not
for 2,4-Dichlorophenoxyacetic acid (2,4-D) (Stadwiet al., 2005) and explains the
common use of 2,4-D in tissue culture to obtain #t@ble and operatable auxin

response.

- Auxin transport

All parts of young plants can synthesise IAA (Ljuagal., 2001), but the localized

concentration of auxin is very important for orgégvelopment. This auxin localization

can be produced by auxin transport in the phloem letween cells (Morris and

Thomas, 1978). The long distance auxin transporhfshoot to root helps form auxin
gradients, and is related to the development ostuot apical meristem (Benjamins et
al., 2001), shoot bud branching (Bennett et alQ620and lateral root development
(Reed et al., 1998).

Some genes related to auxin transport have beanfidd (Fig. 1.3). Key transporters
include AUX1 (Bennett et al., 1996) and ANT1 (Chatnal., 2001), which are auxin
uptake carriers in the membrane, for auxin inflaxid PINs (Chen et al., 1998;

Galweiler et al., 1998; Luschnig et al., 1998), evhare transmembrane proteins, for
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auxin efflux. This influx and efflux complex in placells means auxin can transport
against the concentration gradient to accumulaspétific locations (Friml and Palme

2002a). By investigating these genes, the auxirdignés formed by polar auxin

transport in embryo development, shoot apex difféaé&on, lateral root formation and

root growth show clear patterns that can be reladatevelopment (Friml et al., 2003;

Heisler et al., 2005; Smet et al., 2007; Grieneeseal., 2007).

- Auxin and the regulation of gene expression.

One model provides an explanation for how auxin cagulate gene response by
degradation of a transcription repressor (Fig. .1.Bhe Aux/IAA proteins are
transcription repressor proteins, and repress tli@aesponse factor (ARF) family of
transcription factors (Ulmasov et al., 1999). Auxen degrade the Aux/IAA proteins
(Liscum and Reed, 2002) through the TRANSPORT INFI(BR RESPONSE 1 (TIR1)
protein and the SCF complex (named by its subB#B1, cullin and F-Box protein)
(Gray et al., 2001; Tan et al., 2007). When auxiaats binding to TIR1, the SCF-TIR1
complex is modified and then degrades the Aux/IARe degradation of the repressor

protein allows these auxin responsive genes toesspiKepinski and Leyser, 2005).

- Auxin and somatic embryo induction

Auxins, such as IAA, 2,4-D and NAA, are required fbhe induction of somatic
embryogenesis in many species (Ammirato, 1983).o0Badous IAA increases in
embryogenic callus but not in non-embryogenic cllliménez and Bangerth, 2001).
On the other hand, anti-auxins inhibit SE and theyestages of embryo development
(Fujimura and Komamine, 1979). Additionally, thencentration of endogenous IAA
increases and accumulates in this induction stagéoth zygotic embryogenesis
(Ribnicky et al., 2002) and SE (Thomas et al., 2008is shows the importance of the
endogenous auxin in the somatic embryo inductiagestwhich is a key event in cell
fate determination (Fehér et al., 2003). The exogerauxin 2,4-D used in culture also
causes endogenous IAA levels to increase but it maty directly stimulate 1AA
synthesis. It might cause IAA to accumulate byutlsing IAA metabolism (Michalczuk
et al., 1992).
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The most common protocols to induce SEs involvattnent with auxin for a period of
time then removal of the exogenous auxin in théucel After this induction stage, no
or low levels of exogenous auxin are required fatbeyo development (Ammirato,
1983). High level of exogenous auxin may lead toocaimal development or another
cycle of embryogenic cell formation (Halperin, 196@8erkle et al., 1995). However,
this does not mean that auxin is not importanhigt$E development stage. At this later
stage, the most important event is the establishmkpolarity, which is required in
both zygotic embryogenesis (Russell, 1993), and[Bfgk and Simmonds, 1988). The
auxin transport genBIN1 expression pattern changes in the Arabidogs@mmutant
and causes abnormal asymmetric division of zyg@egnmann et al., 1999). The root
meristem formation in both zygotic and somatic embr also requires auxin
accumulation at the root pole (Friml et al., 2083&ssuner et al., 2007). This type of
evidence indicates that the localization and acdanwn of endogenous auxin is still
important for the morphological differentiation efbryos following induction (Fehér
et al., 2003).

® Cytokinin

- Cytokinin regulation of plant function

Cytokinins have been investigated for more thany&frs (Miller et al., 1955). The
major function of cytokinins in plant cells is thegulation of cell division and
differentiation (Sakakibara, 2006). Cytokinins hawdso been implicated in
developmental processes such as the delay of melfl@ver senescence, the control of
apical dominance (Dun et al., 2006) and the regulabf the shoot meristem.
Investigation of cytokinin receptor mutants Amabidopsishas greatly facilitated the
understanding of the role of cytokinins in planbwgth and development (Higuchi et al.,
2004; Riefler et al., 2006).

In classic tissue culture, cytokinin promotes shadtiction as opposed to auxin which
promotes root induction (Skoog and Miller, 1957cBntly cytokinin - related genes
like ISOPENTYL TRANSFERASIPT), Arabidopsisresponse regulatosRR5 ARR7
(Jasinski et al., 2005; Yanai et al., 2005; Leddriet al., 2005), anHONELY GUY
(LOG) (Kurakawa et al., 2007) have been implicatedhe tegulation of the shoot
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apical meristem. Cytokinin also plays an importate in SE inMedicago(Nolan et al.,
1989; Dudits et al., 1991; Nolan and Rose 1998)iamuitical to our understanding of

this process.
- The cytokinin biosynthesis pathways

There are two groups of cytokinins: isoprenoid amsmatic (Fig. 1.4). Common active
forms of isoprenoid cytokinins ai6-(A 2-isopentenyl)-adenine (iP), trans-zeatin (t2),
cis-zeatin (cZ), and dihydrozeatin (DZ). The tZ andtyes of cytokinin with their
sugar conjugates are the major form in plants (Shkea, 2006). However importantly,
in maize and rice, the cZ-type is the major cytokif/each et al., 2003; Izumi et al.,
1988). Only some plant species have the aromatiokityns, ortho-topolin (oT),
metatopolin (mT), ortho-methoxytopolin (MeoT)metamethoxytopolin (MemT) and
benzyladenine (BA) (Strnad, 1997).

Isoprenoid CKs

Né-(A%isopentenyl)adenine  trans-zeatin cis- zeailn dlhydruzeatln
(iP) (tZ) (cZ) (DZ)
Major type -—— maize f rice

Aromatic CKs

OH OH OCH, OCH,

os eI es e« g
Sey Sy Sy Sy Sy

ortho-topolin  meta-topolin  ortho-methoxytopolin meta-methoxytopolin benzyladenine
(oT) {mT) (MeoT) (MemT) (BA)

Figure 1.4 Isoprenoid type and aromatic type cytokiin structures. Figure modified fronSakakibara,
2006; Veach et al., 2003; Izumi et al., 1988; Strri®97 See text for abbreviations.

For isoprenoid type cytokinin biosynthesis, iP atd] precursors are from the
methylerythritol phosphate (MEP) pathway, throughydroxymethylbutenyl
diphosphate (HMBDP) and dimethylallyl diphosphddAPP) (Kasahara et al., 2004)
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(Fig. 1.5). There is conjugation with ATP, ADP orMR by IPT @denosine
phosphate-isopentenyltransferase)form the iP riboside 5'-triphosphate (IPRTHj, i
riboside 5’-diphosphate (iPRDP) or iP riboside Smophosphate (iPRMP), and can
convert to the major active product iPRMP (Kakima2001). The iPRMP metabolic
pool can convert to iP, and also other free-bagprénoid cytokinins like tZ through
tZRMP. The tZ precursor can also convert from iPRifild iPRDP through tZRTP and
then tZRDP to convert to tZRMP then tZ (Sakakib&@06). In Arabidopsis, several
IPT genes have been identified (Takei et al., 2@0) theLOG gene converts iPRMP
and tZRMP directly to iP and tZ through phosphonijdrolase activity (Kurakawa et
al., 2007). The cZ can be synthesized from iP @ngrecursors, but also has another
synthesis pathway from DMAPP and tRNA (Sakakiba€f6). For aromatic cytokinins,
the biosynthesis and degradation pathways are wiilear, but may use the same
pathways as isoprenoid type cytokinins to reguia&er active levels (Mok and Mok,
2001; Mok et al., 2005).

. HMBDP «— MEP

+%TP DMAPP
IPRTP +AT }6
[ pROP
T~
f degradation . conjugate Pl
2 < 1P > P |
Transportation / iPRMP
é degradation High-level conjugate P
¢ iP ’ | |
(T

Type B ARRs @ ARR binding site 3 . .
Cytokinm-responsive

&D N gene expression

Figure 1.5 Cytokinin biosynthesis, transport and gee expression regulationFigure modified from
Sakakibara, 2006zerreira and Kieber, 2005; Miller and Sheen, 2@&& text for abbreviations.
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Cytokinin nucleobases are the active forms and indnce target gene expression
(Schmitz and Skoog, 1972) (Fig. 1.5). The leveadive cytokinin can be regulated by
inactivating conjugation, such as glycosylationzd@ohaty et al., 1993); conversion by
phosphoribosylation of cytokinin  nucleobases to NFR by adenine
phosphoribosyltransferase (APRT) (Allen et al., 2Q0r degradation by cytokinin
oxidase/dehydrogenase (CKX) (Schmiilling et al.,300

- Cytokinin transport

Cytokinin like auxin can be synthesized in wholants, and be transported to specific
locations to induce gene expression. Cytokinins temasported between roots and
shoots through xylem as tZ derivatives and throplgloem as iP derivatives. Both of
these transport processes are influenced bynttvegen concentration in the root
(Sakakibara, 2006). In axillary bud outgrowth, ladigtant cytokinin transport from the
root is required, but cytokinins also act as laghals and cytokinin biosynthesis can
be inhibited by auxin (Tanaka et al., 2006; Dualet2006).

- Cytokinin and the regulation of gene expression

Three groups of genes are involved in the cytokneigulation pathwayArabidopsis
HISTIDINE KINASES (AHKs) as the signal receptors,Arabidopsis
histidine-phosphotransfer proteins (AHPS) as sigaatiers, and Arabidopsis Response
Regulators (ARRs) as activators and feedback regslgaFig. 1.5). The cytokinin
molecular signal is perceived by the “cyclasesitise-kinases-associated sensory
extracellular” (CHASE) domain (Heyl and Schmilling903) of the AHK receptor
kinases on the plasma membrane (Riefler et al.6)200he phosphorelay in the
cytoplasm involves AHP proteins which shuttle inb@ nucleus regulating the ARR
response regulators. TRERRsgenes encode the major response regulators (Fj. 1
and can be divided into two groups: type-A and iBpdype-AARRgenes can respond
to exogenous cytokinin and are considered the resspgenes (D’Agostino et al., 2000;
Rashotte et al., 2003). Inside the nucleus, thesginate carried by AHPs proteins can
activate the type-B ARR proteins (ARR 1, 2, 10) evhcan bind to the ARR binding
sites ((G/A)GGAT(T/C) at the promoter region of mgasytokinin response genes and
which can then also start the transcription of t#{p@RRgenes ARR 4, 5, 6, ){ Single
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mutants of any type-ARRgene do not change plant morphology, but multiplegants
of type-AARRsincrease the sensitivity of cytokinin (To et @&004). This indicates the
type-A ARRgenes have highly overlapping functions and sohtbese genes might act
as negative regulators of the pathway (Hwang arek§h2001; Ferreira and Kieber,
2005; Muller and Sheen, 2007).

- Cytokinin and somatic embryo induction

For the somatic embryo induction stage, cytokinmlike exogenous auxin is not
essential for species such as carrot (Jiménez anddBth, 2001), and may even inhibit
somatic embryo formation in some species (Merklalgt1995). However, for some
species, likeM. truncatula2HA, cytokinin is required to be used with auxmaulture

for forming callus and embryogenic cells (Nolan &uake, 1998).

Some reports indicate that cytokinin alone can e somatic cells into the
embryogenesis process but in most species, exogendakinin is not required for
somatic embryo induction (Maheswaran and Willia@®35). The level of endogenous
cytokinin (iP) in cotton somatic embryo culture dEgses through the induction stage,
but increases once the somatic embryo has formeg(£t al., 2007) indicating that the
endogenous cytokinin is important in somatic emhaggelopment. The cytokinin level

needs very sensitive regulation to form normal go&r

® Gibberellin (GA)

Gibberellic acid (GA) has multiple functions related to plant morphgloltj acts as an
inhibitor of embryo development and lateral roatuntion, and as a stimulator of shoot
and root elongation (Richards et al., 2001; Budoai.e 2008). GA can also inhibit the

induction of somatic embryogenesis and organogsiresitro (Flick et al., 1983).

GA (gibberellin) is synthesized by conversion ofrayg/lgeranyl diphosphate to
19-carbon GAs and by the subsequent action of GAoxaflase (GA200x) and
3p-hydoxylase (GA30x). GA can be deactivated Iyhgdroxylase (GA20x) (Bethke
and Jones, 1998; Fleet and Sun, 2005). Feedbaakatiem of GA synthesis by
inhibiting the GA200x and GA3ox expression slowdduces bioactive GA synthesis
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(Fleet and Sun, 20058TM which is essential for shoot apical meristem tgvaent,
also represses GA20o0x expression to reduce activéHay et al., 2002) FUSCA3
(FUS3 which is essential for SE can repress GA3ox esgio@ and decrease bioactive
GA;3 synthesis (Gazzarrini et al., 2000GAMOUS-like 15AGL15 can enhance SE
development, and also regulates the GA20x6 in dedictg bioactive GA (Wang et al.,
2004). GA appears to act as a repressor of emlmgalaoot apical meristem formation

and can prevent abnormal organ induction.

Based on the morphology of many GA related mutda#sjs thought to promote plant
growth by repressing inhibitory genes (Bethke ande3, 1998). The key inhibition
genes down-regulated by GA are th&LLA (Richards et al, 2001; Olszewski et al,
2002). GA suppresses DELLA proteins through indgcBLY1/SNE/GID2gene
expression or suppressing tBBINDLY(SPY gene which may modify and activate the
DELLA proteins (Richards et al, 2001; Olszewskagt2002; Thomas and Sun, 2004).
PICKLE (PKL) is one of the genes regulated by DELIPXL inhibits embryonic cell
fate during post-embryonic development to prevdmtoamal embryogenesis in plant
tissue. Thd’KL gene inhibitd EC1, LEC2andFUS3gene expression. DELLA proteins
suppres$KL expression to allow embryo development. Therefforeormal tissue, GA
suppresses DELLA and allows tR&L expression to inhibit embryo development; but
in embryogenic tissue, low levels of GA allow DELLA suppres®KL and embryo
cell fate can be determineBUS3 expression also keeps the GA levels low (Fleet and
Sun, 2005) (Fig. 1.6). G#suppression of shoot and root initiation in cldgimay also

use a similar regulation pathway.
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Figure 1.6 Embryo fate may be regulated by GA throgh DELLA and PKL. A wide line indicates
strong activity and a narrow line indicates weakvéty. Data obtained and modified from Fleet anthS
2005.

1.4.2 Stress

Stress factors, including osmotic pressure, heaeyals, low or high temperature,
starvation, mechanical wounding of explants andh hig4-D levels, can stimulate
somatic cells to acquire embryogenic competena tfa induction of SE (Fehér et al.,
2003). The importance of stress for somatic emlimgaiction is emphasized in some
reports as SEs can be induced by stressors aldheutviexogenous hormones being

supplied (Kiyosue et al., 1989; Touraev et al.,7)99

In tissue culture protocols, wounding occurs inhbekplant culture and protoplast
culture. Wounding of cells is a drastic environna¢rthange and causes a significant
stress effect, and the switching on of some stitefsnce genes (Fehér et al., 2003). The
genes induced by wounding Arabidopsisinclude signal transduction and regulatory
factors, followed by metabolic genes and ligninhpaty related genes (Delessert et al.,
2004). Wounding also induces reactive oxygen spe@@S) (Orozco-Cardenas and
Ryan, 1999) and in the non-culture situation reggeghe auxin function first (Cheong
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et al.,, 2002; Delessert et al., 2004), and themuded ethylene and ABA responsive
stress genes later (Delessert et al., 2004). IMtheuncatulaculture system, wounding

is the major stress in the culture process and rpaotgins related to biotic and abiotic
stress are produced in the early stage of cultumén(et al., 2004, 2005). Ethylene

biosynthesis genes are also activated (Mantir.e2@08a).

® Reactive oxygen species (ROS)

ROS include superoxide anions, hydroxyl radicatgl hydrogen peroxide, and can be
induced by stresses such as ozone (Conklin e1296), UV-B (Surplus et al., 1998)
and wounding (Orozco-Cardenas and Ryan, 1999). R@fe damage to cellular
organelles, but can also function as signallingenules (Levine et al., 1994; Noctor,
2006) to regulate some ABA and ethylene stressorespgenes (Fujita et al., 2006).
The linkage with ROS and somatic embryo induct®still not clear. The flavoprotein
inhibitor diphenyleneiodonium sulfate (DPI), whighhibits ROS production, also
inhibits callus production and SE iM. truncatula 2HA (Rose and Nolan, 2006)

indicating the possibility of a linkage.

® Abscisic acid (ABA)

Abscisic acid (ABA) is the major phyto-hormone resgpive to abiotic stresses such as
drought, low temperature, and osmotic stress, agdther with other phytohormones
like salicylic acid (SA), jasmonic acid (JA) anchgene responds to stresses such as

pathogens and wounding (Fujita et al., 2006).

ABA biosynthesis in higher plants requires the eégpe of carotenoids (Schwartz et al.,
2003). Active ABA can be down regulated by degrixabr conjugation processes. In
degradation processes, ABA degradation is catalymedhe CYP707 genes where
expression is regulated by stress or developmemne@awa et al., 2006; Okamoto et al.,
2006). For the conjugation process, glucose is ugaitgd with ABA by ABA
glycosyltransferase forming an inactive ABA gludossster (Xu et al., 2002).
Conjugated ABA can release ABA through sofiiglucosidases, such as AtBG1 in
Arabidopsis, to increase intra- and extracellularBAA levels and induce

stress-responsive gene expression (Lee et al.)2006
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The ABA regulation signalling pathway is complexdaacts independently at multiple
sites in the cell to induce different functions @jiama and Shinozaki, 2007). Three
putative ABA receptors have been described: thedtmng-time control protein FCA in
the nucleus which regulates mRNA stability and #ownduction (Razem et al., 2006),
the Mg-chelatase H subunit ABAR (ABSCISIC ACID REEEOR) in plastids
involved in the synthesis of chlorophyll (Shen &t 2006), and a G protein coupled
receptor GCR2 in the plasma membrane which presymaansduces the signal
through the GPA1 (G protesrabidopsiso. subunit) gene which plays an important role
in secondary messenger production (Liu et al., 260ifayama and Shinozaki, 2007).
Secondary messengers such a& @ad ROS are important in ABA signal transduction.
Intercellular C&" increase is important for guard-cell movement Wwhiesponds to
ABA, and ROS which is induced by ABA through NAPRHidases (Pei et al., 2000).
ROS such as j©, have also been reported to reduce the activity ABA

INSENSITIVE 1 (ABI1) protein and the ABA INSENSITE 2 (ABI2) protein which
can negatively regulate the ABA responseAiabidopsis(Meinhard and Grill, 2001,
Meinhard et al., 2002).

Exogenous ABA does not usually induce somatic eodyrput it does in some cases
(Nishiwaki et al., 2000). However, it is used inmggrotocols to improve the number
and quality of embryos (Ammirato, 1983; Nolan anos® 1998). It might influence
embryogenesis by interacting with endogenous IAfAough some other factors
(Nishiwaki et al., 2000; Fehér et al., 2003). ABAmcontributes to the accumulation of

the storage proteins in cotyledons and assistsrenaggotic embryos into dormancy.

® Ethylene

Ethylene is involved in many aspects of plant depeient and is synthesized in
response to biotic and abiotic stress, includingimaing, hypoxia, ozone, chilling, or
freezing (Wang et al., 2002). Ethylene biosyntheais also be stimulated by wounding
directly and through ROS and JA (Watanabe and SaR&8). In SE, ethylene is not
commonly used in culture and may even inhibit saer@inbryo development (Tisserat
and Murashige, 1977). Endogenous ethylene influermed induction arising from

cultured tobacco cotyledons (Evertt, 1982). Endogerethylene is also required for SE
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in M. truncatula as ethylene biosynthesis inhibitors can dramdyicdecrease the
somatic embryo numbers M. truncatula2HA (Mantiri et al., 2008a). Ethylene can
stimulate auxin biosynthesis and auxin transpothéroot elongation zone {Ricka et
al., 2007; Swarup et al., 2007). In SE, ethylene lba induced by wounding in the
induction process and is involved in the regulatbmormone or developmental genes
during the induction and development of SEs (Mastial., 2008a).

1.4.3 Developmental Genes

Some specific genes have been implicated in soneatibryogenesis, including SE
stimulation genes and SE inhibition genes. Thesegerovide a basis for investigating

the molecular mechanism of somatic embryo induction

Overexpression of SE stimulation genes will indgoenatic embryos from vegetative
tissue. Most of these genes are transcription fadteludingfWUSCHEL (WU}, BABY
BOOM (BBM) AGAMOUS-like 15 (AGL15)LEAFY COTYLEDON1 (LEC1and
LEAFY COTYLEDONZ2LEC?) (Zuo et al., 2002; Boutilier et al., 2002; Hardiegal.,
2003; Lotan et al., 1998; Stone et al., 2001). Skestimulator is the receptor kinase
SOMATIC EMBRYOGENESIS RECEPTOR KINASE 1 (SE®€tht et al., 2001).

The WUS gene has a homeobox domain called the WUSCHELletldomeobox
(WOX) domain and expresses in the OC (organizingreg of the embryo and shoot
meristem, and also the floral meristem. Its funti®to maintain undifferentiated stem
cells (Laux et al., 1996). Overexpressiondf)Scan induce SEs from whole seedlings
(Zuo et al., 2002). Gallois et al., (2004) desdatitew WUS expression could induce
shoot stem cell activity and embryos in roots iated with extra auxinWUS
expression combined with high levels of auxin migatthe condition required to switch

somatic cells into SE.

BBM is a transcription factor of the AP2/ERF familydaexpresses in developing
embryos, seeds, and root meristems (Boutilier gt 28102; Imin et al., 2007). Its
function may be related to promoting cell prolitesa and morphogenesis during
embryogenesis. EctopBBM led to spontaneous SE from seedlings, and infleeice

leaf and flower morphology (Boutilier et al., 2002)
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SOMATIC EMBRYO RELATED FACTOR1 (SERB1another transcription factor of
the AP2/ERF family and is essential for SE Mh truncatula It is an ethylene
responsive gene and expresses primarily in soreatiaryos and the globular stage of
zygotic embryos. Inhibition oSERF1expression by RNAI also suppresses somatic
embryo formation but not callus formation indicatiit is essential and specific for

embryo development (Mantiri et al., 2008a).

AGL15is a transcription factor with a MADS domain (fabim MCM1, AGAMOUS,
DEFICIENS and 8F) and many genes with this MADS box function avelopmental
regulation (Riechmann and Meyerowitz, 199AGL15 expresses mainly in whole
embryos including the suspensor from the 8 celjestm the maturation stage, in the
endosperm and shoot apex of young seedlings; arydsoaport development in an
embryonic mode (Perry et al.,, 1996; Harding et a003). It also enhances GA
deactivation (Wang et al., 2004). Ectopic exprassibAGL15can enhance production
of secondary embryos from cultured zygotic embrgecondary embryo induction can
be maintained without exogenous hormones, but égetative tissue 2,4-D in liquid
media is required to promote SEs from the shoatahpneristem (Harding et al., 2003).
Overexpression of the ortholog gene in soybgamAGL1Y also enhances somatic
embryo development (Thakare et al., 2008).

LEC1lis a HAP3 subunit of a CCAAT-binding transcriptitactor (Lee et al., 2003). It
only expresses in embryo and endosperm tissuetarxpression may be involved in
cotyledon identity and late zygotic embryogeneSigest et al., 1994)LEC1 was the
first gene shown to induce SE from seedling tissyegene overexpression, but the
frequency is quite low (Lotan et al., 1998). TeC2 gene contains a B3 DNA-binding
motif. Its RNA accumulates during seed developnard expression is required for
maintenance of suspensor morphology, specificaiforotyledon identify, progression
through the maturation phase, and suppressionevhgiure germination (Stone et al.,
2001). Ectopid.EC2 also induces SEs and callus from adaxial cotyled&tone et al.,
2001). TheFUSCA3(FUS3 gene which also has a B3 domain expresses irdhg
and maturation phases of embryogenesis (Haradd,) 20@ suppresses GA synthesis
(Gazzarrini et al., 2004). Its function may be @dist redundant withLEC2 in the
stimulation of seed storage protein genes (Kroj aét 2003). TheseLEAFY
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COTYLEDONIike genesLEC1, LEC2 andFUS3are all essential for somatic embryo
induction inArabidopsis(Gaj et al., 2005).

The SERK1gene is a leucine-rich repeat (LRR) receptor-kkease (Albrecht et al.,
2005) first identified from carrot somatic embryagspension cultures and can be used
as a SE marker for tracking single cells which wrbduce SEs (Schmidt et al., 1997).
SERKexpression is not limited to the embryo but i9agpressed in male and female
reproductive tissue, leaf primordia and developigts (Hecht et al., 2001; Nolan et al.,
2003; Kwaaitaal et al., 20053ERK1and its family members may be involved in signal
transduction chain through forming complexes witheo receptors or transcription
factors, such a8GL15(Karlova et al., 2006 SERKfamily genes may be also involved
in other functions such as SE regulation and pahatefence (Hu et al., 2005).When
overexpressed tfeERKgene also enhances the SE from seedlings whenimednith
2,4-D (Hecht et al., 2001).

One SE inhibition genes is knowrP{CKLE (PKL). The pkl mutant in hormone free
root tissue culture can produce SEs from callusafOet al., 1997). TheKL gene
produces a CHD3 protein which may function by ragof chromatin architecture and
act as a repressor of transcription (Ogas et 8891 It has been discussed in Section
1.4.1 and its regulation of embryo fate is scheseatin Fig. 1.4.

These development genes which have been describastdmmarized in Table 1.1.
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Gene | Gene type Domain Expression location In vivofunctions SEs induced by gene:| Reference
Name How Where about SE
WUS TF WOX Shoot and floral meristem, OCMaintains undifferentiated stem cells |n Ectopic Seedling Zuo et al.,
Homeobox of SAM and embryo SAM 2002.
BBM TF AP2/ERF Embryo Promotes cell proliferation and Ectopic Seedling Boutilier et
domain morphogenesis in the embryo root al., 2002.
SERF1 TF AP2/ERF Embryo Ethylene responsive gene, essential for SE Unknown | Unknown | Mantiri et al.,
domain 2008a
AGL15 TF MADS domain Embryo, endosperm, shoot| Supports development in an embryonid&ctopic + | SAM of Harding et al.,
apex of young seedling mode, enhances deactivation of GA 2,4-D seedling 2003.
LEC1 TF HAP3 subunit Embryo, endosperm Cotyledon identify and late =zygotic Ectopic Leaf Lotan et al.,
embryogenesis 1998.
LEC2 TF B3 domain Embryo Maintains suspensor morphology, cotyledonEctopic Adaxial Stone et al.,
identity, suppresses premature germinatign cotyledon 2001.
FUS3 TF B3 domain Embryo Regulates seed storage protein genes |abldiknown | Unknown Gaj et al.,
GA synthesis, essential for SEs induction 2005
SERK1 | Receptor | LRR domain Embryo, gametophyte, leaf| SE regulation, pathogen defense Ectopic + Callus Hecht et al.,
primordium, lateral root 2,4-D 2001.
PKL Repressor| CHD3 domain Throughout plant Regulates chromatin architecture, repregsedutant Callus Ogas et al.,
transcription, prevents SE (pkI) from root 1997

Table 1.1 Developmental genes related to SE indueti. TF: transcription factor.
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1.4.4 The Medicago truncatula Somatic Embryogenesis System

In M. truncatula cv Jemalong 2HA, cytokinin and auxin are esserftial somatic

embryo induction (Fig. 1.7). Auxin treatment alomél not induce SEs but will induce
different types of callus morphology and roots withbJemalong and 2HA. Explants
cultured on cytokinin alone medium will only induadittle callus and will induce some
SEs in 2HA. The maximum number of SEs that cambaded is with a ratio of auxin
to cytokinin of 10:4 and the same ratio is mairgdiruntil the SEs have matured.
Detached SEs can be cultured on solid medium witlexogenous hormone and
germinate to form roots. ABA added with auxin andokinin in the late stages of

embryo induction is used to improve embryo quaditg quantity.

ZHA

AUXIN
G — i — +
CYTOKININ

Imtact TESTE
Tissue CULTUERE

2_H A

bt J E1T10 1011 G

Figure 1.7 Experimental system used in the study ah vitro embryo and organ formation in M.

trucatula with Jemalong and 2HA explants Diagram obtained from Dibley, 2003.
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1.5De novo Root Induction and Development

In M. truncatula,somatic embryogenesis produces a bipolar embryowilg auxin
plus cytokinin treatment. Explants treated withhhigpncentration of auxin (10M)
alone can produce a mass of callus and roots. Tdeesevoroots proliferate from the
vascular tissue of explants and are suppressedhlylere (Rose et al., 2006). These
cultured roots are also used to investigate thegeslated to root development (Imin et
al., 2007). The mechanism of te novoroot formation and how it is related to normal
primary root development or lateral root inductisnstill unclear. It was the intent in
this study to contrast the induction of a bipolaxbeyo from totipotent cells with the

development of a unipolar meristem from pluripotesits.

1.5.1 The Root Meristem

Depending on the source cells, plant roots canlé&sified as primary roots, lateral
roots, or adventitious roots. The primary root ferfmom the embryo during seed
germination; lateral roots arise from other roadsd adventitious roots form from
uncommon locations such as stems or leaves. Theapyritaproot and lateral root
branching structure are characteristic of mosttglledon plants likeArabidopsisand

Medicago In monocots such as wheat and rice, primary ratge form after seed
germination, but the majority of roots are advémtis roots arising from the end of the
stem, and then lateral roots branch from them. Tyge of root system in monocots is
referenced to as a fibrous root system. Howeveer dhe roots have matured, the

structures of roots are similar.

The structure of a mature root (Fig. 1.8) can hmassed into the root tip, elongation

zone and the mature zone. The root tip can be @liwitb the root cap (including the

columella cells in the centre surrounded by ther&dt root cap), root meristem

(including the quiescent centre (QC) cells surramehthy a couple of layers of stem

cells), and the elongation zone developing fromrttegistem (with stele, ground tissue
and epidermis). In the mature zone, the stelefferdntiated into vascular tissue and
pericycle. The ground tissue differentiates inte émdodermis and cortex layer, covered
by the epidermis (Baurle and Laux, 2003; Jiangfkeldman, 2005).
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Figure 1.8 Diagram of the Arabidopsis root tip in longitudinal section. From the centre to the
periphery: stele (s), ground tissue (g), vasculssue (v), pericycle (p), endodermis (e), cortex (c
epidermis (ep) and lateral root cap (Irc). The @mpot cap (crc) is located at the very tip of tioot.

The QC (blue) inhibits differentiation of the nelgiuring stem cells (pink). The diagram is modified

from Béaurle and Laux, 2003. Blue indicates the seimt centre. Pink indicates stem cells.

® Primary root formation

Primary roots developing from the embryo root pgiew underground and mature after
germination. All the cells differentiate from thées cells in the root meristem
surrounding the QC, and the QC maintains the sodiog stem cells in an
undifferentiated state (Jiang and Feldman, 2006 Stages of QC formation in the
embryo were discussed in Section 2. The QC is gakéor root growth, and the size of
the QC can be influenced by environmental factoid @an change the root meristem
architecture (Feldman and Torrey, 1975). The efié@nvironmental factors on the QC
might be due to the influence of the adjacent stetts. When the QC is damaged, the
remaining root meristem tissue will reorganisedorf a new QC and a new meristem
will re-form after that (Feldman 1976).
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® Lateral and adventitious root formation

Lateral roots inArabidopsiswere shown to form from the pericycle of the matmone

(Casimiro et al., 2001). The initiation of lateralots starts with the nucleus of two
adjacent pericycle cells moving closer and is pdrbg auxin to go through the first
asymmetric cell division (Smet et al., 2007). Tlsgrametric cells continue dividing to
form a mass of cells which differentiate to formaomt meristem and the lateral root.
After the lateral root has elongated, the new vasdissue will link with the vascular

tissue of the primary root (Smet et al., 2007).

In monocots, adventitious roots (or crown rootanfdrom the stem and have been
investigated over several decades. In rice, thengydia of adventitious roots are
initiated from the pericycle layer of cells thakeaadjacent to the peripheral vascular
cylinder in the stem (Kaufman, 1959). Periclinalisions produce two cell layers. The
outer cell layer develops into the epidermis, emdots, cortex, and root cap, and the
inner layer forms the tissue of the central cylmdehe vascular system forms after
columella root cap formation and at this stage @ primordium contains all the
tissues of the root (Kawata and Harada, 1975). Dis&/OX9 (called the QHB,
QUIESCENT-CENTER-SPECIFIC HOMEOBOX) gene, which eegses in the QC of
the rice root tip, indicates that the QC-like aityi\starts early in the outer layer of cells
at the two layer stage, and becomes more localizeshg primordium development.
After all root structures have formed, the OsWOXheg is expressed in the QC, the
same as in the matured root tip (Kamiya et al. 3200

® |n vitro root formation

Roots inducedn vitro from leaf explants by treatment with high concettns of
exogenous auxin have been reported in many spg&ke®g and Miller, 1957; Rose et
al., 2006b). The root primordium induces from thesaular bundle cells near the
wounding boundary of explants, and forms new rdatsn the primordium. After
maturation, the structures of thes® novoroots are similar to normal roots (Rose et al.,
2006b). Thede novoroots, lateral roots and adventitious roots argated from the
cells adjacent to the vascular tissue; therefory tmight have similar induction

processes.
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1.5.2 Hormone-Regulated Root Formation

Auxin has an important role in root induction aodtrarchitecture. The localized auxin
accumulation influences polar root formation in #mbryo, and also root meristem
maintenance in the mature root. In root systemesgegtablishment of the auxin gradient
depends on two sources of auxin. One source isnaspithesis in the root tissue,
especially in the root meristem; the other and msgarce is that transported from the
shoot. Auxin from the shoot can be phloem-mediatedby polar transport in
parenchyma cells (Ljung et al., 2005). The dynarmaixin flow has also been
investigated by Grieneisen et al. (2007). They stbwhat auxin was transported
downstream from the shoot to the root tip througgh tascular tissues and accumulates
in the root meristem, and then it is transported touepidermal cells and root cap.
Auxin can stimulate cell division or cell expansidapending on the concentration
vitro and the physiological status of the tissue (Skand Miller, 1957). The auxin
gradient can also be correlated with cell divisionthe root meristem and cell
elongation in the elongation zone, and can alserialy explain lateral root initiation
(Grieneisen et al., 2007). The location and prooédateral root initiation is regulated
by local auxin transport regulated by a group ohege such as ARF7, ARF19
(Okushima et al., 2007, Smet et al., 2007) and-ldistance auxin transport from the
shoot (Reed et al., 1998). The regulation of aditens root initiation from the stem

may be similar to lateral root formation (Kamiyaaét 2003).

Cytokinin inhibits root induction and growth in tuwle (Skoog and Miller, 1957).
Cytokinin also inhibits the lateral root inductitimrough the arrest of the cell cycle of

pericycle founder cells (Li et al., 2006).

In vitro root induction is inhibited by ethylene and rootrhation is enhanced in the
ethylene-insensitive mutantskl or treatment with the ethylene inhibitor
aminoethoxyvinylglycine (AVG) (Simms, 2006; Roseatt, 2006b). After induction,
root growth depends on two processes, one is naliah in the root meristem, and the
other is cell elongation after division (Schereslet2002). Ethylene has been reported
to influence root growth by affecting cell elongati through regulating auxin
biosynthesis (Rzicka et al., 2007) and modulates stem cell divisiorArabidopsis
(Ortega-Martinez et al., 2007).
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GA tends to suppress root initiation in cultureidklet al., 1983). GA is also involved

in the suppression of adventitious root inductian exogenous GA can reduce the
adventitious root number and GA insensitive mutanégluce more roots (Busov et al.,
2006). On the other hand, GA influences root groatid development by (1), by

regulating the maturation of the ground tissue Wwheontrols the root diameter

(Paquette and Benfey, 2005), and by (2), inducimgitudinal cell expansion in roots in

parallel with auxin derived from the shoot (Fu &fatberd, 2003).
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1.6 Stem Cells in Relation tan vitro Somatic Embryogenesis and Organogenesis

Stem cells are undifferentiated cells whose daughtan either remain stem cells or
undergo differentiation (Laux, 2003). By this déiion, stem cells in normal plants are
only located in the shoot, root and lateral mensteand the early embryo. However,
for example, stem cells can be obtained by de+éiffeationin vivo in lateral root
meristem formation, which arises from differentchfgericycle cells in the main root
(Malamy and Benfey, 1997), or nodule formation harises from inner cortical and
surrounding cells of legume roots (Beveridge et2007). This indicates the ability of
plant cells to induce stem cells from differentihtells.

Somein vitro tissues such as callus may also have stem celhiat Many organs like
the shoot, root, and somatic embryo can be fordeedovofrom callus indicating the
pluripotency and totipotency of callus cells. Thens cells in the shoot meristem are
small, undifferentiated, and with small central wales (Laux, 2003). Most callus cells
are large cells with large vacuoles, but thereatse clusters of cells which are smaller,
have a larger nucleus, and small vacuole (Na g2@07) which match the morphology
of stem cells.

The fate determination of stem-like cells in calisisnfluenced by hormones, especially
cytokinin and auxin, and may lead to the formatain(1) shoots, (2) roots, or (3)
somatic embryos (Skoog and Miller, 1957; Stewaral et1958).

The question arises, when stem cells fannvitro, are the genes involved in stem cell

formationin vivo also involved in thén vitro stem cell formation.

(1) Cytokinin: Cytokinin influences shoot cell fate determinationArabidopsis in
vitro. WUSexpression occurs in the callus after a high le¥@ytokinin is applied, and
becomes more localized when shoot meristem stegttart to formCLV3 expression
occurs afte’WUS expression and is localized in the OC of the nbaos meristem
(Gordon et al., 2007)WUS but notCLV3 expression has been detected in one SE

system usind\rabidopsisroots (Gallois et al., 2004).

(2) Auxin: In M. truncatula2HA culture, one week of high auxin treatment iswagh to
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determine the root cell fate and may activate prdmal-like cells to form pluripotent
cells (Rose et al., 2006b; Imin et al., 2007). W@X5gene which expresses in the QC
of the root meristem has a similar function to IMJS gene (Sarkar et al., 2007)
suggesting that th&/OX5gene may be involved in the determination of it fate in
callus cells.

(3) Cytokinin and auxin: Cytokinin and auxin are required for somatic enobry
induction inM. truncatula2HA (Nolan and Rose, 1998). TMéUS gene may also be

involved in somatic embryo fate determination aevah by overexpression and the
correlation of expression with auxin-induced SEadats (Zuo et al., 2002; Gallois et al.,
2004).CLAVATAfamily genes involved iwWUSregulation can enhance SE ability in
loss-of-function mutants (Mordhorst et al., 1998)iet also suggests a relationship of

WUSwith somatic embryo induction.
In the M. truncatulasystem there is a need to fully understand the oblstem-cell

related genes discussed aboveWelS WOX5 andCLAVATAgenes. In particular, how
do these genes link ®ERK1andSERF1studied in some detail in this system.
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1.7 Specific Objectives of Thesis

It is the objective of this thesis to investigate formation of stem cells in relation to
the induction of embryos and root meristamsitro (Fig. 1.9). The highly embryogenic
mutant Jemalong 2HA and its wild-type progenit@resent a valuable system to study
these processes. This investigation aims to limkeeatudies orM. truncatulaSERK1
andSERF1to a fuller understanding of the developmentaldyy of SE.

Differentiated | Pluripotent | Totipotent
cell | cell | cell
| |
| Shoot :__ ________ i
primordium .,

Shoot .
(Leat, Stem) Somatic
Root Embryo

Root
prunordmm (€=

Figure 1.9 De novo primordium and embryo formation in tissue culture. The diagram indicates how
both totipotent stem cells and pluripotent steniscate likely to form in the induction of primordand
somatic embryos. The diagram is based on the irgfttom fromArabidopsisandM. truncatula2HA. The
pathway from callus to shoot primordium (dashee)limccurs inArabidopsis but not inMedicago
(Beveridge et al., 2007; Gordon et al., 2007).

The thesis chapters investigating the mechanisr&Eadnd root primordia development

in vitro are set out in the following way:

® In Chapter 2 and 3 genetic and physiological expents withM. truncatula
Jemalong and 2HA will be described.

® In Chapter 4 bioinformatics data on fhW8JS WOX5 andCLAVATAfamily genes

will be presented.
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In Chapter MtWUSandMtCLAVATAfamily genes in relation to totipotent stem

cells in SE induction are investigated.

Chapter 6 focuses avitWOX5gene expression in relation to pluripotent stefis ce

and root primordium formation.

In the final Chapter there is a discussion of CaepR-6 and their significance in

relation to SE and root primordia inductionvitro.



CHAPTER 2

Investigation of the Genetic Requirements for

Somatic Embryogenesis irMedicago truncatula
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CHAPTER 2 Investigation of the Genetic Requirements for
Somatic Embryogenesis irMedicago truncatula

2.1INTRODUCTION

This chapter focuses on the genetics of somatiayogbnesis in Jemalong and 2HA.
The M. truncatula 2HA mutant was first identified in 1989 and wadested from
Jemalong via a cycle of tissue culture, and sules#tyuthe 2HA seed line was derived
by selection over four generations (Rose et aB9)9There has been research on the
mechanism of somatic embryogenesis research udify But the karyotype and

genetics of 2HA have not been investigated.

The karyotype data d¥ledicagospecies were investigatedVh sativasubsp.coerulea
by C-banding (Bauchan and Hossain, 1997) anl.itruncatulaJemalong J5 anhl.
truncatula R-108-1 by fluorescenn situ hybridization (FISH) (Cerbah et al., 1999).
There are 16 chromosomes in dipldill truncatula (2n=2x=16), with 2 pairs of
metacentric chromosomes and 6 pairs of submetacatromosomes. Four pairs of
these submetacentric chromosomes are difficultdentify because of their similar

chromosome length and arm ratio (Cerbah et al.91199

In the 2HA genotype, it was shown that the phemdtyppsomatic-embryogenic capacity
could be inherited in the progeny and this phemdty@as probably dominant (Rose et
al., 1999). It is useful to have back-cross data2tdA with its progenitor Jemalong to
obtain more information on the nature of the motafie.g. is it inherited as a dominant

character).

There is no morphological marker for 2HA other thsesmatic-embryogenesis. The
floral morphology ofM. truncatulaAl17 has been investigated in detail and can bé use
as a reference to identify homeotic mutations (Behl et al., 2003). Therefore the
floral morphologies were also investigated in ghapter.

In the first part of this chapter the chromosomey@type in Jemalong, 2HA and the
reference genotype Al7 is investigated to assesshe 2HA mutant major deletions or
translocations had occurred. The second part otllapter investigates the segregation
of the 2HA somatic embryogenesis phenotype in 2HAealong crosses. The final

part of the chapter investigates the floral morphglof Jemalong and 2HA.
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2.2MATERIALS AND METHODS

2.2.1 Chromosome Karyotypes

The protocol is modified from Singh (1993) and Cli2901) usingM. truncatula2HA,
Jemalong and Al17 seed. The 2HA seed was collectEdh. 2005, Jemalong seed was
collected in Nov. 2005 and A17 seed was colleatefior. 2005.

Collections of roots:

About 40 seeds were placed on moistened filter igaipea Petri dish and incubated in
the dark at room temperature for 2 d. The rootsulshoemain in contact with the
moistened filter papers, otherwise the mitotic meell be very low. Actively growing

root tips about 1-2 cm long were collected andpttestreatment procedure initiated.

Pre-treatment of roots:

Pre-treatment serves several purposes: it stopfoth@tion of spindles, increases the
number of metaphase cells by arresting the chromesoat the metaphase plate,
contracts the chromosome length, increases theositgc of the cytoplasm, and

facilitates rapid penetration of fixative. Rootsrevdransferred to cold water in vials,
and the vials placed in an ice chest and coverdd avihick layer of ice. The container
was kept at 4 °C for 22 h. Longer treatment willise excessive shortening of the

chromosomes.

Fixation:
Propionic acid alcohol was used for fixation. Itviery good for plants with small

chromosomes. It provides clear cytoplasm and optsta#ning for chromosomes.

After pre-treatment, roots were fixed for 3 d iB:4 mixture of ethanol: propionic acid
(propionic acid: ICN cat no. 151955, puriy®9%), in which a small amount of ferric
chloride (ferric chloride hexahydrate, FeCI6H,O, BDH cat. no. 10110) had been
dissolved as a mordant (0.2 g/100mL).
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Staining:

After fixation for 3 d, the root tips were hydroggin 1N HCI at 60 °C for 6 min. The
hydrolysed root tips were stained in aceto-orc&in 3 d. Aceto-orcein at 1% was
prepared by pouring boiling 45 mL acetic acid ovgy of orcein powder (orcein, Sigma
cat. No. 7505), cooling and adding 55 mL distilledter and then filtered. These
processes were handled in a fume hood.

Softening of roots:

After sufficient staining, the meristematic tisswas removed with a razor blade. The
meristematic region (1 mm long) was treated with @é6tinase at 25 °C for 30 min.
Pectinase at 1% (pectinase, Sigma cat. No. P-44/25) prepared by dissolving in

distilled water.

Chromosome preparation:

The meristematic region was transferred to 45%i@ceatid for 5 min to clear the
cytoplasm. Each slide contained two root tips. registematic region was squashed in
45% acetic acid with a T-bar and the debris remow&ti a needle under a 10 X
objective of the microscope. A cover slip was agbhvith one drop of 45% acetic acid
and the slide turned upside down. The slide waasttpd evenly at the back of the slide
on several layers of filter paper. The slides warecked under the light microscope and

good slides sealed with paraffin wax.

Examination of the chromosomes:

For each plant, intact chromosomes were viewed ruad0 X objective with bright
field using a Zeiss Axiophot microscope. Digitalages were captured by a digital
camera (Zeiss AxioCam HRc) and the software (Z&igsVision 4.0) provided by this

system.
Chromosome alignment was carried out from the @igibage using the software ACD

FotoCanvas 3.0. Each chromosome was dissected tinensame cell and aligned
according to the length and arm ratio with the Emghromosomes displayed first.
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2.2.2 Plant Growth Condition and Crossing Methods

Plants were grown 1~2 months after transplantimgleu glasshouse conditions with
partially controlled temperatures, between 13 aB®Q@ with a 14 h photoperiod. The
crossing experiments were usually carried out & iorning when the flowers were
partially opened with the staminal tube still caekby keels. By pushing the keel of the
receptor flower the staminal tube flips up and pleden can be removed. The donor
pollen was then used to fertilize the stigma of teeeptor flowers to complete the
crossing process. Pods were collected after begpadark grey and were then stored at
4 °C for 3 months after thorough drying.

2.2.3 Tissue Culture of M. truncatula 2HA and Jemalong

Explant material was taken from the youngest expdrntifoliate leaves. The leaves
were sterilised for 30 sec in 70% ethanol, 10 mir2%% White King bleach solution,
then washed two times in sterile distilled watetplants were obtained by trimming off
the edges of the foliole to form a rectangular @ief tissue with the midvein in the
centre. A cut was made perpendicular to the midt@iobtain two or three pieces of

tissue measuring approximately 4 mm x 9 mm.

Explants were cultured 6 pieces per plate, abaxi@ down in a 9 cm plastic Petri dish
containing approximately 25 ml of P4 or P40 mediased on Gamborg’s B5 basal
media (Gamborg et al, 1968; Thomas et al., 1990 media was supplemented with
10 uM 1-Naphthalene Acetic Acid (NAA) and dM 6-Benzylaminopurine (BAP)
(designated P4 (10:4) media), 101 NAA (P4 (10ONAA) media), 4uM BAP (P4
(4BAP) media), or 1@M NAA plus 4uM BAP and 11M ABA (P4 (10:4:1) media).

Plates were incubated in the dark at 27 °C, andutlred every 3-4 weeks onto fresh
media with 4-5 explants per plate, depending onsilze of the callus. For somatic
embryo inducing cultures, plates were incubatedhen light, 6-7 weeks after set up.
Somatic embryos usually can be seen on the callfizce after 4 weeks. In this chapter,

the recording of somatic embryos was carried det 40 to 15 weeks of culture.
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2.3RESULTS

2.3.1 Karyotypes of Medicago truncatula 2HA, Jemalong and A17

Dividing cells were obtained from the root apexsekdlings and the chromosomes
stained by aceto-orcein as described above. Igatsin of chromosome morphologies
in 2HA, Jemalong and Al7 showed that all have 1®mosomes with similar arm

ratios and locations of heterochromatin (Figs. 2.BAand C, Fig. 2.2). There is no
significant translocation or arm deletion in 2HAh€Be results suggest that 2HA may
have gene mutations or epigenetic changes compardémalong, rather than large

scale rearrangements.
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Figure 2.1 Karyotypes of 2HA (A), Jemalong (B) andA17 (C). 16 chromosomes can be identified in

each species. Bar =jdn.
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Figure 2.2 2HA, Jemalong and Al17 chromosome showingligned karyotypes.The chromosome
forms were obtained from Figs. 2.1 A, B and C, alighed by the chromosome lengths and arm ratios.

Bar = 4um.

2.3.2 2HA (Male) X Jemalong (Female) Crossing Experiments

In order to investigate the genetics of the 2HAnwigpe, we designed a crossing
experiment with Jemalong and 2HA. Because Nhetruncatulais self-fertile, 2HA
pollen was used to fertilize Jemalong female flav&/e could be reasonably sure that
the transfer of any SE was a result of successfoititisation given the rarity of SE in
Jemalong. Several F1 plants were obtained wittStghenotype, consistent with the
dominance of this phenotype. The segregation oSthend non-SE type was followed

in the F2 generation.

Data obtained for the F2 generation showed 25 SE7amon-SE plants, approximating
a 3:1 ratio (Fig. 2.3). A similar ratio was alsotaibed in a repeat experiment where
there were 30 SE and 10 non-SE plants. In this &tperiment the amount of SE was
ascertained, using 6 classes from low to high. @h&ter data (Fig. 2.4) showed that SE
was very variable and categories 1 and 2 had wsvynumbers. The data suggest that a
single dominant gene will give some SE penetrandethat other, possibly additive,

effects are required for maximum SE.
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2HA Jemalong

s

Self fertilize

o B [

Figure 2.3 Crossing results for 2HA X Jemalongll indicates pollen from 2HA and) indicates the

egg from Jemalongl® indicates plant can produce somatic embryos (P€)tyand[_> is non-SE
type. Numbers indicate the plants numbers.

SE segregation capacity

12

10 10
10 F

Number of plant
(o]

None L2 L1 M H1 H2 H3
Classes

Figure 2.4. SE segregation capacity for F2 plantsi2HA X Jemalong experiment.Open column
indicates non-SE type, where no embryos form ifusalNone class). Filled columns indicate SE type
and are divided into 6 classes: low SE capacitgllés (L2), <20% calli forming embryos, average
embryo number per callus <0.5; low SE capacity lldvélL1), <20% calli forming embryos, average
embryo number per callus is 0.5~1; medium SE capéid), 20% ~ 80% calli forming embryos, average
embryo number per callus is 1~3; high SE capaeitell 1 (H1), >80% calli forming embryos, average
embryo number per callus is 1~3; high SE capaeitgll 2 (H2), >80% calli forming embryos, average
embryo number per callus is 3~5; high SE capaeitgll 3 (H3), 100% calli forming embryos, average
embryo number per callus >5. The classificatiomdglified from Rose et al., 1999.

The morphology of plants was also investigated hia trossing experiments. The
morphology of leaves, pods, and plant size didshotv significant differences between
2HA and Jemalong, but some differences were natetlower numbers and floral

morphology.
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2.3.3 Flower Numbers in 2HA and Jemalong

The number of flowers in 2HA and Jemalong wereedght. The numbers were
obtained by examining ten inflorescences from exct0 plants of Jemalong and 2HA
of similar age and grown under the same conditidhg average flower numbers per
inflorescence in Jemalong is 2.63, higher than 1tk per inflorescence in 2HA.

Jemalong can produce more flowers in an infloresed¢nan 2HA (Table 2.1).

Flower numbers in single Average /
inflorescence inflorescence

Jemalong(100 inflorescences 3 31 2.63+0.2

2HA (100 inflorescences) 90 10 0 1.1+0.1

Table 2.1 Flower numbers in Jemalong and 2HA infloescencesThree types of flowers were noted in
the inflorescences. Ten inflorescences were ranglsaiected from each of 10 plants in Jemalong @nd 1

plants in 2HA. All plants were grown in the glasshe for 2.5 months.

Flower numbers were also investigated in the cngsekperiments described above. A
total of 11 SE type plants and 3 non-SE type plaamsl 6 to1l0 inflorescences were
selected for each plant. The average number ofeflewn a non-SE type plant was 1.87
per inflorescence, higher than the 1.16 in SE tgtsnts (Table 2.2). The flower

numbers of the SE type plants were similar to 2HAis indicated that the number of

flowers per inflorescence is associated with theattc-embryogenic phenotype.

Explants forming

Average no. flowers /

Plant type embryos (%) inflorescence Total Average
100 1.0+£0.0
80 1.3+£05
100 1.6+05
80 1.0+£0.0
60 1.8+0.4
SE type (11) 20 10+00 1.16 £+ 0.28
100 1.0+£0.0
100 1.0+£0.0
100 1.0+£0.0
100 1.0+£0.0
100 1.1+0.3
0 1.9+0.3
non-SE type (3) 0 18+04 1.87 £ 0.06
0 1.9+0.3

Table 2.2 Flower number analysis in inflorescencef@HA X Jemalong experiment related to SE

type.
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2.3.4 Floral Morphology Changes in 2HA Compared to Jemalag

The normaM. truncatulaflower has 5 petals including one vexillum, 2 adael 2 keels
(Benlloch et al., 2003). The staminal tube is cedeny keels before the flower is fully
opened (Figs. 2.5A and B). In 2HA, most flowers dnamormal morphology, but some
distinctive floral phenotypes occurred. These wdgdicient in part of the petal
structures (Figs. 2.5C-F). The flowering processo athowed some differences. In
Jemalong, flowers usually opened for one day betwldeam and 4 pm, and then the
petals closed and faded followed by pod formation2HA, most flowers followed
these stages, but some flowers opened longer tharday without closing or fading,
even after the pods had formed (Fig. 2.5E whiteveyr
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Figure 2.5 Floral morphology phenotypes irMedicago truncatula 2HA. Normal flower morphology in
Jemalong and 2HA is shown in A and B. There aretalp with one vexillum (V), 2 alae (Al) and 2 keel
(K), and the staminal tube (St) covered in keel®fgethe flower opens (A). There are some petal
phenotypes seen occasionally in 2HA but not Jengal®he changes might appear in the vexillum (C),
alae (D, E) or keels (F). Some pods had starteéldpment while the flower was still open (E, white

arrow) which did not occur in Jemalong.
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2.4DISCUSSION

M. truncatula2HA was obtained after a cycle of tissue cultiNelén et al., 1989; Rose
et al., 1999). This type of procedure was also@amut in two otheMedicagosomatic
embryogenesis linell. truncatulaR-108 (Hoffmann et al., 1997) arM. truncatula
M9-10a (Aradjo et al., 2004). Further, M. truncatulacv. Jemalong a cycle of tissue
culture is always enough to enhance regeneralfiitylan et al., 1989). These data
suggest that enhanced regenerability via SElifruncatulais an epigenetic effect as
the mutation frequency is too high for a consisi2NA sequence change. Other reports
indicate that epigenetic mutants may occur thraiggue culture procedures (Bednarek
et al., 2007). Information in this chapter was oigd to provide more information on

the genetic nature of the greatly enhanced SE i.2H

The karyotype of 2HA was investigated in this cleapCompared to the chromosome
morphology of Jemalong and Al7, no large scale ghamas found in chromosome
number and structure. There was clearly no chamg#oidy or large translocations or
deletions. However, the aceto-orcein staining nektikannot clearly identify each
chromosome, especially for those submetacentrienebsomes. Some other techniques
like C-banding or FISH (fluoresceint situ hybridisation) would be required for more

detailed investigation.

The experiments involving analysis of the F2 popotafrom 2HA and Jemalong
crosses provide some additional insight. If phepesy are characterised as SE or
non-SE there is a 3:1 ratio SE:non-SE. This suggesingle dominant gene is involved.
However there is a large variation in SEs per prd a single dominant gene only
guarantees a few embryos. To obtain high embryecgdgrather genes must come in via
some type of additive or enhancing effect. Thisrptetation fits with the way in which

2HA was developed.

Fig. 2.6 shows the 2HA selection process. Theah#xperiment was carried out in
1989 by Nolan et al. on regenerated plants fromalamg. One of the regenerated
plants called R3 produced large number of SEs saué culture and was named
Jemalong 2HA. The high frequency SE ability pagsethe next generation through
seed, but there were some low SE frequency plaritsei progeny. In 1999, Rose et al.,
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classified SE into three groups: “High” which ingied 80% of calli produced embryos
and 30% of calli had more than 10 embryos; “Lowdigated less than 20% of calli
produced embryos; and “Moderate” was the remainfipfants that were not “high” or
“low”. Fifty seeds of the R3 progeny were germimktéested for SE ability and
classified into the three groups. The seeds of raéy@dants belonging to the high
frequency group were selected for the next tests.sElection procedures were repeated
with the “high” SE group for three generations.elich generation test, the percentage
of the high frequency group was always over 504htd last generation where 100% of
the progeny were classified in the “high” frequemggup. These final high frequency
somatic-embryogenic plants suggested that 2HA wamologous for SE and could
produces 500 times more somatic embryos than itstype progenitor Jemalong (Rose
et al.,, 1999). These data on segregation rate steghehat a number of genes are
involved in obtaining the high frequency somatickeyogenic phenotype. The ability
of different genes to initiate or stimulate SEYS LEC1, LEC2 SERK andCLAVATA}

is also consistent with this.

Jemalong

R1 R2 R3
Low% Low?%e Higl

Fl Low-36% Mod-12% High-52%

/</f 7 plants / 56 sceds]

F2 Low-12% Mod-37% High-51%

_— Iy plants / 59 seedg
/N

F3 Low-8% Mod-12% High-80%

3 plants / 29 seec@

F4 High-100%
(2HA)
Figure 2.6 Medicago truncatula Jemalong 2HA selection process (modified from Ros al., 1999).
“High (frequency)” indicates more than 80% calliguoe embryos and 30% of them contain more than
10 embryos. “Low (Frequency)” indicates less th&%b2calli produce embryos. “Mod (frequency)”

indicated the frequency was between high and low.

49



CHAPTER 2 Investigation of the Genetic Requirements for
Somatic Embryogenesis irMedicago truncatula

In searching for mutations or epigenetic changedHA, the AFLP (amplified fragment
length polymorphism) and AMP (amplified methylatiopolymorphisms) was
investigated in Jemalong and 2HA and revealed amAFLP patterns (Irwanto, 2004),
but different methylation patterns as assessedMi.A'hese data provide some support
for epigenetic change being related to SE. Chromesemodelling and methylation
change may proceed during the induction of songatibryos (Merkle et al., 1995). It is
possible that an epigenetic change enables SEt@bteat to maximise this potential a

number of genes are involved.

The 2HA genotype is not only characterised by Mgy, but has fewer flowers per
inflorescence. This characteristic segregates igh SE. Similarly changes in flower
morphology have been noted in 2HA. Of particulaerest is the delayed senescence of
petals in some 2HA flowers (Fig. 2.5E) which hasoabeen noted in Brassicas with
high SE (Malik et al., 2008).

Data in this Chapter does not unequivocally detireegenetics of 2HA but does provide
some guide to potential genetic mechanisms. 2HA mmye a number of modified
genes but probably only one of them opens up theaso embryo induction ability.
This could be, for example, a gene influencing epaic change such as one
influencing methylation. In the following chaptérethormone requirements for somatic
embryogenesis in 2HA will be investigated furthedahe information may help to

provide more information on key genes.
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3.1INTRODUCTION

This chapter focuses on the hormone requirementsdmatic embryogenesis and
organogenesis in Jemalong and 2HA. Exogenous asixaquired for somatic embryo
induction but only for a short exposure time in mapecies (Ammirato, 1983).
Standard protocols for SE ikl. truncatula 2HA from leaf explants and protoplast
cultures have been developed (Nolan and Rose, 1R@8& et al., 1999), where both
auxin and cytokinin are essential for SE. Auxin aytbkinin are not only used in the
induction on the semi-solid agar medium, howevat, de also used in the following
subculture medium at the same concentration. ABAIsed in a second subculture
medium with auxin and cytokinin and enhances tlegudency of regenerated plants
(Nolan and Rose, 1998).

GA has received much less attention than auxincgtakinin onin vitro development
studies. There is good reason for this as GA dadsusually help somatic embryo
induction (Ammirato, 1983). There is evidence B&t acts as an active repressor of SE
and is important in preventing unexpected somatibrgo formation in a growing plant.
The PICKLE gene, which is regulated by GA through DELLA pio$ge can suppress
somatic embryogenesis and there is a reductiomindically active GA (See Chapter
1 Fig. 1.4). However GA can help the germinatiorS&s (Ammirato, 1983) and can
stimulate root growth (Fu and Harberd, 2003).

This chapter will focus on the induction stage & t® more critically investigate the
time required for auxin, cytokinin and ABA to indu&Es in theM. truncatula2HA

system. These data will enable a better undersigndi molecular mechanisms,
investigated in later chapters. The chapter alslud®es an investigation of GA given the

evidence that it appears to have a role in reprgsSE in the growing plant.

Root organogenesis can be indugeditro by culture of the leaf explants of Jemalong
and 2HA in high levels of auxin alone (Nolan et 2D03). Thede novoroot formation
from leaf explants can be divided into three stagésge 1, root primordia induction
from procambial-like cells of explants; stage dtrdifferentiation from root primordia;
and stage 3, the root structure is formed and elimy follows (Rose et al., 2006b).
Imin et al.,, (2007) indicated the stem cell fateg fie novoroot induction was
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determined after 1 week of culture, however, dethilnvestigations have not been
carried out on the time requirements for stem delle determination. These
investigations have also been carried out in thepter and in addition GA examined
given its potential role in suppression of meristenmation as has been reported in SE

and discussed above.
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3.2MATERIALS AND METHODS

3.2.1 Tissue Culture Methods for Hormone_Timing Requirements (TR)

The sterilisation and culture processes were destin 2.2.3. Special subculture cycles
and media were used in the different treatmentisth&l explants were initially cultured
in the dark and transferred to the light after Sek&e Somatic embryo formation was

assessed in week 6 or week 8.

For the standard somatic embryo induction procedurel. truncatulacv. Jemalong
2HA (Nolan and Rose, 1998), 2HA explants are cattun agar medium (P4 medium)
with 10 uM NAA and 4 uM BAP |[called P4 (10:4) mexil for 3 weeks, and
subcultured to agar medium with 10 uM NAA, 4 uM BARd 1 uM ABA [called P4
(10:4:1) medium] every 4 weeks until somatic embBrgan been seen. Experiments to
investigate the minimum time for treatment with iixcytokinin and ABA were

modified from the standard procedure.

Type (i) Hormone Time Requirement experiments (Hormones TR)

Experiments can be designed to investigate the iegeirements (TR) of the hormones

auxin and cytokinin for somatic embryo inductionheT following treatments are
described in Fig. 3.1.
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Hormones TR experiments Auxin TR experiments
10 TOUMNAA oooooo g 10MNAA cooo oo
AUMBAP oo oo o 4 uM BAP
01 23456 01 23456
4 uM BAP 4 uM BAP
10 UM NAA 10 uM NAA
4 uM BAP T2 4umBAP
10 UM NAA 10 UM NAA
13 4 uM BAP B 4 pM BAP
10 M NAA 6 10 UM NAA
™ 4umear 4 UM BAP
01 234356 01 234356

Figure 3.1 Schematic of hormone time requirementsHormones TR) and auxin time requirements

(Auxin TR). H indicates auxin (10 pM NAA)

indicates no hormone. There were five types ofttneats in Hormones TR experiments: 0 week of auxin
and cytokinin (T0), 1 week of auxin and cytokiniflj, 2 weeks of auxin and cytokinin (T2), 3 weeks o
auxin and cytokinin (T3), and 6 weeks of auxin agtbkinin (T6) as the control. The difference inxdu

TR experiments is 6 weeks of cytokinin is suppfiedall types of treatments.
Type (ii) Auxin Time Requirement experiments (Auxin TR)

These experiments were modified from type (i) abowmed focused on the time
requirements for auxin. The following treatmentsavearried out: 2HA leaf explants
were cultured in P4 (10:4) medium for differentdérs of time (0, 1, 2, or 3 weeks) and
subcultured into a™ P4 medium containing 4 uM BAP [called P4 (4BAP)dimen].
The auxin was supplied for set periods of time dhd cytokinin was supplied

continually (Fig. 3.1). The results were assessedeak 6.

The above auxin TR experiment was carried out arather experiment including 4
weeks of 10 uM NAA with cytokinin continually supgd. In this latter experiment, the

fresh weight of somatic embryos and callus wasinbthat week 8.

One set of Auxin TR experiments were also carriedio Jemalong to investigate the
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influences of different auxin exposure times orusaformation in Jemalong compared
to 2HA.

Type (iii) ABA-auxin T ime Requirement experiments (ABA-auxin TR)

These treatments were similar to Type (ii) with ABApplied together with auxin to
investigate the influence of ABA on the somatic eyobinduction. The following

procedures were carried out: 2HA leaf explants weréured initially in P4 medium
containing 10 uM NAA, 4 uM BAP and 1 uM ABA [callde4 (10:4:1) medium] for
different lengths of time (0, 1, 2, or 3 weeks) autbcultured in P4 (4BAP) medium.
The auxin and ABA were only supplied for set pesiaaf time and cytokinin was

supplied continually (Fig. 3.2). The results wessessed at week 6.

ABA-auxin TR experiments

TO 10uUMNAA 22—
4 uM BAP

01 23 456
TUMABA [Jooooo

T1 10UMNAA oo oo
4 UM BAP

1 M ABA
T2 10 UM NAA
4 UM BAP

1 UM ABA
T3 10 UM NAA
4 uM BAP

TuMABA LJLILILICIL]
T6 10 UM NAA

4 uM BAP

01 23 4506
Figure 3.2 Schematic of ABA-auxin time requirement(ABA-auxin TR) experiment. [ll indicates

auxin (10 pM NAA) indicates cytokinin (4 uM BAP)[_] indicates 1 uM ABA, anc—= indicates

no hormone. There were five types of treatmentlidiong 0 week of auxin and ABA and 6 weeks of
cytokinin (T0), 1 week of auxin and ABA and 6 weeaksytokinin (T1), 2 weeks of auxin and ABA and
6 weeks of cytokinin (T2), 3 weeks of auxin and ABAd 6 weeks of cytokinin (T3), and 6 weeks of

auxin, ABA and cytokinin (T6) as the control.
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3.2.2 GA Experiments on Somatic Embryogenesis Induction

The sterilisation and culture processes are destrin 2.2.3. 2HA explants were
cultured in P4 (10:4) medium plus 5, 10, or 50 uks;@nd subcultured every 3 weeks.
Explants were also cultured in P4 medium contaifingM BAP plus 10 uM GA
Explants cultured in P4 (10:4) medium were the st Explants were initially
cultured in the dark and transferred to the ligtdreb weeks. SEs were assessed after 6

weeks.

3.2.3 Auxin-GA Experiments on de novo Root Formation

The culture process has been described in 2.28.stdndard procedure fde novo
root induction usingM. truncatula leaf explants is the culture in 10 uM NAA P4
medium for 3 to 4 weeks in the dark. Callus andsdorm around the edge of the
explants. To investigate the response of auxin @Adin the de novoroot induction

process, three types of experiments were carried ou

(i) Auxin, GA, and primordia induction

These experiments were designed to investigatmtivence of different concentrations
of GA and auxin on root primordia induction. Fouffetent concentrations of GA(O

uM, 0.1 uM, 1 uM, and 10 uM) were mixed with 3 drfint concentration of NAA (0
UM, 1 uM, 10 pM) in P4 medium (Table 3.1). Six leaplants from 2HA were cultured

in each of these different media in the dark arad formation assessed after 21 days.

NAA/ GA 3 (LM) 0 0.1 1 10
0 No hormone 0.1 GA 1GA 10 GA
1 1 NAA 1 NAA+ 0.1 GA 1 NAA+1GA 1 NAA+ 10 GA
10 10 NAA 10 NAA+0.1GA | 10NAA+1GA | 10 NAA+10 GA

Table 3.1 GA; and NAA components in GA experiments.

(ii) Auxin, GA, and primordia development

These experiments were designed to investigateopdia development after the root
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primordia had been induced. The concentrations/Af &d NAA tested were the same
as in experiment (i) (Table 3.1). The 2HA explatitat had been cultured in 10 uM
NAA for 28 days and had obtained callus or somésregre then cultured in different
media in the dark. Root formation results were sghently assessed after 21 days

further culture.

(i) Time requirements for de novo root induction in Jemalong and 2HA with auxin

and GA treatments

Information obtained from (i) and (ii) showed th&As;-NAA concentrations for
suppression of primordia induction but stimulat@mprimordia development is 10 uM
GA3 or 10 uM NAA plus 0.1 pM GA Leaf explants from Jemalong and 2HA were
cultured in 10 uM NAA-P4 medium and subculturedl® puM GAg or 10 uM NAA
plus 0.1 uM GA medium 3 d and 7 d after set up (Fig. 3.3). Cdsitneere set up in 10
MM NAA together with the 10 uM GAor 10 uM NAA plus 0.1 uM GAtreatments.

Root formation was assessed at 21 days.

10 M NAA — 10 M GAs 10 UM NAA — 10 M NAA + 0.1 uM GAa
10 M NAA
0day 16 UM GAs 0 day
10 UM NAA 10uM NAA
3 days H
S 10 M GAs 3daYs 1M GAs =
0 -
10 UM NAA 10 uM NAA
7days 10 UM GAs 7928 5 4 M GAs

Figure 3.3 Schematic of time requirement forde novo root induction. [l indicates auxin (10 uM

NAA),
concentrations with GA starting at 0 day, 3 daysawfin then transferred to GA, 7 days of auxin then

indicates GA (10 uM or 0.1 uM GA and — indicates no hormone. There were two GA

transferred to GA.

3.2.4 Histology

Tissue fixation, subsequent embedding in LR whagrm, cutting of 0.5-1um sections

and photography, has been described in Rose (@I086).
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3.3RESULTS
3.3.1 The Time Requirement for Hormones in Somatic Embrydnduction
The time requirements for hormone induction of stiecn@mbryos were carried out in

three types of experiments described in 3.2.1 (Fi4). The somatic embryo induction

rates, size of explant images, and the weightsoaiasic embryos and callus were

investigated.

ABA-auxin TR experiments
Hormones TR experiments Auxin TR experiments TO 10 uM NAA
10 TOHMNAA ===ooo | 10IMNAA oo oo 4 UM BAP
AUMBAP cooooo 4 uM BAP
01 23456 01 23456 1 UM ABA
1ouMNAA 10 uM NAA I T oM
H O M R — 4 M BAP
T aumeap Bosoos [T aumesr 01 23456
01 23456 01 2345606 1TUMABA (oo
10 UM NAA | |  EE== VUM NAA Hllccoo 72 10UMNAA Il ==
T2 aoMBAP B —oo [ [T2 4umear 4 UM BAP ﬂ ‘)
0123456 0123456 0l 23456
1TUMABA [[[ooe
13 0uMNAA EEEe=o || 10uMNAA EEEo oo | T3 10MNAA
4uMBAP ElEElcoo 4 uM BAP 4 M BAP
01 23456 01 234506
1 UM ABA
T6 10uMNAA HEREENE | 10uMNAA B EEEE | (s 10pvNaA
4 uM BAP 4 UM BAP 4 uM BAP
01 23456 01 23456 -

Figure 3.4 Summary of schematic of time requiremenéxperiments.

3.3.1.1Somatic embryo induction rates

The somatic embryo induction rates for three typieexperiments are listed in Table
3.2. In Hormones TR experiments, the T2 sample shanly a 16.7% somatic embryo
induction rate, and T3 and T6 control samples sad®0% induction rate indicating at
least 3 weeks of exogenous hormone supply is redidor maximum somatic embryo
induction. In Auxin TR experiments, the inducti@te in T1 is 33.3%, and in T2 and T3
samples it is 83.3% indicating exogenous auxineguired for at least 2 weeks to
approach a 50% induction rate. Comparing theseewmeriments also indicates that

cytokinin is required for 3 weeks for maximum intlan.
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Name \ treat weeks TO T1 T2 T3 T6Control)
Hormones TR 0/6 = 0% 0/6 = 0% 1/6 = 16.796/6 = 100% | 6/6 = 100%
Auxin TR 0/6 = 0% 2/6 = 33.3% 5/6 = 83.3%)| 5/6 = 83.3%| 6/6 = 100%

ABA-auxin TR 0/6 = 0% 3/6 =50%| 6/6 = 100% 6/6 = 100% | 4/6 = 66.7%

Table 3.2 Somatic embryo induction at week 6 in thee types of experimentsThe results show the

number of explants producing somatic embryos 1 taianber of explants and the percentage of explants

producing somatic embryos at week 6.

In ABA-auxin TR experiments, the T1 sample had adyereached the 50% somatic
embryo induction rate, and in T2 and T3 had a 1008tiction rate. These results
indicate that ABA present from the beginning oftaté enhances somatic embryo

induction.

Because of the small sample sizes these resultsbrusterpreted with some caution.
However, what is clear is that the inductive horemmuxin and cytokinin are only
required for 2-3 weeks. There is also a clear mttho that ABA given at zero time will

enhance SE.

3.3.1.2Explant growth results

The results of explant growth for the three treattweare listed in Table 3.3. In general
maximum callus size requires continuous hormonatritent. However it appears that
ABA will inhibit callus growth, even through thegge high rates of somatic embryo

formation.

Name \ treat weeks TO T1 T2 T3 T6(Cotr0|)

Hormones TR

15.0+1.4 19.3+1.1 44.7+3.8 74.4+4.5 100.046.9

Auxin TR

12.2+1.5 43.5+4.7 67.0+2.1] 8.116.4 100.0+6.9

ABA-auxin TR

122415 | 39.1%#2.6| 67.0+8.6  64.4+3.7  60.7+2/5
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Table 3.3 Explant growth results displayed with exfants images at week 6 and relative explant
image sizesThe image sizes were related to the week 6 exptdritee hormones TR control set at 100%.

Image size was determined using the Image J program

The explants size comparisons for Auxin TR expeni®dor 2HA and Jemalong are

shown in Table 3.4. This explant growth rate isilsimn Jemalong and 2HA, although

Jemalong produced more callus than 2HA for evesgitinent. This suggests that as
Jemalong does not form embryos, it will producghgly more callus.

Name \ treat weeks TO

2HA auxin TR

35 100.0+6.92

12.2+1.47

Jemalong auxin
TR

18.0£2.61 50.2i3.2 | 75.7£6.52 100.2+8.1124.2+9.25
Table 3.4 Explants growth comparisons between Jenwig and 2HA. The image sizes are relative to

the week 6 explants image sizes of the 2HA hormdigontrol set at 100%. Blue arrow indicates the

somatic embryos occur in 2HA callus. Image size @etermined using the Image J program.

3.3.1.3Somatic embryo and callus growth in auxin TR experments

Somatic embryos (SEs) and callus weights were tmgaised in one auxin TR
experiment where auxin was subcultured for 1, 2n@ 4 weeks with 8 weeks cytokinin,
and weights were obtained at week 8 (Fig. 3.5). meximum total weight was
obtained after the T3 treatment. However, the camepts of T3 and T4 are different in
that T4 has more callus than T3. These resultsatelithe 3 weeks auxin treatments can
obtain maximum somatic embryo weight, and longeatments of auxin increases
callus formation relative to embryogenesis. Theadae consistent with those in Table
3.2 and 3.3.
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8 weeks relative weight O Callus weight @ SEs weight
100
S
=
o
=
2 50
ks 79.9
Q
@ 0.02 55.7
20.7
0
T1 T2 T3 T4

Figure 3.5 Relative weight of callus and SEs for fferent treatments in auxin TR experiment. The
data were obtained after 8 weeks culture and thghigewere relative to total weight (SEs plus cslllu

with the 8 weeks T4 sample as 100%. Somatic emiusight shown in filled dots, and callus weight
shown in white.

3.3.2 GA and Somatic Embryogenesis

Three concentration of GA was added with P4 (10mBdium to investigate the
influence of GA on SE in 2HA (Table 3.5). The somambryo induction rate and
somatic embryo numbers per explant decreased pM@A; treatment but increases
slightly in lower and higher concentration (Tabl®)3 Overall this suggests minimal
influence of GA. GA added with cytokinin did notgoluce somatic embryo indicating
that the GA could not substitute for auxin to ineltise somatic embryo formation.

Control + Control + Control + | 4 uM BAP +
5uMGA; | I0uUM GA; | 50 uM GA; | 10 uM GAs

2HA Control

Morphology

Wk

N

A

% Explants Forming SEs 100 % 100 % 66.7 %

100 % 0%
Average no. SEs/ explant4.7 +0.71| 7.0+ 1.29| 4.2+ 1.60| 7.5+ 1.45 0

Table 3.5 Somatic embryo induction results in diffeent GA treatments. The results show the
percentage of explants forming somatic embryosth@dverage numbers of somatic embryo per explant.

The data obtained after 6 weeks. Control mediuRdisnedium with 10 uM NAA plus 4 uM BAP.
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3.3.3 Auxin, GA, and de novo Root Formation Experiments

3.3.3.1Auxin, GA, and primordia induction

For the root primordia induction phase, differemnecentration of auxin and GA
described in 3.2.3 (i) were investigated. After ddys, only explants in 10 pM NAA
alone produced primordia tissue from the edge pfasts and some roots formed from
the primordia tissue (Table 3.6). No primordia fedrin other conditions. 10 uM NAA
was required for root primordia induction, and e@eh uM GA is enough to inhibit the
process. High concentration of GA alone also ditlinduce root primordia and root

formation.
NAA / GA; 0
(M)
No hormone
0
0/6 = 0% 0/6 = 0% 0/6 = 0% 0/6 = 0%
1 NAA 1 NAA+ 0.1 GA 1 NAA+ 1 GAg 1 NAA+ 10 GA
1
0/6 = 0% 0/6 = 0% 0/6 = 0%
10 NAA 10 NAA+ 0.1 GA | 10NAA+1GA 10 NAA + 10 GA
10 :
(NAA) s ., ‘
6/6 = 100% 0/6 = 0% 0/6 = 0% 0/6 = 0%

Table 3.6 Explant morphology and percentage of exahts with de novo root formation in different
auxin and GA treatments.The photograph and percentage was assessed aftay2 incubation.

3.3.3.2Auxin, GA, and primordia development

Auxin and GA might have different roles after tlo®tr primordium has been induced.
Different concentration of auxin and GA described3i2.3 (ii) were investigated in
these experiments. Leaf explants that had beetetresith 10 uM NAA for 28 days

were used. Tissue regions selected had callusetbbuprimordia had developed only
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with 0~2 visible roots. Twenty-one days after ariaunduction treatment, auxin alone
treatments did not produce roots, but associatigih vow concentrations of GA
significantly helped (Table 3.7). The best ratid\#A and GA; for root formation was
10 uM GAg, 10 uM NAA plus 0.1uM GA and 1 pM NAA plus 0.1uM GA GA but
not auxin can enhanced the primordia developmeuit,thee responses of GA were
enhanced by auxin.

NAA / GA3
1
(M) 0 0(GA
No hormone 10 GA
0 n
0/5 = 0% 2/4 = 50% 5/5 = 100%
1 NAA+ 0.1 GA 1 NAA+1GA 1 NAA + 10 GA
1
3/5 =60% 0/5 = 0% 0/5 = 0%
10 NAA 10 NAA+ 0.1 GA | 10 NAA+1GA 10 NAA +10 GA
10
(NAA)
0/4 = 0% 4/5 = 80% 1/5 = 20% 2/5 = 40%

Table 3.7 Explant morphology and percentage of expghts with de novo root formation in different
auxin and GA treatments after root primordia formed. The photographs and the percentage of
explants forming roots were assessed after 21 days.

3.3.3.3The timing requirement for root stem cell activation in Jemalong and 2HA
studied using auxin and GA

The responses to GA were different before and aftet primordium formation.
Suitable treatments of auxin and GA can help toerdeine the timing of root
primordium formation. The procedure for investigatiof the time requirement for root
primordia induction in auxin culture was descrilie®.2.3 (iii). After a 3 day treatment
in 10 uM NAA Jemalong had visible roots and aftéf day treatment both Jemalong
and 2HA had visible roots, after transfer to 10 @3 (Table 3.8). Auxin was only
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required for a short period of time to induce rppmordia. In a similar experiment, but
with leaf explants transferred to 10 pM NAA plud @M GAg after auxin treatment

(Table 3.9) similar results were obtained, but éheas a greater density of roots per

explant.
10 uM GAg after auxin Days treatment with 10 uM NAA
treatment 0 days 3 days 7 days
/
¥
Jemalong :

0/3 = 0% 3/3 = 100% 3/3 = 100%

2HA

03=0% 0/3 = 0% 3/3 =100%
Table 3.8 Induction time required for auxin root induction in Jemalong and 2HA.The T medium is

10 pM NAA and the %' medium is 10 pM GA Root results are shown with callus morphology and
percentage of explants with root formation afterd2ys culture.

10 uM NAA + 0.1 uM Days treatment with 10 uM NAA
GA; after auxin treatment 0 days 3 days 7 days

Jemalong

R

1/3 = 33.33% 3/3 =100% 3/3 = 100%

2HA

1/3 = 33.33% 1/3 = 33.33% 3/3 = 100%
Table 3.9 Induction time required for auxin root induction in Jemalong and 2HA.The ' medium is

10 pM NAA and the % medium is 10 uM NAA plus 0.1 M GARoot results are shown with callus
morphology and percentage of explants with roangtion after 21 days culture.

Data obtained in the three different types of expents (sections 3.3.3.1, 3.3.3.2,
3.3.3.3) were consistent with auxin inducing pridharand GA being inhibitory at this
stage, but then GA assisting in primordia develamnparticularly if some auxin is

present.
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3.4DISCUSSION

Somatic embryo induction

Examination of the experiments labelled as Hormdresnd Auxin TR, confirms what
is well known for this system that auxin and cytokiare essential for SE induction in
2HA. However there is a requirement for auxin agtbkinin for just 2-3 weeks (a
“pulse”). The longer treatment with auxin can helgenhance the callus formation, but
does not enhance the somatic embryo induction mngton. On the other hand, the
longer cytokinin treatment enhances both the sa@matnbryo induction and callus
formation. These data are consistent with a laapy lmf work (section 3.3.1) showing
that the exogenous auxin is only required for thduction stage of SE and not for
embryo development. However, figk. truncatulg cytokinin is also necessary, but again
is only required for an inductive period. It shouldso be noted that cytokinin
suppresses root formation. These data also indibatehe first 2-3 weeks of culture is
the key stage for callus, stem cell and SE induactithe expression of the important
genes related to the SE induction procedure musiraa this period (see Chapter 5
Results).

ABA from the beginning of culture can enhance tbenatic embryo induction rate.

Though ABA induces more somatic embryos, less satlasue is formed. These
observations are of interest as the standard latedure was based on ABA addition at
3 weeks to enhance embryo quality even though emnfuynbers were reduced (Nolan
and Rose, 1998). ABA addition from the beginningists the histology as embryo
development can be followed more readily in tistha¢ does not callus so much. As can
be seen in Fig. 3.6 at least some embryos devetap the edge of the explant from
dedifferentiated mesophyll cells. This system isvrimeing used for more extensive

histology studies.
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Figure 3.6 Section showing somatic embryos develogj in leaf explants.M, mesophyll cells; VT,

vascular tissue. Arrows indicate the somatic embmothe edge of the explants. Explants grown in P4

(10:4:1) medium from the beginning of culture.

2HA can form SEs from leaf explants, but Jemalaggnot respond to cytokinin in this
way. Auxin and cytokinin can produce callus in b@HA and Jemalong, with callus

production being slightly enhanced in Jemalong.

GA did not suppress SE as hypothesised and edeappeared to have no effect. This
work needs further experimentation, particularly rglation to the timing of the
application. We note that in alfalfa GA can stimel&E (Rudsg et al., 2000). This is
discussed more fully in Chapter 7 in relation te tlature of the genotype that enables

SE induction.
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Root primordia induction

Suitable concentrations of GA and auxin for rootmardia induction andle novoroot
formation in 2HA were investigated. It confirms wha known for this system that 10
KM NAA is a suitable concentration for root prim@adnduction. However once the
primordia are produced their development requigsone changes. This can be in the
form of a lowering of the auxin concentration ame taddition of 10 uM G4 or
surprisingly the maintenance of the auxin concdiomaat 10 utM NAA but plus 0.1 uM
GAs. This indicates two functions of GA, the ability suppress stem cell induction and
primordia formation, but to assist primordia deystent. This supports the view that
GA predominantly acts to stimulate growth ratheanthnduce new organs (Fleet and
Sun, 2005).

The data in this chapter also shows that Jemalad@2&lA only require 3 ~ 7 days to
form the root primordium which is consistent wittetconclusions of Imin et al., 2007.
Jemalong appears to respond to auxin faster thak i@Hhe root induction process

where all explants can produce roots after 3 daysareatment.

The de novoroot formation culture system is a suitable tool investigating root
primordia induction and development, especially famsgenic experiments, where

transformation can be carried out without regemeggilants (see Chapter 6).

Meristem production in vitro

SE induction involves the formation of two primaneristems and for the root a single
primary meristem. In th®l. truncatulasystems investigated it is clear that the induction
phase of SE and root primordia occurs early in ¢h#ure process and then the
hormonal requirements change. In the case of SHaheloping embryo probably starts
to self regulate its hormone requirements and hoemadditions may do more harm
than good in producing normal embryos. As theme psimary focus in this thesis on the
induction phase the timing of the hormonal treattsénimportant.

The data obtained in this Chapter suggest that ldagnanay more readily respond to

auxin in producing roots. This is consistent witle &bility of 2HA to have the greater
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capacity to respond to cytokinin in producing SEs.

GA is usually associated with rapid plant growthd®i enlargement (Richards et al.,
2001) and there is evidence that it suppressesS8E&tion 3.3.2). In the data here GA
does suppress root primordia induction but an $&ceWvas not demonstrated. The SE
area requires more work but may be connected tspkeial genotypes like 2HA that
are able to be induced to form SEs. For exampletaairay studies show upregulation
of GA 2-oxidase in SE induction in 2HA (Mantiri at., 2008a) so that GA may be
inactivated in the SE studies with 2HA.
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4.1INTRODUCTION

Of critical importance in somatic embryo and menstinduction is understanding how
totipotent and pluripotent cells are produced. Tdapter focuses on genes which may
be involved in the induction of somatic embryogesied clue as to the potential
mechanism of the formation of totipotent stem cels come from the studies of Zuo et
al., (2002) who overexpress&lUS in Arabidopsis which initiated somatic embryo
formation. TheAtWUSgene was identified in 1996 (Laux et al. 1996) anedxpressed

in the shoot apical meristem. It enables the stelis of the nearby central zone to
remain in an undifferentiated state and is requicedhe maintenance of the stem cell
cluster as a source of pluripotent cells for stamtelopment (Laux et al., 1996; Mayer
et al., 1998).

In the Arabidopsis shoot apical meristetWUS expression is regulated through
CLAVATA(CLV) family genes. There are thrEée AVATAgenesAtCLAVATALALCLVYD),
AtCLAVATA2ALICLV2 andAtCLAVATAJALCLVI. AtCLV1 and AtCLV2 are receptors
but AtCLV2 lacks an intracellar kinase domain. Eeqsion of bottAtCLV1andAtCLV3
can be detected in the shoot apex (Clark et a@7;19eong et al., 1999). AtCLV3 is a
signal peptide which is expressed in the stem oéllee shoot and floral ap€kletcher
et al.,, 1999). All the CLV family genes are invalvéen the WUSCHEL/CLAVATA
feedback loop.

The WUSCHEL/CLAVATA feedback loop is described asgulation pathway in shoot
and floral meristems that maintains the populas@e of pluripotent stem cells in the
meristem (Brand et al., 2000; Fiers et al., 2061g.(4.1). AtWUSexpresses in the OC
which is several layers below the epidermis (in ltBelayer) and induces th&tCLV3
gene expression through unknown chain reactiotisercentral zone of the L1, L2, and
L3 layers of the shoot apical meristem (Fig. 4ThHe AtCLV3 signal peptide in the L2
and L3 layer cells binds to AtCLV1 and AtCLV2 andggers signal transduction
pathways to inhibit th&tWUSexpression of the OC. Therefore the expressioal lefv
AtCLV3 and AtWUS regulate the size of OC and stem cell numbers gq&cht al.,
2000).
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Figure 4.1 Diagram of the WUSCHEL/CLAVATA feedback pathway in the shoot apical meristem of
Arabidopsis. AtWUSgene expression is shown in red and locates iOtBeAtCLV1 gene expression is
shown in yellow/green and locates inside and ardhadDC (L2 and L3 layershtCLV3gene expression
is shown in blue/green, and locates in the L1, & L3 layers of the central zon&tWUSinduces
AtCLV3expression in the central zone, and the AtCLV3tidepsignal binds with the AtCLV1 protein to
inhibit AtWUS gene expression and limit the OC size. The AtCl)dtein is also involved in the
pathway, but the protein is widely expressed anesdwmt show in the diagram. Diagram modified from
Fiers et al., 2007.

In addition, data from Mordhorst et al., (1998) tswwn that CLAVATA mutants
enhance somatic embryo formation which may alsacdesed byAtWUS expression
increasing through the feedback loop. This empkadise importance of investigating

WUS and CLV genes in relation to somatic embryogen@M. truncatula

It is possible that in the root there is a simg&m cell regulatory systefmVUS and
WOX5are members of the WOX family of genes first stddoy Haecker et al., (2004)
in Arabidopsis Some of the genes expressed in different stagesioryo development
indicate the importance of WOX genes for embryogendtWOX5 expression was
importantly detected in the quiescent centre (QiChe embryo root pole (Haecker et
al., 2004) and in the QC of primary or lateral so{Blilou et al., 2005). It also has a
similar function toAtWUSIn stem cell maintenance (Sarkar et al., 2007§ssiing that
WOX5 may also be important in totipotent or pluripotetém cell formation. It is

therefore also valuable to investigate this genedat stem cell formation.
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In order to follow the expression of these geneMintruncatulg the first step is to
identify the orthologs. This was carried out by amisequence alignments and
dendrogram analysis, to select the putatWetruncatula candidates from the NCBI

database.

WUSand WOX5are members of the WOX family of genes studiedHlagcker et al.,
(2004) inArabidopsis The WOX family of genes share 62% to 87% amind atentity
in the WUS homeodomain and some of them are exguless the embryo but at
different stages of development. It is necessarynttude all theArabidopsisWOX
genes in amino acid alignments to help identifydh@ologs o WUSandWOX5in M.

truncatula

The CLAVATA family genes CLV1, CLV2 and CLV3 haveoinbeen identified irM.
truncatulg but it seems likely that the CLV system might there complex than in
Arabidopsis Several CLV1-like genes in legumes, includBmCLV1AandGmNARK
(GLYCINE MAX NODULE AUTOREGULATION RECEPTOR KINASBE soybean
(Yamamoto et al., 2000) an8UNN in M. truncatula (Penmetsa et al., 2003), have
similar amino acid sequence AvabidopsisCLV1 and can regulate nodulation in roots,
but do not influence shoot apex structure in mgté§8earle et al., 2003; Penmetsa et al.,
2003).

Several CLV1-like geneAtBAM1(BARELY AY MERISTEM ), AtBAM2andAtBAM3
which have high similarity in protein structureAtCLV1 but with opposite functions to

AtCLV1 in shoot apical meristems, were investigatgdeYoung et al., in 2006.

The expression pattern of a gene is commonly régnlilay the promoter region. Many
reports indicate that using different lengths amgions of the promoter will change the
expression pattern of GUS (Baurle and Laux, 200536P (Takada and Jurgens, 2007)
and raises the question of how long the promotegtleshould be to obtain the correct
expression pattern. This information is importaritew gene expression patterns are
investigated by GUS or GFP promoter fusions. Premoégion investigations are
presented in the second part of the chapter udemgents associated with promoter
regulation and published functional analysis of At&/USpromoter (Béurle and Laux,
2005).
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4.2MATERIALS AND METHODS

4.2.1 Sequence Analysis and Construction of Dendrograms

The identification of the WUS and WOX5 transcriptiéactor gene sequences Mh
truncatulawas obtained by comparison with known gene sequefroen other plant
species using the NCBI arM. truncatuladatabases. Searches were carried out using
different BLAST search methods in the NCBI database

Nucleotide blast Searching aucleotide database usingraucleotide query

Protein blast Searching protein database using@otein query

BLASTX: Searching arotein database usingteanslated nucleotidequery
tBLASTn : Searching &ranslated nucleotidedatabase using@otein query
tBLASTx: Searching dranslated nucleotide database using teanslated nucleotide

query
Align (Bl2seq). Alignments of two sequences

“Genescan” was used to predict mRNA and proteinuseges from the genomic
sequence. Multiple alignment analyses were perfdrmiéh ClustalW using the Clustal
2.0.8 software in Clustal default colours. The degdam was drawn using TreeView
(Win32) 1.6.0 software (Page, 1996). All these paots are also available through the

Australian National Genomic Information Service (@M, www.angis.org.al

Standard parameters were used.

The dendrogram analysis of tWUS gene was based oftrabidopsisand similar
putative orthologs in some other species suclAmarhinum majus(Kieffer et al.,
2006),Petunia(Stuurman et al., 2002) and tomato (Pracros g2@06).WOX5has also
been investigated iArabidopsis(Haecker et al., 2004), rice (Kamiya et al., 20883
also in M. truncatula (Imin et al., 2007). Arabidopsis WOX family genegre also

involved in the analysis.

CLV1 and CLV2 have partially similar protein strus inArabidopsis but CLV3 is a
peptide which is quit different to CLV1 and CLV2oteins. Therefore the CLV3 was
investigated separately.
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4.2.2 Promoter Region Analysis

Baurle and Laux (2005) investigated theNVUSpromoter region about 4 kb upstream
by partial deletion and five regions with regulgt@equences have been identified.
Each of them has different effects on the WUS esgom in the OC, floral meristem or
ovule. These data produced a clue to the meaninthesfe elements. However, the
sequence structures of promoter regions are naindgsrm as the coding regions

between orthologous genes from different species.

Many special short sequences (or elements) in pmmegions which influence gene
expression were found by the techniques of probemding or by promoter partial
deletion. These elements may be required for prateisignal binding regulated by
other factors such as hormones, stress or envinstaikctors. These elements can be
investigated by using the PLACE database (Plant€lisig Regulatory DNA elements)

http://www.dna.affrc.go.jp/PLACEAnd obtaining the elements present in the promoter
sequence. An objective of this chapter was to zgtilihe elements of thAtWUS
promoter selected by PLACE and the regions destiibb@&aurle and Laux (2005) in a
comparative analysis with the putative truncatulapromoter. TheAtWUSpromoter
region 4037 bp upstream of the ATG site was sallebtePLACE. Only the elements
located inside the five significant regulatory ts of theAtWUSpromoter described

by Baurle and Laux, (2005) were selected.

(i) Region -2240 to -3434: @ule Expression and_Horal Expression (OE/FE)
(Grey)

The region from -2240 to -3434 is related to exgi@s in the ovules and floral
meristem. Eleven unique elements belong to thisoregainted in grey, and two

partial-unique elements belong to this region manh white (Table 4.1).
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Display colour Related region(s) Element code Elenhdl name
Grey OE/FE ABREAT ABREATCONSENSUS
(Unique) ABREOS ABREOSRAB21
ACGTAB ACGTABREMOTIFA20SEM
ACGTTB ACGTTBOX
BOXIIP BOXIIPCCHS
CGCGBO CGCGBOXAT
E2FCON E2FCONSENSUS
GARE20 GARE20SREP1
MARARS MARARS
PALBOX PALBOXAPC
SV40CO SV40COREENHAN
White OE/FE and MQE ABRELA ABRELATERD1
(Partial-unique) ABRERA ABRERATCAL

Table 4.1List of the code and full name of elements in the EYFE region.

(i) Region -1753 to -2240:_@neral Quantitative Element required for enhanced
expression levels (GQE) (Yellow)

The region from -1753 to -2240 is related to eletmerquired for enhanced general
expression levels. Four unique elements belongisorégion painted in yellow and six

partial-unique elements located in GQE and MQEargpainted in green (Table 4.2).

Display colour Related region(s) Element code Elarhdl name
Yellow GQE MYBPLA MYBPLANT
(Unique) REBETA REBETALGLHCB21

SORLRE SORLREP3AT
XYLAT XYLAT

GQE and MQE GAREAT GAREAT
MYBILE MYB1LEPR
MYBGAH MYBGAHV
RBCSCO RBCSCONSENSUS
RHERPA RHERPATEXPA7
SREATM SREATMSD

Table 4.2List of the code and full name of elements in the GE region.

(i) Region -1486 to -1753: Mristem Quantitative Element required for enhanced
expression levels (MQE) (Blue)

The region from -1486 to -1753 is related to themdiiative elements required for
enhanced expression levels in the meristem. Thregue elements belong to this
region painted in blue, six partial-unique elemdotsated in GQE and MQE regions
painted in green, and two partial-unique elememtated in OE/FE and MQE regions
painted in white (Table 4.3).
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Display colour Related region(s) Element code Elenhdl name
MQE BP50SW BP50SWX
PROLAM PROLAMINBOXOSGLUB1
T/GBOX T/GBOXATPIN2
GQE and MQE GAREAT GAREAT
MYBILE MYB1LEPR
MYBGAH MYBGAHV
RBCSCO RBCSCONSENSUS
RHERPA RHERPATEXPA7
SREATM SREATMSD
White OE/FE and MQE ABRELA ABRELATERD1
(Partial-unique) ABRERA ABRERATCAL

Table 4.3List of the code and full name of elements in the KE region.

(iv) Region -655 to -712; t&m cell Nche $patial Control (SNSC)(Red)

The region from -655 to -712 is related to the igpaontrol of expression in the stem
cell niche, which is perhaps the most importantcfiom of AtWUS The elements that
belong to this region are painted in red and ligtetable 4.4.

The elements RE1 and RE2 were described as thenregsential for promoter activity
in the stem cell niche of the inflorescence menmistecated in position -691 and -671.
The RE1 is located between ATHB6C and ARFAT, and2R& located between
ARFAT and AACACO, and do not overlap each other.

There are two elements, SEBFCO and SURECO, alsdddan this region but with
less specific sequences. Therefore these two eterasmnot involved in the analysis.

Display colour Related region(s)  Element code Elenhdl name
SNSC AACACO AACACOREOSGLUB1
ARFAT ARFAT
ATHB6C ATHB6COREAT

Table 4.4List of the code and full name of elements in theNsSSC region.

(v) Region -595 to -624:_t&m cell Nche Quantitative element required for
Enhanced expression levels (SNQE)(Pink)

No elements were selected in this region.

More information on these elements can be obtairmed the PLACE web site and the
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list in Appendix 1.

To investigate the promoter regulation region ir #. truncatula genes, these

twenty-nine were used as markers to locate sinmg¢gions to those of th&tWUS

promoter. The elements are drawn as markers orysigah map of the gene and nearby

elements belonging to the same region were group@drectangle to indicate one of

the five regions identified by Baurle and Laux (8D0The details of the analysis

procedure are described in Appendix 2. Fifteen gemere investigated, using similar

strategies to those for the WUS comparison, with ar 5 kb promoter sequence

upstream prior to the ATG site (not including ATK®ing used for each gene. A list of

the genes analysed is given in Table 4.5.

Gene name Accession no Promoter Gene name Accession no Promoter

length length
AtWUS AC006201 4037 bp | AtBAM1 AB010075 4037 bp
MtWUS CT009654 5000 bp | MtRLK1 AC141862 4041 bp
AtWOX5 ACO073395 4011 bp | MtRLK2 CR955004 4040 bp
MtWOX5 CU326389 5074 bp | AtCLV2 ACO004512 4004 bp
AtWOX4 ACO083835 4019 bp | MtCLV2-1 AC124218 4027 bp
MtWOX4 AC148486 5000 bp | AtCLV3 AC006233 4036 bp
AtCLV1 ACO007396 4020 bp | MtCLV3 AC151522 4078 bp
SUNN AY769943 4000 bp

Table 4.5 Genes used for promoter region analysigt, Arabidopsisthaliana SUNN obtained from

Medicago truncatulgMt).
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4.3RESULTS

4.3.1 WOX Family Homeodomain Alignment and Dendrogram

Based on the methods described by Haecker et@4j2the alignment of the WOX
homeodomain of WOX family genes of some spetiekiding Arabidopsisand theM.
truncatula candidates are shown in Fig. 4.2 and Table 4.@leAdrogram from the
alignments are shown in Fig. 4.3.
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Figure 4.2 Alignments of the WOX homeodomain protei sequences23 peptide sequences included

in the analysis of the genes listed in Table 4.6.
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Figure 4.3 Dendrogram of WOX genes based on the sgnce of the homeodomaindBlack arrows
indicate the location of the MtWUS, MtWOX4 and Mt\X6.

81



CHAPTER 4 Bioinformatics of the WUSCHEL, WOX5 and CLAVATA Family Genes

r?aergi Accr]e53|on MIWUS a\r/r]vg?(r;ty MIWOX4 Reference ’lﬂ'&f
MIWUS  CT009654 : 27(61)  25(63) This study 306(67)
MIWOX5  BF649819  27(61) i 29(64) Imin et al., 2007 184(65)
MIWOX4 TC102100  25(63)  29(64) : Imin et al., 2007 236(65)
AWUS  At2g17950 23(84)  29(63)  25(64) Mayer etal. 1998  292(66)
AMWUS  AY162209  47(95)  28(60)  23(63)  Kiefferetal, 2006  281(66)
LeWwUS LES538329 47(92) 25(58) 23(61) Pracros et al., 2006 272(66)
PRWUS  AF481951  41(93)  26(60)  23(63)  Stuurmanetal., 2002  307(66)
OSWOX9 Q8WOFL  27(56)  42(80)  19(56)  Kamiyaetal, 2003  200(65)
AWOXL1  AY251394 24(69)  30(67)  34(69)  Haeckeretal, 2004  349(65)
AWOX2  AY251392 23(70)  28(61)  25(67)  Haeckeretal, 2004  260(65)
AtWOX3  AY251397 21(64)  30(60)  23(69) Matsumoto and Okada 2001244(65)
AWOX4  AY251396 22(63)  27(61)  55(93)  Haeckeretal, 2004  251(65)
AWOX5  AY251398 30(61)  51(89)  28(64)  Haeckeretal, 2004  182(65)
AWOX6  AY251399 23(61)  30(64)  25(67)  Haeckeretal, 2004  271(65)
AWOX8  AY251400 13(49)  16(43)  12(44)  Haeckeretal, 2004  325(65)
AWOX9  AY251401 14(46)  17(41)  22(46)  Haeckeretal, 2004  378(65)
AWOX11 AY251402 14(36)  15(33)  16(43)  Haeckeretal, 2004  268(65)
AWOX12 AY251403 15(36)  14(35)  11(40)  Haeckeretal, 2004  268(65)
AtWOX13 AY251404 10(40)  17(40)  14(44)  Haeckeretal, 2004  268(65)
; TC104580 19(38)  24(35)  23(41) This study 131(65)
; BG581947  12(43)  17(40)  11(40) This study 274(65)
; AC137078  21(69)  30(67)  34(72) This study 345(65)
; AC141864 29(55)  26(58)  34(61) This study 152(65)

Table 4.6 Accession information for the WOX familygenes and the homeodomairihe information
includes accession numbers for Genbank in NCBIpfotein sequences or nucleotide sequences where
there is no protein sequence available. The siityild§percent protein identity) for whole proteinr(o
homeodomain only) of each gene with MtWUS or MtWOXSMtWOX4 are listed. The reference of the
gene and length of whole protein (or homeodomaily)oare also given. AmAntirrhinum majus At
Arabidopsis thalianale, Lycopersicon esculentyr®s, Oryza sativa Ph,Petunia x hybridaTC104580,
BG581947, AC137078 and AC141864 sequences obt&ioedMedicago truncatulgdMt).

Based on the alignment and dendrogram analysisWHIIX genes ofArabidopsisand
some different species, three genes fintruncatulawith the highest similarity to the
target genes were chosen for investigatighWuUS is predicted to be the genomic
sequence CT009654, in which the WUS-homeodomin sdvighest similarity of 84%
amino acid identity with AtWUS (Table 4.a\itWOX5is predicted to be the EST ID
BF649819 and the Genomic ID CU326389, in whichitbmeodomain showed highest
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similarity of 89% identity with AtIWOXS5, anMtWOX4is predicted to be the EST ID
TC102100 and the Genomic ID AC148486, in whichitbeneodomain showed highest
similarity of 93% identify with AtWOX4.

The full length proteins were also investigatedalignments for WUS, WOXS5, and
WOX4 genes in several species (Figs. 4.4, 4.5, 46l The similarity scores are
described in Table 4.6. Although MtWUS has arouf&8to 90% similarity to the

homeodomains of AtWUS and other species, the giityilaf the full length protein is

only 23% to AtWUS, but up to 47% for other specigdWOX5 has high similarity

with AtWOXS5 in both the homeodomain (89%) and fldhgth alignments (51%).
MtWOX4 also has high similarity with AtWOX4 in botihe homeodomain (93%) and
full length alignments (55%).
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Figure 4.4 Alignments of full length protein sequenes of AtWUS with its putative orthologs
PhWUS, LeWUS, AmWUS, and MtWUS.MtWUS has 23% similarity with AtWUS, 41% with PhWUS,

47% with LeWUS, and 47% with AmWUS for the full tgh protein
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Figure 4.5 Alignments of full length protein sequeces of AtWOX5 with its putative orthologs
OsWOX9 and MtWOX5. MtWOX5 has 51% similarity with AtWOX5 and 42% similty with
OsWOX?9 for the full length protein.
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Figure 4.6 Alignments of full length protein sequeces of AtWOX4 with its putative orthologs
MtWOX4. MtWOX4 has 55% similarity with AtWOX4 for the fuléngth protein.

4.3.2 WOX Genes Promoter Region Analysis

The promoter region investigations were carriedfoutWU§ WOX5andWOX4in A.
thaliana and M. truncatulato help gene identification (Fig. 4. 7AtWUSand MtWUS
have four matched regions and the orders of thegiens for the two species are quite
similar. AtWOX5and MtWOX5 have seven matched regions but the order in tioe tw
species has some differences. Eight matched regrers found betweeAtWOX4and
MtWOX4 but the order of them in the two species areeqdifferent. The patterns for
the same gene have better correspondence betwearssghan for different but related

genes.
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Figure 4.7 Promoter regulation region patterns forwWuUs, WOX5, and WOX4. The Grey colour
indicates the OE/FE region; the yellow colour irdés the GQE region; the blue colour indicates the
MQE region; the red colour indicates the SNSC negjioand the green colour indicates the partial
similarity to GQE and MQE. The “p-number” indicaté® distance upstream of the coding site. Matched
regions were marked (from A to J), and the markérifidicates the region did not find the matched
region in other species. The matched regions akedi by coloured lines, and dashed line in regiané

D for theWOX5patterns indicates these regions have high siityilaut less than the other matches.

4.3.3 CLV1 and CLV2 Alignments and Dendrogram

Based on the methods described by Searle et &3)2the dendrogram of the whole
protein sequence of CLV1-like or CLV2-like genessoime specieand the candidates
for M. truncatulaare shown in Fig. 4.8. The information for genegoived in the
dendrogram analysis for CLV1 and CLV2 are listedlable 4.7, Table 4.8 and Table
4.9.

There are several predicted CLV1-like geneMirtruncatula SUNN obtained fronM.
truncatulahas the highest similarity to AtCLV1 (61%). MtRLKihd MtRLK2 have the
second highest similarity score with AtCLV1 (53% footh, Table 4.7), but have a
higher similarity to AtBAM1 (78% for both) and GmRW (83% for MtRLK1 and 82%
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for MtRLK2, Table 4.8). MtRLK2 has 81% similarityp tMtRLK1 and are located on
different chromosomes. SUNN and MtRLK1 were chofenfurther investigation of

gene expression. MtCLV2-1 is similar to AtCLV2 (Tab4.9) and has also been
investigated.

SYMRK BRI MsNORK

v

AC124218

sl ABAM1
& CRA55004
(MERLEZ2) ,
AC141862
(MRLKL)
GrmALK1
ALCLY2
AC140350
0sCLY1-like
AC146550 P
A
BrCLY1-like SUN < —
i ALCLY

GmhARK GmCLv1A

Figure 4.8 Dendrogram for CLV1 andCLV2 based on theull sequence.l7 genes were analysed and
are detailed in Table 4.7, Table 4.8 and Table Black arrows indicate the location of the SUNN,
MtRLK1, MtRLK2 and MtCLV2-1 genes.
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Gene name Accession ne- i:?:i:?\;iiy Reference A;S:Q:
AtCLV1 QISYQ8 - Clark et al., 1997 980
AtBAM1 AAP68249 54 DeYoung et al., 2006 1008

BnCLV1-like AAP49010 87 Martynov et al., 2004 97§

GmCLV1A AAF59905 59 Yamamoto et al., 2000 981

GmNARK AAN74865 61 Searle et al., 2003 987
GmRLK1 AAF91322 53 Yamamoto and Knap, 20011008

SUNN AY769943 61 Penmetsa et al., 2003 914
MtRLK1 AC141862 53 This study 1005
MtRLK2 CR955004 53 This study 1014

- AC140550 46 This study 985
- AC146559 35 This study 1038

MsNORK AJ418368 15 Endre et al., 2002 926

MtNORK AJ418369 15 Endre et al., 2002 924
OsCLV1-like BAD82812 56 Suzaki et al., 2004 994
SYMRK AAM67418 16 Stracke et al., 2002 923

Table 4.7 Alignment information for CLV1-like genes The informationwas obtained as in Table 8,

and the similarity (percent protein identity) scoere related to AtCLV1. Arabidopsis thalianaBn,
Brassica napusGm, Glycine max(soybean); MsMedicago sativaOs,Oryza sativa SYMRK obtained
from Lotus japonicus and SUNN, AC140550, and AC146559 sequences autafrom Medicago
truncatula(Mt).

Gene name Similarity Location in Amino
AtBAM1 GmRLK1 MtRLK1 M. truncatulagenome acids
AtBAM1 - 77 78 - 1003
GmRLK1 77 - 83 - 1008
MtRLK1 78 83 - Chromosome 8 1005
MtRLK2 78 82 81 Chromosome 5 1014

Table 4.8 Additional similarity information for RLK -like genes. The information includeghe
similarity scores (percent protein identity) rethte AtBAM1, GmRLK1, and MtRLK1, the location of
these genes in thd. truncatulagenome, and the length of the amino acids.

Gene name  Accession no.  Similarity Reference Anarids
MtCLV2-1 AC124218 - This study 580
AtCLV2 AAF02654 63 Jeong et al., 1999 720

Table 4.9 Alignment information for genes similar b CLV2.
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4.3.4 CLV3 Alignment and Dendrogram

Based on the methods described by Fiers et al.5(2Q007), the alignment and
dendrogram of the whole protein sequence of CLVBES of Arabidopsisand the
CLV3 candidates foM. truncatulaare shown in Fig. 4.9, Fig. 4.10, and Table 4T1

gene with highest similarity to MtCLV3 is AtCLV3 §).

1U EU 3EI 4EI 50 EID
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Figure 4.9 Protein sequence alignment of MtCLV3, AELV3 and AtCLEs.
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AICLE4
AICLE42
AtCLE19
Y
AtCLE40
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AC151522
0.1 (MICLY3)
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Figure 4.10 Dendrogram for CLV3 and CLEs based onhe full peptide sequence? genes were
analysed and are detailed in Table 4.10. Blackraimdicates the location of the MtCLV3.

Gene name Accession no. % Reference Amino acidg
MtCLV3 AC151522 - This study 100
AtCLV3 AA037219 28 Xiao et al., 2002 94
AtCLES NP_850159.2 23 Fiers et al., 2005 81
AtCLE19 NP_683589.1 10 Fiers et al., 2005 74
AtCLE40 NP_106803.1 26 Fiers et al., 2005 80

AtCLE41 NP_566754.1 14 Fiers et al., 2007 99

AtCLE42 NP_001078005.1 18 Fiers et al., 2007 88

Table 4.10 Alignment information for CLV3 similar genes.

MtCLV3 also has the CLE family sequence near then8l of “ELR*VP*GPDPLHHH".
Based on the methods described by Oelkers et@8j2the alignment and phylogram
of the CLE domain sequence of CLE members of Agisds, CLV3 ortholog genes in
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other species, and the CLV3 candidatesMortruncatulaare shown in Fig. 4.11. The
gene with highest similarity score to AtCLV3 is M3 (72%)).

The MtCVL3 sequence information was supplied byil&tKereszt of the CILR of
University of Queensland. The MtCLV3 is predictednh the same genomic sequence
(AC151522) as MtCLEGS8 but from different regionigMtCLV3was also chosen for
investigation, as all the bioinformations and espren data indicates it is the most

likely ortholog.

I AtCLE22
MtCLEGS

AtCLE21
—L__ AtCLE19
MtCLET1
———— AtCLE16
L AtCLE17

MtCLE35
AtCLE20
GMCLE23
| MtCLE73
MtCLE39
— I AtCLE42
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I_I—IT AtCLE4
MtCLEG5
3 AtCLE14
- — AtCLES
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acLen
i_' PtCLE124 , ]
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—; AtCLV3
FON4
MtCLEGS
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1 AtCLE4
AtCLE1
AtCLE5S
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AtCLE45
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T
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Figure 4.11 Phylogram for CLV3 and CLEs based on tb CLE domain sequences5 genes were
analysed and are detailed in Oelkers et al. (2{&ept the AC151522 (MtCLV3)]. Black arrow
indicates the location of the MtCLV3.
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4.3.5 CLAVATA Gene Promoter Region Analysis

The promoter region analyses were also carriedfauthe CLAVATA genes. Even

though these are different types of genes to theXWamily they have important

developmental associations, the reason for theiestigation here. The patterns for
AtCLV], AtBAM1 SUNN MtRLK1 and MtRLK2 are compared in Fig. 4.12. The

element components of CLV1-like genes and the@k@2 genes are quite different and

therefore no matched regions were foutCLV3andMtCLV3in Fig. 4.12 have seven

matched regions. The order of these matched regiomstCLV3 and MtCLV3 are

analogous.
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Prany ] | 1 [ [ [ [ | [ |
p-4000 p-3500 3000 2500 p-2000 p-1500 p-1000 500 0
U | [ N [ [ [ N [ | [ |
p-4000 p-3500 3000 2500 p-2000 p-1500 p-1000 500 0
MRLES | DI | [ | IR | [ B [ [ |
p-4000 p-3500 3000 2500 p-2000 p-1500 p-1000 500 0
MERLEZ | [ | IO | | NI | [ [ || [ |
p-4000 p-3500 3000 2500 p-2000 p-1500 p-1000 500 0
asar [ (1 | I [ I | | | I |
p-4000 p-3500 pAm 2500 p2000 p-1500 p-1000 it} 0
ALV | [ [ | [ [ | [ |
p-4000 p-3500 p3000 2500 p-2000 p-1500 p-1000 p5a0 gt}
sver [ | I | [ [ || [ |
p-4000 p-3500 -0 2500 p-2000 p-1500 p-1000 7500 70
CLV3
p-4000 350 3000 p2500 p-2000 p-1500 1000 5o 0
A E C D EF [ H
AL vy \ I [ ! [ | I _ [ |
- —;-/', e —— —
- /’/ B
P E 4Cl D 42C2 Gl EF Il 37 H x
L v I | | | [ [ | [ |
p-5000 p-4500 p-4000 3500 3000 p-2500 p-2000 p-1500 1000 500 0

Figure 4.12 Promoter regulation region patterndor CLV1, CLV2, and CVL3 similar genes The Grey
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colour indicates the OE/FE region; the yellow colowlicates the GQE region; the blue colour indisat
the MQE region; the red colour indicates the SN8@ians; and the green colour indicates the partial
similarity to GQE and MQE. The “p-number” indicatb® distance upstream of the coding site. Matched
regions were marked (A to ), and the marker “xdigates the region did not find matched regionthe
other species. The matched regions are linked lmuped lines, and dashed line in region D for @i&/3
patterns indicates these regions have high sinyilémit less than the other matches. The pattems fo
AtCLV1 SUNN MtRLK1, MtRLK2 and AtBAM1 are included in th&CLV1 comparison;AtCLV2 and
MtCLV2-1 are included in th€€LV2 comparison; and\tCLV3 and MtCLV3 are included in theCLV3

comparison.
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4.4DISCUSSION

Based on the amino acid alignment, phylogenetityaisaand the promoter regulation
region analysis, MtWUS is the best candidate foroetholog of AtWUS. It has the
highest similarity for the homeodomain and simpasmoter regulation region patterns.
Although the similarity of the full length proteisequence for AtWUS is only 23%,
even lower than MtWOX4 which is 25%, it has arout@50% similarity with the
WUS genes of other species. MtWOX5 is the best idatel for the ortholog of
AtWOX5 with 89% similarity for the homeodomain, 518nilarity for the full length
amino acid sequence, and similar promoter reguiaggion patterns as AtWOX5. As
for WOX4, MtWOX4 is the best candidate for the ottg of AtWOX4 with 93%
similarity for the homeodomain and 55% for the fidhgth amino acid sequence of
AtWOXA4.

In the WOX family gene promoter region analysistapive ortholog genes do have
similar patterns. The patterns fAatWUS AtWOX5andAtWOX4are quite different and
have their specific characteristics. The WUS-lilegMtWUS has similar patterns to
AtWUS but not AtWOX5 or AtWOX4On the other hand, the WOX5-like gene
MtWOX5has a similar pattern tAtWOX5but not toAtWUSand AtWOX4 MtWOX4
also has the best match wittWOX4 This differentiation gives more support for the
genes that might be the right orthologs and suggesitt this type of analysis is useful
for transcription factor gene identification.

The order of regulation regions can influence tRkpression pattern. ThAtWOX5
promoter-GUS fusion construct has been expresshtl truncatulaand the expression
pattern in roots was reported (Wan, 2007). MBNOX5 promoter-GUS fusion was
investigated in Chapter 6 but shows some differemwegh AtWOX5expression irM.

truncatula

The promoter length can influence the expressidteafor promoter and GUS or GFP
promoter fusions. IAtWUS the requirement of promoter length for corregtression
is 3434 bp. Using the regulation element patteitVWwUSmay require 4273 bp upstream.

Compared to the ortholog gene patterng\iabidopsis the length of requirement for
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MtWOX5may be 4822 bpMtWOX4may be 3550 bp, andtCLV3 may be 4450 bp.
Further experiments such as promoter region patébdtion are needed to confirm the

predictions.

For the CLAVATA family genes, the closest identity AtCLV1 is SUNN, followed by
MtRLK1 and MtRLK2. The SUNN gene is in the samedelaas GmNARK and
GmCLV1A. GmNARK does not have the same functio&BLV1 in the shoot apical
meristem (Searle et al., 2003). MtRLK1 and MtRLK®2 & the same clade as AtBAM1
and GmRLK1, andAtBAM1which shows a reduction of meristem size withdbeble
mutants of the BAM family genes (DeYoung et al.0@0 They are not the same as the
CLAVATA family mutants with an enlarged meristemiBRAM2 is redundant with
AtBAML1 in function and may explain the similarityity MtRLK1 and MtRLK2 which

are possibly also redundant.

For the CLAVATA family promoter analysis, there are similar patterns betwe&i V1

and CLV2 candidates. FOCLV3 the patterns are more similar. The differenceth wi
these genes are th@LV1 and CLV2 are receptors and related genes in legumes are
involved in both nodulation and in shoot meristeMJSandWOX5are transcription
factors with more conserved patterns between éiffiespecies. The selection of the
regulatory elements was also based on usingMhks promoter as a reference. This
means it should be most useful in tW&OX family. With other genes that have a
function connected tOVUSIit might also be useful as expression may occuiratlar

locations or time@ planta This would apply t&CLV3
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5.1INTRODUCTION

The AtWUSCHEL(AtWUS gene and its sequence was first identified in61199 Laux

et al., and the promoter region was also fully stigated in 2005 by Isabel Baurle and
Thomas Laux AtWUS expression occurs in the organizing center (OCjhef shoot
apex and inflorescence meristems, young floral stems (Laux et al.,1996; Mayer et
al., 1998), the early stage of the apical nuceglBio3-Hardt et al., 2002; Sieber et al.,
2004), and weakly in the stamens (Wellmer et a043. During zygotic embryo
developmentAtWUSIs initiated in the 16-cell embryo and localizedle centre of the
shoot apical meristem, and remains a few cell ly=miow the top of the shoot apex

throughout embryo development (Mayer et al., 1998).

AtWUS expression is also involved ohe novoshoot meristem formation from callus
induced by cytokinin treatment. TR¢WUSexpression increased 3 days after treatment
of callus with high cytokinin, spread out in largemains of callus after 5 days, and
then declined and localized after 10 days. Thisdgah localization of AtWUS
expression may relate to the promotion of shootistean cell fate within callus tissue
with de novoshoots regenerated from places in the callus leithAtWUSexpression
and surrounded by the cells where At®/USexpressions is still high (Gordon et al.,
2007). The ability oAtWUSto allow cells to remain in an undifferentiatedtst(Mayer

et al.,, 1998) may explain thi&tWwUSis required for the maintenance of stem cell
numbers which are a source of pluripotent cellssfayot meristem development (Laux
et al.,, 1996), but too many cells withtWUS expression also causes abnormal
development (Brand et al., 2000). The regulatioMWwUSexpression levels in shoot

meristems is essential.

CLAVATA family genes are important regulators @&tWUS expression in the
Arabidopsis shoot apical meristem through the WUSECKLAVATA feedback loop
described in Chapter 4 (Fig. 4.1). The focus of tthapter is to investigate these gene
expression relationships with somatic embryogen@diSLV1 expresses in the shoot
apex around the organizing centre (Clark et al97)19AtCLV2 expression can be
detected in many different tissues, including theat apical meristem and floral
meristem (Jeong et al., 1999); aMCLV3expresses in the stem cells of the shoot and

floral apex(Fletcher et al., 1999). Loss of function of theAVATA family genes cause
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enlarged shoot and floral meristems, stem overdroarid the production of extra
flowers and floral organs (Clark et al., 1993; Kawgmd Clark, 1998; Clark et al., 1995).
The AtCLV3 gene has a dynamic role in meristem developmestricting meristem

size directly by feedback regulation with thevVUSsignals (Muller et al., 2006).

How the WUSCHEL/CLAVATA feedback pathway operatas somatic embryo
induction is still unclear. Somatic embryos canit@uced by overexpression of the
AtWUSgene (Zuo et al, 2002), but mutants of other membethe feedback pathway
AtCLV1, AtCLVZand AtCLV3which also can increase th¢WUSexpression level in
shoot apical meristems do not induce somatic ensb{@ark et al., 1993; Clark et al.,
1995; Kayes and Clark, 1998). However, the mutahstCLV1, AtCLV2andAtCLV3
do enhance the frequency of the somatic embryociiwuin a double mutant with the
primordial timing (pt) line mutant which can form somatic embryos, ame t
enhancement may be caused through increAsatl Sexpression levels (Mordhorst et
al., 1998). These data emphasize a potential eakttip withwUSand somatic embryo

induction but its role in relation to SE remainsiaar.

In M. truncatulathe likely orthologs tAtWUS AtCLV2andAtCLV3were identified by
bioinformatics. TheAtCLV1 situation was less clear (see Chapter 3) and émeg
designatedMIitRLK1 and SUNN were investigated. TheledicagoAtCLV1 ortholog is
probably not yet on the database, as sequencinjedfledicagogenome is not yet
complete. This Chapter investigates the hormonelaégd expression of these genes in

relation to the induction of somatic embryogenesis.
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5.2MATERIALS AND METHODS

5.2.1 Tissue Culture ofM. truncatula 2HA and Jemalong (Regeneration)

The processes of sterilization, explant treatmemd eulture were described in the
Materials and Methods of Chapter 2.2.3.

After the somatic embryo developed it was gentlypnoeed from the callus, and
subcultured onto P40 media without supplementargnbaes. Embryos were incubated
in the dark at 27°C for a further 2 weeks, themgfarred into the light (14 h
photoperiod with light intensity of 1dimol.m?s") and subcultured onto fresh media

every 4-5 weeks.

For somatic embryos, re-culture in P4 (4BAP) mddiad-5 weeks can help to induce
more secondary somatic embryos and develop newede&e-culture in P4 (LONAA) or
P4 (10:4) media for 4-5 weeks then a transfer h@a¢k40 media can help to induce root

development.

After roots and new leaves form on young regendrptants, plants were transferred
into soil. Newly regenerated plants were grown urglasshouse conditions, with high

moisture conditions for 1-2 weeks.

5.2.2 Tissue Collection for RNA Extraction

Tissue was collected from each cultivar/hormone lwoation for each day for the first
3 days and every 1 or 2 weeks for 11 weeks, uneetesconditions. Somatic embryo
samples were collected from a mixture of embrygesa Cultured root tip tissue was
collected from P4 (10NAA) cultured roots. Leaf tisswas also collected from both
2HA and Jemalong. The shoot apical meristem sanmueided some surrounding
tissue from the shoot apex. The developing flowesse collected from the shoot apex
before the flowers grew out. About 100mg of tisazes collected, flash frozen in liquid
nitrogen and stored at -80°C until used for RNAason.
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5.2.3 Plant Genomic DNA Extraction

The method was modified from Gawel and Jarret (L98faproximately 1 g of sample
tissue was weighed and snap frozen in liquid nérogrhe samples were ground to a
fine powder under liquid nitrogen with a mortar gmektle. To the ground tissue was
added 3 mL CTAB lysis buffer (1% PVP, 1.2 M Na@QImM Tris, 20 mM EDTA, 1%
CTAB, pH 8.0) and 6QuL 5 -mercaptoethanol. After vigorous vortexing, the tig

was shaken at 65°C for 40 minutues. RNaseAL()lwas added to the mixture, which
was shaken at 37 °C for 20 minutes. The extract twas fully mixed with 5 mL
chloroform, and centrifuged at 4 °C, 3000 rpm fOrrhin. The upper layer of clear
liquid was carefully transferred to a 15 mL tub&em 1.2 mL of 100% isopropanol was
used to precipitate the DNA from the liquid follogvd®y gentle inversion and kept at
room temperature for 5 min. There was then a 103000 rpm centrifugation at room
temperature and the liquid removed. To the pellas wdded 1 mL of 1 M NacCl for
solubilizing the DNA pellet. The solubilized DNA wahen distributed into two 1.5 mL
eppendorf tubes and mixed with 5@ chloroform and vortexed. A 13000 rpm
centrifugation at room temperature was then cawigdor 8 min and the upper layer of
liquid transferred to a new eppendorf tube. OneahlLl00% ethanol was added to the
eppendorf and gently mixed to precipitate DNA. TB&A pellet was collected
following a 3000 rpm centrifugation for 5 min. Tpellet was washed twice with 70%
(v:v) ethanol, then dried to remove ethanol. Théepavas dissolved in 40QL TE
buffer (pH = 8.0) and stored at 4 °C or at -208Cldng term storage.

5.2.4 Total RNA Isolation and cDNA Preparation

® Total RNA isolation and on column DNase treatment

RNA isolation and on column DNase treatment wasiedrout using the QIAGEN
RNeasy Plant Mini Prep Kit, as per the manufactsiestructions. All pipette tip racks
and mortar and pestles were made RNase free byngaaiwith 0.1 M NaOH and 1
mM EDTA solution, rinsing with double distilled weatand autoclaving. The mortar
and pestles were additionally baked overnight &f@4and before use were placed in a
minus 20°C freezer to cool. Plasticware used wawigeed from the manufacturer
RNase free.
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Approximately 100 mg of tissue were weighed andpdinazen in liquid nitrogen. The
plant samples were disrupted by grinding to a fioevder under liquid nitrogen with a
mortar and pestle, the addition of a lysis buffied aigorous vortexing and heating to
56°C. The lysate was then passed through a QIlAdaredomogeniser column to
remove the tissue residues. To the eluate was a2iZledL of 100% ethanol. Total
RNA was isolated by passing the eluate through BleaRy mini column where the
RNA is bound to a silica gel membrane. Buffers wasshed through the column to
remove contaminants, followed by treatment with ldaBel mixture (0.5M Tris-HCI
(pH 7.5), 0.5 M MgC, sterile water and RNase-free DNasel (1 wh))/ and
incubation at 37°C for 15 min. After washing agaiith RW buffer, the RNA was
eluted with RNase free water. RNA samples wereedtoat -80°C to prevent

degradation.

® Evaluation of RNA quality

The concentration and purity of the RNA samples wedstermined by

spectrophotometry and by running on an agaroseFRgelspectrophotometer analysis
the samples were diluted 1 in 50 in double distiliater, then the optical density (OD)
was determined at 260 and 280 nm for each samjite double distilled water used as

the standard.

The concentrations of the original RNA samples wkaeermined using the formula:

Original RNA Concentration = 40 x OD260 x Dilutié@actor

The amount of RNA degradation was evaluated byingnthe samples on a denaturing
agarose/formaldehyde gel that removed secondamyctsite. The electrophoresis
apparatus was soaked in 0.1 M NaOH and a 1 mM EBdlAtion for ten minutes to
remove any RNase contamination. Agarose was diegdlv double distilled water by
heating in a microwave, and then cooled to 55°€ water bath. In the fume hood, 10 x
MOPS buffer and 37% formaldehyde were added tostitetion immediately before
pouring. The samples were prepared (containingRNé, 10 x MOPS buffer, 37%

formaldehyde and formamide) and heated at 55°@5amin, then loaded onto the gel
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with loading buffer and ethidium bromide. The gelsre run in 1 x MOPS buffer at 80
Volts. Electrophoresis was performed at 80-120 B-V/cm) for 0.5-1 h. Gels were
examined under UV illumination and digital imagesptred using a Gel

Documentation image analyser (BioRad).

® CcDNA synthesis: Reverse Transcriptase Polymerase @im Reaction
(RT-PCR)

RT-PCR was as per manufacturers instructions fimyen SUPERSCRIPT First-Strand
Synthesis System for RT-PCR). RNA/primer mixturesypaepared to include up to 1 or
2 ug of total RNA, 10 mM dNTP mix, Oligo(dT)12-18 amEPC-treated water, and

was incubated at 65°C for 5 min then in ice forlestst 1 min. Reaction mixture

(containing 10 x RT buffer, 25 mM Mgg10.1 M DTT and RNaseOUT Recombinant
RNase Inhibitor) was added to each sample and atedbat 42°C for 2 min. Then

Reverse transcriptase enzyme Superscript 1| RT aded to each sample except
non-RT controls, and all samples were incubatetP&C for 50 min. The reaction was
terminated by heating to 70°C for 15 min then pigoon ice. RNaseH was added to
each sample, and samples were incubated at 3720 fminutes. These cDNA products
were stored at —20°C.

5.2.5 Primer Design for Polymerase Chain Reaction (PCR)
Primers were designed using the primer design progfPrimer3” (Rozen and
Skaletsky, 2000). The primers were synthesisedhbySigma Proligo Company. The

primers used in PCR and qRT-PCR (Quantitative Revdranscriptase Polymerase
Chain Reaction) are listed in Table 5.1.
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Gene name Primer name Product size  Sequence (5= 3)

GAPDH GAPDH Forl 606 bp TGGTCATCAAACCCTCAACA
GAPDH Revl CCTCGTTCTTTCCGCTATCA

MtWUS MtWUS-9654-Forl 204 bp CTTACAACATTTCATCTGCTGGGCT
MtWUS-9654-Revl CGACATGATGACCAATCCATCCTAT

MtCLV3 MtCLV3UQ-Full-Forl 303 bp ATGGCTTCTAAGTTCATCTTTTCTT
MtCLV3-3E-Revl TCAAGGGTTTTCAGGCTTAATAGGG

SUNN CLV1_1-Forl 206 bp CCTACGGCTACATTGCTCCAGAAT
CLV1_1-Revl TGCTGACACTAATGCTTTATCTGATGG

MtRLK1 CLV1_2-Forl 242 bp TTCTTATGGATACATAGCTCCAGAGTA
CLV1_2-Revl CATGCATCACCTCATTAAGTGGAAC

MtCLV2-1 MtCLV2_1 Forl 175 bp AGTTCAGCTTGGTTATTGTTCATTC
MtCLV2_1 Revl AGGCAAAGTACCTGTAAACTGATTG

MtWOX5 WOX5 For2 246 bp CAAGCACTGATCAAATTCAGAAAAT
WOXS5 Rev2 GAAAAAGCTCAAGAGTCTCAATCAC

MtWOX4  WUSForl 259 bp TCACCACAAAGCCAGGTTGAAACG
WUSRev1 GAGGACTATGAGGAAGGCCAAGACTG

Table 5.1 List of the primers for the genes used iQRT-PCR.

5.2.6 Standard Polymerase Chain Reaction

Reactions were 2pL in volume, and were run in 0.2 mL thin-walled P@Res, with 1
to 2 uL of diluted DNA template using the components shaw Table 5.2. The PCR

cycle program is given in Table 5.3.

Stock Running concentration
PCR Buffer 10 x 1x
MgCl, 25 mM 1.5 mM
dNTP 2mM 0.12 mM
Forward Primer 10uM 4 uM
Reverse Primer 10uM 4 uM
TagPolymerase 5.5 unitsil 1 unit
Double distilled water - -

Table 5.2 Components used for the standard PCR retgn
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Temperature (°C) Time (minutes) Action Number otleyg
94 5 Initial denature 1

94 0.5 Denature 35

X 0.5 Anneal 35

72 1 Extension 35

4 0 Hold 1

Table 5.3 PCR cycle program.The annealing temperature (X) was set equal tdothest TM value of

the primer pair used in the reaction.

5.2.7 Quantitative Reverse Transcriptase Polymerase ChaiReaction
(QRT-PCR)

Real time PCR using the DNA Engine Opticon Systeam@ SYBR Green 1

fluorescent dye is a highly sensitive quantitativethod for determining comparative
gene expression. The real time PCR program is giv@iable 5.4. Expression of each
genewas determined by comparison of the expressiondefé1tGAPDH
(glyceraldehyde-3-phosphate dehydrogenase), a keesiag gene, using a
modification of the comparative threshold cycle)(@ethod and was calculated as
E*4C0), where AAC(T) = (Ctarger— Cleappr)Time x— (Clarget— Cloappr)calibratorand E is

the amplification efficiency, which was calculatesing the linear regression method on
the log (fluorescence) per cycle number data foheample using the LinRegPCR
software (Ramakers et al., 2003). PCR reactions werformed in triplicate in at last

two biological repeats.

Step  Temperature (°C) Time Action Number of Cycles
1 50 2 min 1
2 95 2 min Initial denature 1
3 95 15 sec Denature 39~45
4 X 20 sec Anneal 39 ~45
5 72 1 min Extension 39 ~ 45
6 - - Signal read 39 ~ 45
7 50 ~90 1°C/2 sec  Melting Curve 1

Table 5.4 Real Time PCR ProgramThe annealing temperature (X) was set equal téothest TM

value of the primer pair used in the reaction.
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5.2.8 Agarose Gel Electrophoresis of DNA

All PCR products, plasmids, or digested DNAs wermeon a 1.5 % (w/v) agarose gel in
1 x TAE running buffer. The DNA samples were mixedh 0.1 volumes of 10 x

loading buffer and loaded onto the gel alongside standard 100 bp or 1 kb ladder.
Electrophoresis was performed at 80-120 V (5.5-@W)/for 0.5-1 h. Ethidium bromide

was added in the gels or stained after running.s Getre examined under UV
illumination and digital images captured using ad Gecumentation image analyzer
(BioRad).

5.2.9 Restriction Enzyme Digestion

Digestions were carried out to check for the preseand orientation of the insert. The

following restriction enzymes were used during digen assays:

BamHI, EcoRV, Xbal, Each tube contained the follogyi
1 uL of 10x buffer

0.25uL of restriction enzyme

3-8 uL of plasmid

Add MilliQ water to 10uL

The samples were incubated at 37°C for 3 hour &r-oight, followed by a 65°C or
80°C incubation for 20 min. Agarose gel electroglsts was carried out to check for

bands.

5.2.10 Gene Transformation Procedures

® Gene sequences for transformation

For promoter region experiments, PCR primers wesighed based on a suitable
upstream sequence of 1 to 3 kb. The 3’ end wadddcaround the predicted coding
starting site (ATG). The promoter region was amgifusing PCR and the PCR product
purified for cloning into a TOPO vector. The prinssquences for these gene promoter

regions are listed in Table 5.5.
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Gene Primer name Product Sequence (5= 3’)

name size

MtWUS  MtWUS-9654Pro-Forl 3182 bp CTAACTTCCGTTATCCGAGAATCTT
MtWUS-9654Pro-Revl TGTTCCATGTTTTTGTTGGACTGAA
MtWUS-9654Pro-For2 2157 bp CACGTTAAACGACGCCTTACTTTTG
MtWUS-9654Pro-Revl TGTTCCATGTTTTTGTTGGACTGAA

MtCLV3 MtCIv3P2k-Forl 2014 bp TCCATCCAAACATTCTAAATCCTTA
MtCIv3P-Rev1l AGCCATTATAAATATTGGAGATACG

MtRLK1 MtCLV1-2pr2k_Forl 2145 bp GAGAACAATAATGTCTCATCGGAAT
MtCLV1-2pr4k_Revl TTTGAGGGAGAGAGGGAAGTGAGAT

MtWOX5 W5Prom_Forl 1024 bp  TTCCCAACATAATTTGTAACCTCAT
W5Prom_Rev1 CATGCTCTCTTCCATATTTCAATTC

MtWOX4 MtWusPr-Forl 966 bp  CTGCTTTGATTGAGTTTGGGTTAT
MtWusPr-Rev1 ATGAAGAAATGAATGACAGGGAAT

Table 5.5 List of the primers for each gene for prmoter region analysis.

For RNAI experiments, the primers were designetthéwhole coding region or regions
close to the 3’ end. The primers are listed in @dbb. For the empty vector control, 88
bp DNA was taken from multiple cloning site of thector pASK-IBA44, (5'-
CCGGGGATCCCTCGAGGTCGACCTGCAGGGGGACCATGGTCTCAGGCCTGA
GAGGATCGCATCACCATCACCATCACTAATAAGCTT-3) (IBA,

germany), courtesy of Dr. Sergey Kurdyukov.

Gotngen,

Gene Primer name Product Sequence (5= 3’)

name size

MtWUS  MtWUS-9654-Forl 204 bp  CTTACAACATTTCATCTGCTGGGCT
MtWUS-9654-Rev1 CGACATGATGACCAATCCATCCTAT

MtWOX5 WS5-i3E-For3 178 bp  AAATGAATGCAGGGAAAATACAAT
5Wr2 TCCTAAACATTTTTCATATTATGCT

MtRLK1 Clvi-2 Forl 242 bp  TTCTTATGGATACATAGCTCCAGAGTA
Clvi-2 Revl CATGCATCACCTCATTAAGTGGAAC

Table 5.6 List of the primers for each gene for RNAanalysis.
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® TOPO entry vector cloning reaction

The following regents were setup in the order shoelow:

PCR product with polyAin 3’ end 2L
Dillute salt solution L
Sterile MiliQ water 2ul
TOPO vector L

The contents were mixed gently and incubated fonid at room temperature after
which the sample was placed on ice.l1of solution was used by electroporation o
coli. The entry vector is pCR8/GW/TOPO (Invitrogen, I€laad, CA).

® Electroporation of competentE. coli, AGL-1 and LBA4404

Electroporation was carried out to transform platsrinto bacteria oA. tumefaciens
The electro competeri. coli strain used was ElectroMAX DH10B, and the electro
competentA. tumefacienstrains used were AGL-1 and LBA4404. The electrapon
took place using the BioRed Gene Pulsar. One toutwof plasmid was added into 50
uL of electro competent cells that had been thawedice. The sample was then
transferred to a pre-cooled electroporation cuvgtenm gap). The cuvette was then
placed in the pulsar where it was shocked at 2.tokapproximately 5 microsec. After
the electric pulse, the tube had 1 mL of LB mediar E. col) or YEP media (folA.
tumefaciensadded and pipette mixed with a pipette, transtéto a tube, and shaken at
37°C (for E. coli) or 26°C (for A. tumefaciensfor approximately 1 h. After the
incubation aliquots of 20 to 50L of the culture with 60 or 3QL LB or YEP media
were spread onto plates containing suitable anithband incubated overnight at 37°C
(for E. coli) or over 2-3 nights at 26°C (fé. tumefaciens

Antibiotic for each plasmid andl. tumefacienBnes:

pCR8/GW1/TOPO 10Qg/mL Spectinomycin
pBHS164/206 5@g/mL Kanamycin folE coli; 3 ug/mL Basta for plant
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pMDC164/206 5Qug/mL Kanamycin foiE coli; 15 ug/mL Hygromycin for
plant

pOpOff2-Hyg 10Qug/mL Spectinomycin foE coli; 15ug/mL Hygromycin for
plant

AGL1 100pg/mL Ampicillin, 25 ug/mL Rifampincin

LBA4404 100ug/mL Streptomycin, 2hg/mL Rifampincin

® Plasmid isolation
Plasmid isolation was carried out using the Wizd&tlis SV Minipreps DNA
Purification system (PROMEGA) according to the nfanturer’s instructions with the

elution amount being changed to 20t80instead of 10QuL.

® Gateway LR recombination reaction for insert transer from entry to

destination vector

The following components were mixed together

Destination vector L
Entry Vector containing insert ViR
Gateway LR Clonase Il enzyme mix ull

The destination vectors used to generate prom@porter constructs were either
pMDC164 (GUS), pMDC206 (GFP), pBHS164 (GUS), pBH&G2GBFP).

After incubating at in 25°C for 1 hour to overniglt5 uL Proteinase K was added,
incubated at 37°C for 20 min and stored at 4°C.

® Transformation from A. tumefaciensto M. truncatula explants
A. tumefacienglones containing the appropriate construct weiied at 26°C in 20
mL YEP liquid medium with suitable antibiotic for dr 2 days. The bacteria were

pelleted were to remove the medium, and 20 mL dided (10:4) medium was added

and shaking continued at 26°C.
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Leaf explants were prepared and sterilized as dhestm Chapter 2.2.2 and transferred
to liquid P4 (10:4) medium. The explants were thransferred into Agrobacterium-P4
(10:4) mix suspension and incubated at room tenwmerdor 10 min. After removing

the unnecessary suspension liquid from explanés|gaf explants were co-cultured on

agar medium and incubated in the dark at 26°C {8idays.

After the Agrobacterium colony border around exfamas 1 to 2 mm, explants were
washed with sterilized water for 5 min and steeitlzavater with 500 mM Timentin for
another 5 min to wash out the bacteria. After tlashvprocedure, explants were placed
on P4 (10:4) solid medium with suitable antibiotics somatic embryo induction on P4

(10 NAA) solid medium with suitable antibiotics fayot formation.

5.2.11 GUS Staining, Embedding and Sectioning Procedure @ RNA in situ
Hybridisation

® GUS stainingprocedure

Staining for GUS enzyme activity is described below

GUS staining solution (10 mL) Stock solution Volume
added

50mM sodium phosphate buffer (pH 7.0) 200 mM (pB)7. 2.5mL

1mM EDTA 500 mM 2QuL

0.1% Triton X-100 10% viv 10L

1 mM X-Gluc (dissolved in DMF) 20 mM (10 mg/mL)  OmaL

5 mM potassium ferricyanide gke(CN)) 50 mM 1mL

5 mM potassium ferrocyanide {Re(CN}.3H,O) 50 mM 1mL

H>O to 10 mL

Stain tissue at 37°C for 16 h (overnight). Washugsin 70% ethanol at 37°C for a few
times to remove chlorophyll. Store stained tissuéd% ethanol at 4°C.

After staining, the sample was also embedded iedBt@ns Wax (described later) for

sectioning. After the sectioning and de-waxing, sosections were stained with 1%
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safranin dissolved in water to produce a red cologome GUS expression pictures.

® Fixation and embedding

The 4% formaldehyde fixative solution was preparetil00 mL phosphate buffer saline
(PBS) (130 mM NaCl, 7 mM N&PO,, 3 mM NaHPQO,) and adjusted to pH to 11
using NaOH. The solution was heated to 60°C thenparaformaldehyde was added

and stirred for 1 to 2 min until dissolved. Afterating on ice the solution was adjusted
to pH 7.0 using B5O..

Plant material was cut under fresh fixative andc@dain ice-cold fixative at 4°C
overnight. Fixative was replaced by ice cold 0.88%CI| and kept on ice, and swirled
occasionally, for 30 min. The solution was replabgdb0% ethanol containing 0.85%
w/v NaCl for 90 min, and the process was repeatéth W0% and 85% ethanol
containing 0.85% wi/v NaCl, followed by 95% ethamwid then 100% ethanol. The
material was kept in fresh 100% ethanol at 4°C migéit.

After transfer to fresh 100% ethanol for 2 h atmoiemperature, 37°C ethanol was used
for the embedding procedure in Steedmans Wax. Mateas infiltrated at 2:1, 1:1, 1:2
ethanol:wax at 37°C over 2 h for each step, armine wax overnight. The material was

transferred to warmed moulds with fresh wax, chegkirientation and allowed to cool.

® Sectioning and de-waxing

The sample wax block was trimmed leaving 2 mm adotle sample and attached to
the object holder by melting some wax. The samjiekowas cut by microtome in
sections 7-8um thick, and placed on the surface of 40 ~ 45°Gilidd water. The
sections were picked up by coated slides, and foxetb the slides through heating on a

42°C plate for 24 to 48 h. The slides can be statedom temperature or 4°C.

To remove the wax from the section in which theuesis embedded, the slides were
treated with 100% histoclear three times for fivieutes or longer until all the wax was
removed. Following this treatment slides were pssed through each of the following

solutions for two minutes: 1:1 histoclear: ethad®Q% ethanol twice, 95%, 90%, 70%,
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50%, and 30% ethanol, and water. After air drysigles can be stored until used, but

usually subsequent treatments were carried outdgkeday.
® Preparation of the DIG-labelled RNA probes forin situ hybridisation

RNA probes were prepared from plasmid or PCR prisdwthich have T7, SP6 or T3
sequences for RNA polymerase binding. The geneltgegwere full length or a partial

coding sequence.

For MtWUS the full length coding region was used as an Ridgbe template. The T7
sequence at the 5’ end and the T3 or SP6 sequetioe & end were added using PCR.
The primer sequences shown in Table 4 are the tha@s of primers for the PCR
procedure. The first set of primers were used tpldynthe target sequence, and this
PCR product was used as template if"aPLR with a second set of primers to add
partial T7 and T3 sequences at the ends. ThR@R product was used as a template in
a 39 PCR with T7 and T3 or SP6 primers to amplify timalf product which has the full
sequence of T7 at the 5’ end and a T3 or SP6 sequanthe 3’ end. In thé3PCR
process, the primer annealing temperature foriteedycle was set at 30°C to increase
the annealing rate. The findf ®CR product can also link into the plasmid desctim
5.2.8. The % PCR products were purified by QIAGEN PCR purifioat kit spin

columns.

The RNA probe synthesis procedure was performéaeriollowing solution:

Plasmid DNA or 100-200 ng PCR product ull
10 x transcription buffer (Roche) 12
DIG-NTP labelling mix (Roche) gL
T7, T3, or SP6 RNA polymerase uP
RNase out luL

Adjust volume to 2QL with RNase-free bD

For theMtWUSRNA probe, T7 polymerase was used for sense poodaration, and
T3 or SP6 were used for anti-sense probe preparafive primer sequences are given
in Table 5.7.
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PCR Primer name Sequence (5= 3))

sequence

1 MtW96-Full-Forl ATGGAACAGCCTCAACAACAACAA
MtW96-Full-Revl GGTGACCTACAGCCGTAAGAGTTGA

2 MtW96-insi1-T7 GAGGCCGCGRATGGAACAGCCTCAACAACA
MtW96-insi1-T3 ACCCGGGGCTEGTGACCTACAGCCGTAAGA

3 T7 primer TTATGTAATACGACTCACTATAGGGAGGCCGCGT
T3 primer AATTAACCCTCACTAAAGGGAGACCCGGGGCT
SP6 primer CCAATTTAGGTGACACTATAGAAGTACCCGGGGCT

Table 5.7 Primer list for the MtWUS RNA probe preparation. Sequence underlining indicates the

annealing regions for T7 primer or T3 and SP6 prime

After incubating at 37°C for 2 h, . DNasel (10 UIL) was added to the mixture and
incubated at 37°C for 15 min to remove the tempR¥&A. Two uL 0.2 M EDTA (pH
8.0) was added to stop the DNasel reaction angrtiee was stored at -20°C fiorsitu

hybridisation.

® RNA in situ hybridisation

Before the process, the cover slips were dippetDbo acetone three times, followed
by treatment in acetone plus 1% surfasil, and drymna vertical position.

Proteinase K digestion was used to remove the iprétem the tissue. Slides were
treated at 37°C in digestion buffer (50 mM EDTAQL®M Tris-HCI in DEPC water,
pH 7.5) for 5 min, followed by treatment with digjes buffer plus proteinase K (1
ug/mL) at 37°C for 5 min, and then the slides weeshed in 37°C digestion buffer for
3 to 5 min. Slides were then washed three timd3ERC HO for 5 min and kept in

water.

Hybridisation solution components are shown in €ahB. Slides were pre-warmed at
70°C for 5 min. Then, 30 to 65L per slide of hybridisation solution was added and
covered with a cover slip. The cover slip was skaeound the edge with rubber

cement, and incubated overnight at 55°C in a hdredlchamber for hybridisation.
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Chemical name Stock concentration Amount (for 1000

50 % Formamide 100% 100

10 % Dextran Sulphate 50% 36uL

300 mM NacCl 5M 11.eL

TE buffer 100X 1.9

1 X Denhard’s reagent 50X 3k

Poly A (10 mg/ml) 20 mg/ml aL

DIG-labelled probe - XL (Final concentration 0.1-5
ng/mL)

DEPC water 0.01% Adjust to 10QQ

RNase inhibitor 0.mL

Table 5.8 Chemical components of the Hybridisatiorsolution. The DIG-labelled probe, tRNA and
poly A RNA were mixed together with DEPC water fiessxd heated at 85°C for 2 min then immediately
placed on ice, then added to hybridisation mixhefore use.

The next day slides were washed in separate jaranftisense and sense slides. Slides
were washed in 2x SSC at 37°C for 5 min to remdwe d¢over slip, followed by
incubating in 2x SSC at room temperature (R/T) 3omin. Before the RNase A
treatment, slides were treated in STE (500 mM NaGImM tris-HCI, pH 7.5, 1 mM
EDTA), at room temperature for 1 min. The RNasenASITE (3 mg in 75 mL STE)
treatment was then carried out 37°C for 50 min.

The following wash process was carried out foreslidfter RNase A treatment.

Solution Temperature °C Time (Minutes)
2x SSC + 50% formamide 60 5

1x SSC RIT 30

0.5x SSC R/T 30

0.25x SSC RIT 30

0.1x SSC R/T 5

Slides were air dried overnight or the signal debdecstep carried out immediately.

For signal amplification and detection three ardibe were used to show the colour
signal. The probes was DIG labelled, thereforefitis¢ antibody (Antibody 1) was the
anti-DIG mouse antibody. The second antibody (Ardip2) was anti-mouse antibody
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conjugated to another DIG label. The third antibd@yntibody 3) was an anti-DIG
antibody conjugated to the enzyme alkaline phosiseafAP), used to act on a suitable
substrate to form a colour signal. Antibody 1 andle2e diluted 1:25 with a 1x blocking
solution, and Antibody 3 was diluted 1:75 with aldlscking solution. The 1x blocking
solution was diluted from a 10x stock with 1x PB&e 10x PBS was prepared with 80
g NaCl and 14.4g N&lPO, in 1 L.

For the detection process procedure, BD@f a 1x blocking solution was added to the
slide and incubated at room temperature for 30imhumid chamber. The solution was
washed off by water and 2. Antibody 1 solution was added. A cover slip wasled
and the slide incubated in a 37°C humid chambed for For the washing process, the
cover slip was floated off with a pre-warmed wasluton (1x PBS plus 0.2% Tween).
The wash solution was then added to the slidesranudbated in a 37°C humid chamber
for 15 min. After pouring off the solution, 5 Antibody 2 solution was added and
covered with a cover slip, and incubated in a 3A6@id chamber for 1 h. After another
cycle of the washing procedure, pD Antibody 3 solution was added and covered with

a cover slip, and incubated in a 37°C humid charfdret h.

The cover slip was floated off from the slides witlte wash solution, Antibody 3
treatment was done and wash solution was addelides sand incubated at 37°C in a
humid chamber for 5 min, and this process repetitert times. The slides were then
washed in colour buffer (100 mM tris-HCI, 200mM Na&0mM MgCh, pH 9.5).

For colour development, the substrate for the goleaction was prepared with 200
NBT/BCIP and 60uL Levamisolein in 10 mL PVA (Polyvinyl-alcohol) amir buffer.
Fifty uL of colour reaction was added for each slide dreddolour development was
monitored continually until the probe displayed iakfpurple colour. Distilled water
was used to wash out the solution and stop theucalevelopment. The slide was

checked under the microscope with or without a csiip.
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5.3RESULTS

5.3.1 MtWUS and MtCLV3 Expression Patternsin planta and in vitro

The expression of the genes we designdéd/US and MtCLV3 was determined in
different tissues, that based on Arabidopsis stuaheuld show different expression
patterns. In the case ®MtWUS there was an expression pattern (Fig. 5.1A) that i
consistent with information available dUSthat it is expressed in the organiser centre
of the apical meristem (Baurle and Laux, 2005) alsg in floral meristems (Muller et
al., 2006).WUSis also expressed in the developing embryo (Mayeal.e 1998) and
expression would be expected in the somatic embirgere is ndWUS expression in
the leaf or the auxin-induced cultured roots. Thepression pattern is similar in

Jemalong (Fig. 5.1B).
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Figure 5.1 MtWUS expression in different tissues of 2HA and Jemalan A: Expression oMtWUSIn
2HA shoot apices, developing flowers, mature leawmstured root tips and somatic embryds.
Expression ofMtWUS in Jemalong shoot apices, developing flowers, diffbrent stages of leaf
development. Leaf 0 indicates unopened initiatel i@end Leaf 1 to Leaf 3 indicates the fully opefesaf
from tip to base. Expression, measured by qRT-REBhown relative to the expression level of somati
embryos in (A). Error bars show SEM.

The location of MtWUS expression in plantlets was also investigated Bingu
prMtWUS:GUS transgenic tissue. In regenerated plantMtgyUSexpresses highly in
the shoot apex including the leaf primordium, ailsahe tip of the cotyledons and
vascular tissue (Fig. 5.2A). There is no expressiowell-formed leaf structures (Fig.
5.2B). The expression dfitWUS is broader than the organiser centre of the apical
meristem as known foktWUS especially in the leaf primordium (including cletyons)

and vascular tissues in plantlets, suggesting rdiffiees betweerMedicago and

Arabidopsis

Figure 5.2 prMtWUS::GUS expression in regenerated plantletThe signals were investigated in
germinated somatic embryos (A and B). Red arrowBh indicates the shoot and leaf primordium

structure. Bar = 500m.

In the case oMtCLV3there was an expression pattern consistent witt vgrknown of
CLV3expression (Fig. 5.3CLV3expresses in the stem cells of the shoot and flora
apex(Fletcher et al., 1999), amMdtCLV3expresses in the shoot apex of Jemalong and
2HA, consistent witiAtCLV3 but not in developing flowers, leaves and auxitdiced
cultured root tipsAtCLV3is also expressed after the heart stage embrgtcltdr et al.,
1999), and is also consistent with i&CLV3 expression in the somatic embryo of 2HA.

The sequence data in Chapter 4 and the expressiarace consistent with tivitWUS
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andMtCLV3being orthologs oAtWUSandAtCLV3
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Figure 5.3MtCLV3 expression in different tissues of 2HA and Jemalan A: Expression oMtCLV3in
2HA shoot apices, developing flowers, mature leawesdtured root tips, and somatic embryds.
Expression ofMtCLV3 in Jemalong shoot apices, developing flowers, ayadure leaves. Expression,
measured by gRT-PCR, is shown relative to the egiwa level of somatic embryos in (A). Error bars
show SEM.

5.3.2 Expression Dynamics ofMtWUS and MtCLV3 in Relation to the Induction

of Somatic Embryogenesis

Given that ectopic expression AfWUScan induce somatic embryos (Zuo et al. 2002).
It was important in understanding the mechanisnmadiction of SE inM. truncatulato
know the pattern oMtWUSexpression and the hormonal relationship to itsiaion.
In Fig. 5.4 it can be seen that in the standardnapixs cytokinin medium thafitWus

116



CHAPTER 5 Expression of theMtWUSCHEL and CLAVATA Family Genes
in Relation to Induction of Somatic Embryogenesis

expression is induced early in the culture pro¢esssistently less than 48 h) and peaks
after 7 d. The increas@dtWUSexpression is cytokinin dependent. Auxin alone does

not induceMtWUSexpression and is not associated with root formatio

A. MtWUS / 2HA —0— Aux+Cyt — — Aux ---a -~ Cyt
30000

25000

on

0000 -

=N

5000

5000

Relative express
H
o
o
o
o
T

-5000 ‘

Days

B. MtWUS / Jemalong o AuxCyt — & —Aux - A - Cyt
12000

10000 f
—0— Aux+Cyt
8000 r
6000

4000

Relative expression

2000 +

-2000 ‘
0 1 2 7 pays 14 28 35

Figure 5.4 Differential timing of MtWUS expression in tissue on P4 media containing auxii@ uM
NAA) plus cytokinin (4 uM BAP) (Aux+Cyt, [, solid line), auxin (10 uM NAA) (Aux, 4, dashed

line), and cytokinin (4 uM BAP) (Cyt, A, dotted line). A: Expression ofMtWUS in 2HA B:

Expression oMtWUSIin Jemalong. Expression, measured by qRT-PCRyde/s relative to that at the

beginning of the experiment (0 d), and was follo@d35 d. Error bars show SEM.

In Fig. 5.5,MtCLV3 can be detected after 28 d of standard auxin @ltekinin culture

and 35 d of cytokinin dependent culture in 2HA, Imat in auxin culture and any
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Jemalong cultures. The first somatic embryos asih to the eye between 28 and 35 d
in 2HA, but it also noticed that somatic embryos @aduce in cytokinin dependent
culture occasionally (Nolan et al., 2003). Thisutesuggests thafitCLV3 expression is

associated with the development of the somatic goplbather than its induction.
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Figure 5.5 Differential timing of MtCLV3 expression in tissue on P4 media containing auxid@ uM
NAA) plus cytokinin (4 UM BAP) (Aux+Cyt, [, solid line), auxin (10 uM NAA) (Aux, 4, dashed

line), and cytokinin (4 uM BAP) (Cyt, A, dotted line). A: Expression ofMtCLV3 in 2HA B:

Expression oMtCLV3 in Jemalong. Expression, measured by gRT-PCR)dws relative to that at the

beginning of the experiment (0 d), and was follo@d35 d. Error bars show SEM.
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5.3.3 MtWUS and MtCLV3 Expression and the Induction of Stem Cells

If MtWUSexpression was associated with a process similtratoacting in the apical
meristem then there would be expected to be aioesdtip with CLV3 that could be
interpreted in a similar way to that in the apicaristem. We determined the pattern of
MtCLV3expression in relation ttWUSexpression. As we can see in Fig. BI&CLV3
expression is not initiated until embryos begin ftom i.e. until structures are
differentiated. Importantly wild-type Jemalong tlites not produce embryos does not
show MtCLV3 expression. This expression patterns also occuimecuxin plus
cytokinin plus ABA (1 pM ABA) culture in Fig. 5.7 ith longer investigating periods
and less callus formation (see Chapter 3).
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Figure 5.6 Differential timing of MtWUS and MtCLV3 expression in tissue on P4 media containing
auxin (10 uM NAA) and cytokinin (4 uM BAP). A: Expression oMtWUSIin 2HA (], solid line) and

MtCLV3 in 2HA (Aux, €, dashed line)and Jemalong A\, dotted line) was followed for 49 d.
Expression, measurday qRT-PCR, is shown relative to that at the beigigrof the experiment (0 d).
Error bars show SEMB: Images show the development of calli over the ¢ifehe experiment. Blue

arrow indicates somatic embryos.
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Figure 5.7 Differential timing of MtWUS and MtCLV3 expression in tissue on P4 media containing
auxin (10 pM NAA), cytokinin (4 uM BAP) and 1 pM ABA. A: Expression oMtWUSIn 2HA (],

solid line) and MtCLV3 in 2HA (Aux,4, dashed lineand JemalongA, dotted line) was followed for
77 d. Expression, measurbg qRT-PCR, is shown relative to that at the beigigrof the experiment (0

d). Error bars show SEMB: Images show the development of calli over thedif¢he experiment. Blue

arrows indicate somatic embryos.
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MtWUSappears to express in both callus and somaticyeapbutMtCLV3 expression
may locate specifically to somatic embrybWUShas its first expression peak around
7 d, but MtCLV3 only expresses after 28 d indicating the WUS-CLié&dback
regulation of the shoot apical meristem may notraigein callus. HoweveMtCLV3
reduces thditWUSexpression around 49 d in 2HA and correlates thighshoot apical

meristem formation in somatic embryos.

5.3.4 MtWUS Expression Pattern in Callus Formation and Somatic

Embryogenesis

MtWUS expression may be involved in both callus formmatemd somatic embryo

induction. Through the use of promoter-GUS fusioansgenic plants and tissues,
MtWUS expression in culture can be seen to start verly aad expresses throughout
the explant except at the cut edges (Fig. 5.9WUS expression then localises in
clusters (Fig. 5.8B). Not all the clusters with et necessarily initiate somatic
embryos. The GUS signal located in a cluster ofllsogdls around the newly forming

vascular tissue (Fig. 5.8C) may indicate that segikclusters are not somatic embryo
specific but may also be related to vascular deratnt in the callus. However

procambium cells associated with the vascular ¢éise likely to be the source of at
least some somatic embryos (Rose et al., 2009Yrokg signal detected in somatic
embryos (white arrow in Fig. 5.8D) suggests thatatic embryos can be initiated from

some of these clusters.
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Figure 5.8 prMtWUS::GUS expression in early stages of somatic embrymduction in callus.
Blue-green indicates the GUS signal, and the réolican C was obtained by staining with 1% safranin
The signals were investigated in 72 h cultured &xgl (A), 4 weeks callus (B), a callus section \tlith
vascular tissue surrounded by a cluster of smadéés (C), and callus (D) with somatic embryos @&hi
arrow). White Bar = 50Qm, and black Bar = 8Gm.

MtWUS RNA in situ hybridisation in 2HA callus with somatic embrydsow/s that
MtWUSexpression can be visualised in whole globularaanembryos (Fig. 5.9A) or
in sectioned embryos in the callus (Fig. 5.9C). BHuspensor-like structures were
clearer when embryos were visualised in the cgfig 5.9C). TheMtWUSexpression

pattern at later stages of embryo developmentrstillires further investigation.
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LA .

Figure 5.9 MtWUS RNA in situ hybridisation in somatic embryo induction in callus of 2HA. The
signals were investigated in whole globular stagmatic embryos (A to D). A and C are with an
anti-sense probe indicating theWUS ssignals, and B and D are with a sense for therolsntBar = 80

um.

5.3.5 Inducible MtWUS RNAi Experiments in Relation to Somatic Embryo

Induction and Callus Formation

Dexamethasone-inducible RNAi fftWUSwas used to investigakdétWUSfunction in
callus formation and somatic embryo induction. TWMBNVUS RNAI transgenic calli
were set up in standard medium with dexamethadbeg) (to trigger the RNAIi system
and inhibit theMtWUSexpression. The empty vector transgenic callusrdes] in 5.2
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was used as control. TIMtWUSRNAI transformed calli produced little callus gribw

with only 12.7% increase compared to 104.4% fordbetrol after 28 d growth (Fig.
5.10). Somatic embryos form in control callus af28rd (blue arrow in Fig. 5.10) but
not in MtWUS RNAI callus. These results indicate tMtWUS s essential for both

callus formation and somatic embryo induction.
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Figure 5.10 Differential timing of dexamethasone (Bx) -induced RNAi callus size oMtWUS and
empty vector control in tissue on P4 media containg auxin (10 pM NAA), cytokinin (4 uM BAP)
and 10 uM dexamethasone. ACalli size of MtWUS ([_], solid line) and empty vector contro#,
dashed linewas followed for 28 d. Calli size, measuredm callus images by software Image J, is
shown relative to that at the beginning of the expent (0 d) set as 100. Error bars show SHW.
Images show the development of calli over the difethe experiment. Blue arrow indicates somatic

embryos.
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5.3.6 MtCLV3 Expression Pattern in Callus Formation and Somatic
Embryogenesis

The MtCLV3 expression in somatic embryos was investigatgatamoter-GUS fusion
transgenic tissues (Fig. 5.11) and showed no esiores early stage embryo and callus
(white arrow in Fig. 5.11A) but in later stage seimambryos (red arrow in Fig. 5.11A).

After the cotyledon stage, the GUS signals accutadlaround the shoot meristem (red

arrow in Fig. 5.11B) and the base of the cotyledped arrow in Fig. 5.11C), and not in
the root and young leaves. These results correléteqRT-PCR data in 5.3.1 and 5.3.3
on the expression &tCLV3

Figure 5.11 pMtCLV3::GUS expression in somatic embryos and regeneratgolantlet. The signals
were investigated in callus with different stagenatic embryos (A, white arrow shows earlier stagel
red arrow shows later stage) and germinated ptafBleand C). Red arrows indicates the expression

region around the shoot meristem. Bar = 0
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5.3.7 CLV1-like Gene SUNN Expression Patternin planta and in Cultured Tissue

The SUNNgene was identified from theunnmutant from the non-embryogenic A17
(Penmetsa et al., 2003) and is most similaAttGLV1 SUNNexpression in 2HA (Fig.

5.12) is higher in the leaves than the shoot apexeloping flower and somatic
embryos. In the leaves, the expression increades thife leaf unfolds and matures

(From LO to L3 in Fig. 5.12B) and suggests a relahip to leaf function.
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Figure 5.12 SUNN expression in different tissue of 2HA and JemalongA: Expression ofSUNNin
2HA explants, shoot apices, and somatic embrBosExpression ofSUNNin Jemalong shoot apices,
developing flowers, different stages of leaf depehent, and explants. Leaf 0 indicates unopened
initiated leaf, and Leaf 1 to Leaf 3 indicates thity opened leaf from tip to base. Expression, suead

by qRT-PCR, is shown relative to the expressiorell®f somatic embryos (A) and the leaf 0 (B). Error
bars show SEM.
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Time course studies &UNNexpression in cultures incubated in auxin plugkiytin in
both Jemalong and 2HA show the expression dropiping d but then expression starts
to increase after 14 d as callus growth increaBes 6.13). However during culture,

expression does not increase above explant levels.

SUNN / Auxin + Cytokinin o Jem---e-- 2HA
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Figure 5.13 Differential timing of SUNN expression in tissue on P4 media containing auxidi@ uM
NAA) plus cytokinin (4 uM BAP). Expression oSUNNin Jemalong (Jen, ], solid line) and 2HA

(2HA, @, dashed line) was followed for 35 d. Expressiosasured by qRT-PCR, is shown relative to
the expression level of 1 d of 2HA in culture. Erbars show SEM.

5.3.8 CLVl1-related Gene MtRLK1 Expression Patternin planta and in Cultured

Tissue

MtRLK1 shows low expression in leaf explants, and highgression in shoot apices
and somatic embryos (Fig. 5.14). In time courséistiin Jemalong and 2HA cultures
incubated with auxin and cytokinifitRLK1 expression increases after 2 d and
approaches a high and stable level after 14 d anelates with callus formation (Fig.
5.15). The expression patterns are similar in Jengghnd 2HA.

127



CHAPTER 5 Expression of theMtWUSCHEL and CLAVATA Family Genes
in Relation to Induction of Somatic Embryogenesis

4
Shoot Apex MtRLK1
§3 (
5 o | Somatic
()
2 embryo
b=
2
11 1
Explants
0

Figure 5.14 MtRLK1 expression in different tissue of 2HAExpression oMtRLK1 in 2HA explants,
shoot apices, and somatic embryos. Expression, urezhsby gRT-PCR, is shown relative to the

expression level of somatic embryos. Error barsvsB&M.
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Figure 5.15 Differential timing of MtRLK1 expression in tissue on P4 media containing auxii@
MM NAA) plus cytokinin (4 uM BAP). Expression oMtRLK1in Jemalong (Jem,_], solid line) and

2HA (2HA, @, dashed line) was followed for 35 d. Expressioaasured by gRT-PCR, is shown relative
to that at the beginning of the experiment (0 djoEbars show SEM.

5.3.9 MtCLV2-1 Expression Analysis

We also investigated the expression of the CLV2-fjeneMtCLV2-1in Jemalong and
2HA. TheMtCLV2-1gene shows higher expression in the shoot apexi¢lad explants,

and expression is higher in callus in the presefi@eixin plus cytokinin, whether or not

128



CHAPTER 5 Expression of theMtWUSCHEL and CLAVATA Family Genes
in Relation to Induction of Somatic Embryogenesis

it is embryogenic (Fig. 5.16). In time course sésdof culture in the presence of auxin
plus cytokinin treatments, both Jemalong and 2HA sianilar expression patterns for
MtCLV?2 which starts to express after 2 d and continoemdrease until 49 d (Fig.
5.17).
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Figure 5.16 MtCLV2-1 expression in different tissue of 2HAExpression oMtCLV2-1in 2HA explants,
shoot apices and callus plus somatic embryos (8&d)callus without somatic embryos. Expression,

measured by gRT-PCR, is shown relative to the egiwa level of explants. Error bars show SEM.

MtCLV2-1/ Auxin + Cytokinin o Jem---e-- 2HA

10

Relative expression
(e}
T

0 1 2 3 7 14 28 35 49
Days

Figure 5.17 Differential timing of MtCLV2-1 expression in tissue on P4 media containing auxiiQ
MM NAA) plus cytokinin (4 uM BAP). Expression oMtCLV2-1in Jemalong (Jen, ], solid line) and

2HA (2HA, ¢, dashed line) was followed for 49 d. Expressioaasured by gRT-PCR, is shown relative
to that at the beginning of the experiment (0 adjoEbars show SEM.
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5.4 DISCUSSION

The best candidate for ti. truncatulaWUS gene was obtained by bioinformatics as
described in Chapter 4. However to obtain suppgr/vidence that the putatidtWUS
was an ortholog oAtWUSthe expression pattern btWUSwas initially examined in
the intact plant prior to studying the expressioncallus formation and somatic

embryogenesis.

In the intact plant,MtWUS was expressed in the shoot apex (meristem and leaf
primordium) and the early stages of flower initati but it was not expressed in leaves
or roots. The expression pattern is similarAWUS in the shoot meristem and the
flower primordium. The promoter GUS studies alsdlicate that there is strong
expression in the shoot apex but there appears smime expression in leaf primordia,
unlike AtIWUS

However, it seems highly likely thsdtWUSis theAtWUSortholog and subsequent data
supports this interpretation, particularly giver ttecent study by Gordon et al. (2007)

onin vitro shoot formation.

In the M. truncatulaSE systenMtWUSexpression is induced in the presence of auxin
plus cytokinin and also cytokinin alone, but not dayxin alone. This is an important
result consistent with what is known f&WUS and cytokinin relationships in the
regulation ofWWUSIn the Arabidopsis meristem (Leibfried et al., 2R@=urther, Gordon

et al. (2007) have shown cytokinin-induc&tiWUSexpression in shoot induction im

vitro cultures.

What is suprising is the rapid onset of MtWUS esgren visualised as GUS staining
across the whole leaf explant (Fig. 5.8A). Recehtiyvever, whole explant studies in
our laboratory with explants cleared and stainetth fichsin has clearly revealed cell

proliferation all over the explant, emanating frapar the leaf veins (Appendix 8).

During callus formation, groups of small cells wWtWUSexpression cluster together,
and are scattered around the callus. These clusteed|s are likely the source of cells

that form embryos but some will probably form vdacucells or callus cells, and
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MtWUS expression is linked to these processes. Howevdhe& embryogenic callus
develops theMtWUS expression is confined to the somatic embryos.s&hesults
indicate thatMtWUS expresses in both undifferentiated cells in thikusaand in the
somatic embryo. This pattern is similar &AWUS where it is expressed in callus
induced by cytokinin, and the expression incredgimgcalizes in the differentiating
shoot. The RNAI data also supportdVWUS requirement for callus formation and
somatic embryo induction, which suggests that #toahas a function to maintain
undifferentiated stem cells likstWUS

In the globular stage somatic embrydiWUS expression occurred throughout the
whole embryo which is not found in Arabidopsis ziggembryos (Mayer et al., 1998).
However there are two points to note here: the boahenvironment is quite different
in the somatic embryo developing in embryogenitusahnd theM. truncatulaembryo

is not likely to be identical to Arabidopsis in developmental strategy. As can be seen
in Fig. 5.9 as the somatic embryo develdi8vVUStends to localise towards the apical

pole.

The data obtained in thd. truncatulaSE system gives a broader perspectivévtdS
function. Identifying the ortholog d¥l. truncatulawill also facilitate an understanding

future work on embryo and shoot developmeriledicago

The gene we have designatdtCLV3 is similar toAtCLV3in peptide structure and in
expression patterndAtCLV3 also expresses in the shoot apex but not in floveer
leaves. It does not express in callus but is espiesn the shoot regions of later stage
somatic embryos. We suggest tiMtiCLV3 is the ortholog of thé&tCLV3 gene inM.

truncatula

From the bioinformatics and expression data, tleenpter-GUS studies, and the RNAI
studies it would seem that the WUS gene is “hijdtkm the callus system as a
component of the induction of totipotent stem c#iist serve as the progenitors of the
embryos. The CLV3 expression does not commencethatWUS-CLAVATA feedback
loop starts to operate in a similar way to thatrabteristic of Arabidopsis. A schematic
of how theWUS and CLV3 appear to acin vitro is shown diagrammatically in Fig.
5.18.
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Figure 5.18 Diagram of the expression levels and ftarns of MtWUS expression and expression

levels ofMtCLV3 in somatic embryogenesif vitro. Gray colour indicates the relative expression of
MtWUSand nets indicates the relative expressioklt¥LV3 Question mark indicates the region of

MtWUSexpression at this stage is still unclear.

Because of what is known of the WUS-CLAVATA feedkdoop (Chapter 4) the
expression of CLV1- and CLV2- like genes were itigeted. Through the
bioinformatics in Chapter&UNNandMtRLK1were selected for investigation.

The SUNN gene has a similar protein structure AtCLV1 and GmNARK and its
function is similar toGmMNARK (Searle et al., 2003), influencing nodulation bot
acting like AtCLV1to increase shoot meristem size (Penmetsa €2(413). SUNNhas
high expression in leaves, especially in maturedsaand some expressions in callus

but little in somatic embryos. The expression pateshow no difference between

132



CHAPTER 5 Expression of theMtWUSCHEL and CLAVATA Family Genes
in Relation to Induction of Somatic Embryogenesis

somatic embryogenic and non-somatic embryogenlasaldicating this gene is not a
key regulator of somatic embryo induction. This densistent with the current
understanding of auto-regulation in legumes. Thenétle evidence to support a role
for SUNNin SE.

The CLV2-like geneMtCLV2-1was investigated and is expressed in the shoat ape
callus in both Jemalong and 2HA. TMERLK1 gene has similar expression patterns
and levels in both Jemalong and 2HA cultures irtdigathis gene is not related to the
enhanced somatic embryo induction in 2HA. Nevee$slit is important to note that
both genes are induced by auxin plus cytokinin exjaression continues to increase in
the culture period. This means such genes are &qutein the period where SEs are
present. However the key gene in the SE inductisenpmenon appears to be the
cytokinin-inducedWUS

The significance of th&vUSdata is reinforced from what is known of tMéSERF1

transcription factor (Appendix 6). It has WUS binglisites in its promoter and
cytokinin-inducedWUSis likely essential foMtSERF1expression.
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Investigation of WOX Family Gene Expression in

M. truncatula in Relation to Root Formation and

Somatic Embryo Formation
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6.1INTRODUCTION

Development in somatic embryogenesis and zygotiorgngenesis is similar from the
globular stage but there may be some differencethenearly segmentation pattern
(Williams and Maheswaran, 1986). Therefore generesgioon patterns in the two
processes would be expected to have some simildimy WOX (WUSCHELrelated
homeobox) gene family members reveal early embcygpatterning events in
Arabidopsis(Haecker et al., 2004). Therefore it is of intétesinvestigate these genes
in the somatic embryogenesis and root formationcgge as both markers and as

potential contributors to meristem formationvitro.

The AtWOX5sequence was identified in 2004, and expression aedected in the

embryo root quiescent centre from the early glob@tage. Expression was also
detected in the vascular primordium in the heaagetembryonic cotyledon and
decreased after the late heart stage (Haecker, &0&4). AtWOX5expression has also
been detected in the root quiescent centre usagtitvOX5promoter region fused with

reporter genes (GUS or GFP) (Blilou et al., 2006;eX al., 2006).

AtWOX5is related to auxin regulation mechanisms in tha meristem, and plays a
similar role toWUSCHELIin the OC in maintaining cells in an undifferete@ state. It
has been shown thaatWOX5 is essential for maintaining the root QC and the
undifferentiated state of the distal stem cellsr{gadi et al., 2005; Sarkar et al., 2007).
There is also some evidence thatAé&/OX5gene can also maintain the stem cell niche
in the shoot apical meristem asismutant studies indicatetWOX5andAtWUScould

supply similar signals for stem cell niche reguat{Sarkar et al., 2007).

A similar gene toAtWOX5 called OsWOX9is also found in ricewhich has similar
protein structure and also expresses in the Q@eofdot apical meristem (Kamiya et al.,
2003).0sWOX9also expresses very early during adventitious mutation. Although
OsWOX9%expression occurs in roots, overexpressio@efVOX9does not induce more
adventitious root formation, instead sometimesait even suppress adventitious root
initiation. It causes multiple shoot phenotype, s@ne phenotype as produced by

AtWUSoverexpression in rice (Kamiya et al., 2003).
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The WOX5 gene inM. truncatulahas been investigated in roots initiated in celtur
(Chen et al., 2006; Imin et al., 2007). It showsigher expression in the root tip than
the elongation zone. ThHdtWOXS5 expression levels are higher in auxin-induced root
cultures or auxin plus cytokinin cultured callusathin normal roots. The detailed

expression patterns in root and somatic embryogghas not been investigated.

There have been preliminary investigation®\@Xfamily genes irM. truncatula One
gene TC102100MtWOX4 was investigated iMM. truncatulain 2003 by Dibley. It
shows a similar protein structure AAWUS, but is most similar to thAtWOX4gene.
The AtWOX4gene was identified in 2004 by Haecker et al.,itsuexpression patterns
were not investigateddtWOX4was also investigated by Imin et al., (2007) amosed
thatMtWOX4is highly expressed in the elongation zone compgréle root tip.

In M. truncatula the likely orthologs toAtWOX4 and AtWOX5 were identified by
bioinformatics. This Chapter investigates the hamneegulated expression of these
genes in relation to the root organogenesis anththection of somatic embryogenesis.

These studies complement thoseMtiWUS
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6.2MATERIALS AND METHODS

The culture processes were described in Chaptétier processes such as tissue
collection, cDNA preparation, qRT-PCR analysishsgenic plant preparation, GUS

staining, tissue section, RNA situ hybridisation were described in Chapter 5.

6.2.1 Influences of Auxin and GA on pMtWOX5::GUS Transgenic Roots

These experiments were designed to investigatenthence of auxin and GA on the
MtWOX5 expression pattern in cultured roots. 15 weeks pifitWOX5:GUS
transgenic tissues from10 pM NAA cultures (whichlinled roots and root primordia)
were cultured in P4 medium with different concetidra of NAA (0, 1, 5, and 10 uM)
or GA; (0, 0.1, 1, 5, and 10 uM). The root morphologieserassessed after 7 days and
the GUS signals were obtained through the GUSietaiprocess (described in Chapter
5).

6.2.2 Preparation of the DIG-Labelled RNA Probes forin situ Hybridisation

The preparation procedure was described in 5.2Ih&. primer sequences used for
MtWOX5RNA probes preparation are given in Table 6.1.

PCR sequence Primername Sequence (5 3)

1 5Wfl GTAAAAACATCTAGAATTGAAATATGG
5Wr2 TCCTAAACATTTTTCATATTATGCT

2 insitulWOX5T7 GAGGCCGCGTATCTAGAATTGAAATATGG
insitu11WOX5T3 ACCCGGGGCRAACATTTTTCATATTATGCT

3 T7 primer TTATGTAATACGACTCACTATAGGGAGGCCGCGT
T3 primer AATTAACCCTCACTAAAGGGAGACCCGGGGCT
SP6 primer CCAATTTAGGTGACACTATAGAAGTACCCGGGGCT

Table 6.1 Primer list for MtWOX5 RNA probe preparation. Sequence underlining indicates sequences

for T7 primer or T3 and SP6 primer.
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6.3RESULTS

6.3.1 MtWOXS5 Expression Patternin planta andin vitro

AtWOXb5is expressed in the quiescent centre of the rooisteen (Sarkar et al., 2007)
and in the developing embryo (Haecker et al., 2004/NOX5 was expressed in
cultured roots and in the somatic embryo. Thetitis if any expression oMtWOX5in

the shoot apex, developing flower or leaf (Fig.)6The expression data are consistent

with the AtWOX5expression patterns.

2.5
MEWOXS / 2HA C“““ﬁd Rooy MEWOX5
5 p

g 15 | Somatic
g embryo
e
g 1
i

0.5 Developing

Shoot Apex Flower Lea

Figure 6.1 MtWOX5 expression in different tissue of 2HA.Expression ofMtWOX5 in 2HA shoot
apices, developing flowers, mature leaves, cultuoed tips, and somatic embryos. Expression, mealsur

by gRT-PCR, is shown relative to the expressiorlle¥ somatic embryos. Error bars show SEM.

6.3.2 MtWOXS5 Expression in Cultured Tissue

It is known thatMtWOX5 is expressed in culture (Chen et al., 2006; letial., 2007)
but it is important to understand its time cour§@xpression to ascertain its potential
relationship to root induction from procambial sethat we have previously described
(Rose et al., 2006bMtWOX5 expression is induced by 2 d and is clearly auxin
dependent (Fig. 6.2). The expression increases wioe@ roots are visible to the naked
eye. There was a small amount of expression ipigence of auxin plus cytokinin and

no expression in the presence of cytokinin, indigatytokinin inhibits expression.
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Figure 6.2 Differential timing of MtWOXS5 expression in tissue on P4 media containing auxii@ puM
NAA) plus cytokinin (4 uM BAP) (Aux+Cyt, [, solid line), auxin (10 uM NAA) (Aux, €, dashed
line), and cytokinin (4 uM BAP) (Cyt, A\, dotted line). A: Expression ofMtWOX5 in 2HA B:

Expression oMtWOX5in Jemalong. Expression, measured by qRT-PCRhawis relative to that at the

beginning of the experiment (0 d), and was follo@d35 d. Error bars show SEM.
6.3.3 MtWOXS5 Expression Pattern inde novo Root Development

The MtWOX5 RNA in situ hybridisation data in relation to the formation ot
primordia formation is shown in Fig. 6.3. The arrdabelled 1 shows centres of
expression in vein derived cells that emanate fthe procambial cells. The arrow

labelled 2 is the root primordia. The arrow lab@l&in Fig. 6.3E is the root meristem

140



CHAPTER 6 Investigation of WOX Family Gene Expression in
M. truncatula in Relation to Root Formation and Somatic Embryo Brmation

and the arrow labelled 4 is vascular tissue.

S o * SN M| LW PRY pEs SN

Figure 6.3MtWOX5 RNA in situ hybridisation in auxin-induced de novo root formation. (A), (C) and
(E) use an anti-sense probe show the location ®RNA expression, and (B), (D) and (F) are with a
sense probe for the controls. Bar =180.

Further investigation by pitWOX5:GUS in the root apex after longer auxin culture
(Fig. 6.4A) shows two expression regions aroundhkestem (Fig. 6.4B, black and red
arrows) and can be identified more clearly in thature root apex (Fig. 6.4C). The
MtWOX5expresses more strongly in stem cells (red arrowig. 6.4C) and columella
cells (black arrow in Fig. 6.4C) of the root megist The longitudinal section of the
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root indicates most of thiitWOX5expression is in the stele of the maturation zane

pericycle cells, but there is also some expressitie vascular tissue (Fig. 6.4D).

Figure 6.4 piMtWOX5::GUS expression in cultured roots in auxin mediumafter 15 weeks.The GUS
signals were investigated in the cultured root eg&ection (A) and the longitudinal sections ofatiént
stages of root tip development (B, C) and root madion zone (D). The red and black arrows indichée
GUS signals. Black bar = §0n, white bar = 50Qum.

A connection between auxin aldOX5expression ide novoroot formation was likely,
given the involvement of auxin iAtWOX5regulation in rootsn vivo (Gonzali et al.,
2005). The relationship between auxin concentratind MtWOX5 expression inde
novoroot formation was investigated usingpi¥wWOX5:GUS transgenic root calli with
root primordium described in 6.2.1. The GUS signveése examined in the root apex
(including stem cells and columella cells) and uppene (including elongation and
mature zones) in each treatment (Table 6.2). Imdbeapex, the signal is stronger with
higher auxin treatment and is localised to botimstells and columella cells with
treatments higher thanyM NAA. An increasing signal in the upper zone al®curred

with much higher concentrations of auxin (™ NAA). These indicate that the
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MtWOX5expression level is enhanced by auxin. Root lengtére decreased by auxin,

especially at the higher concentrations, but tleé nombers increased (Table 6.2).

0 (Control)

Table 6.2 pMtWOX5::GUS expression patterns in cultured roots after 7d in different auxin and
GA treatments. Roots obtained from 15 weeks & NAA transgenic cultures after transfer to each of
the hormone treatments for 7 d. Bar = 500.

GA investigated in Chapter 3 influencés novoroot development and the relationship
between GA andtWOX5 expression was investigated in the GA cultureesysby
prMtWOX5:GUS transgenic cultured root calli with root pardium described in 6.2.1
and shown in Table 6.2. The GUS signals in the apeix are weaker when G4 low,
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but the signals in the upper zone are increasedratentrations greater than 1 uM £A
These data indicate that GA can changeMt®/OX5expression patterns in different

regions of the root which may influence the ro@h@ecture and root growth.

6.3.4 MtWOXS5 Expression During Somatic Embryogenesis

AtWOX5 expresses during zygotic embryo development (Haeekeal., 2004) and
MtWOX5would also be expected to express during somatiergogenesis (Fig. 6.3).
The MtWOXS5 expression in auxin plus cytokinin culture whictoguces callus and
somatic embryos in 2HA increases after 2 d in b##malong and 2HA, and the
expression becomes higher in 2HA after 14 d (Fif).6rhe increase in 2HA may be

related to somatic embryo formation.

MtWOXS5 / Auxin + Cytokinin o Jem---e-- 2HA

30

25

15 ¢

Relative expression

0 2 7 14 28 49
Days

Figure 6.5 Differential timing of MtWOXS5 expression in tissue on P4 media containing auxii@ puM
NAA) plus cytokinin (4 pM BAP). Expression oMtWOX5in Jemalong (Jen,_], solid line) and 2HA

(2HA, @, dashed line) was followed for 49 d. Expressioaasured by qRT-PCR, is shown relative to
that at the beginning of the experiment (0 d). Eb&rs show SEM.

The pattern oMtWOX5expression in somatic embryogenesis was investigatrther
in pMtWOX5:GUS transgenic tissue. The 21 d callus hasMii#&/OX5GUS signal
(Fig. 6.6A). Prior to 21 d, in the callus initiatiphase, there is little GUS staining. This
contrasts withMtWUS (Fig. 5.8A). In somatic embryos, thdtWOX5 expression is

localized in the central part of embryo (Fig. 6.6Bfter the heart stage, the signal
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accumulates in the cotyledon and root apex (FigCR. consistent with th&tWOX5

pattern in embryogenesis (Haecker et al., 2004).

Figure 6.6 prMtWOX5::GUS expression in callus and somatic embryos inuain plus cytokinin

culture. A, 21 d callus. Heart stage (B) and torpedo st&es¢matic embryos. White Bar = 5(th and
black bar = 8Gum.

6.3.5 Inducible MtWOX5 RNAIi Experiments in Callus Development and Somatic

Embryo Induction

To investigateMtWOX5 function in callus formation and somatic embryaluation,
dexamethasone-inducible RNAi was carried out ushgMtWOX5 gene. After the
MtWOX5RNAI transgenic callus formed, the calli were getin standard medium with
dexamethasone (Dex) to trigger the RNAI systemiahibit the MtWOX5expression.
The empty vector transgenic callus described im&& used as control.

MtWOX5 RNAI callus image size was increased only 12.3%ra28 d culture with
dexamethasone where the control callus increasdd4%0 (Fig. 6.7). Some somatic
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embryos were also present in the control callusnbtiin Mt WOX5RNAI callus (Table
6.3). These data suggest thtWOX5is required for callus formation and somatic
embryo induction. These data are similar to Mi®VUS data, even though they have
different expression patterns and different hormdeeendences, although both are
expressed in somatic embryos in the presence ahand cytokinin and both are
important in embryogenesis in Arabidopsis (Haecletr al., 2004). In another
experiment to directly compare the effect of RNAi looth MtWUS and MtWOX5on
callus growth MtWUS RNAI was more effective, virtually eliminating (Fig. 6.8). In
this experimenMtRLK1was a reference control gene, outsidevili@X family of genes.

It should also be noted th&fOX5has been reported to be involved in the regulation
active auxin levels (Gonzali et al., 2005) as vl being auxin induced (Fig. 6.2)
whereaditWUSis rapidly induced by cytokinin following explaekcision (Fig. 5.8).
Callus growth requires auxin plus cytokinin.

MtWOX5 RNAI +Dex callus formation — 00— MtWOXS5 RNAIi—e *CO“UO"
250
X
2 204.4 {
2 .
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S 1784  —
2 156.2 _—
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B 1901 1285 —
9 _® 107.9 112.3
: 00— — 1030 105.9
3 100}
©
O
50
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Figure 6.7 Differential timing of dexamethasone (D€ -induced RNAI callus size oMtWOX5 and
empty vector control in tissue on P4 media containg auxin (10 pM NAA), cytokinin (4 uM BAP)
and 10 puM dexamethasoneCalli size of MtWUS (L], solid line) and empty vector contro§, dashed
line) was followed for 28 d. Calli size, measuredm callus images by software Image J, is shown

relative to that at the beginning of the experin{@nt) set as 100. Error bars show SEM.
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+ Dex 0 days 14 days 28 days
MtWOX5RNAI

Vector control

Table 6.3 Differential timing of dexamethasone (Déx-induced RNAI callus size ofMtWUS and
empty vector control in tissue on P4 media containg auxin (10 pM NAA), cytokinin (4 pM BAP)
and 10 pM dexamethasondmages show the development of calli over thedif¢he experiment for 28

d. Blue arrow indicates somatic embryos.
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Figure 6.8 Differential timing of dexamethasone (D€ -induced RNAI callus size of MtWUS,
MtWOX5 and MtRLK1 in tissue on P4 media containing auxi(10 pM NAA), cytokinin (4 uM BAP)
and 10 pM dexamethasoneCalli size of MtWUS (], solid line), MtWOX5 (@, dashed line), and

MtRLK1 (/\, dotted line)was followed for 49 d. Calli size, measuriedm callus images by software

Image J, is shown relative to that at the beginmifithe experiment (0 d) set as 100. Error barsvsho
SEM.

6.3.6 MtWOX4 Expression Analysis

MtWOX4 was investigated by gRT-PCR in different tissuegegiits homology to
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AtWOX4 and AtWUS (Chapter 4). The qRT-PCR expreasgsiesults displayed in Fig.
6.9 show the expression tWOX4 is highest in the shoot apex, then developing
flower, cultured root tip, leaf, and lowest in th@matic embryo. This indicates this gene
might function in the shoot apical meristem, anafidess importance in the somatic
embryo and root apexMtWOX4 expression in leaf development was investigated by
taking leaves from the shoot apex from the foldegyes to fully opened leaves. The
results show that during leaf development fromgheot meristem cells, thsttWOX4

expression decreased as the leaf developed.
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Figure 6.9 MtWOX4 expression in different tissue of 2HA and JemalongA: Expression oMtWOX4

in 2HA shoot apices, developing flowers, maturevésa cultured root tips and somatic embryBs.
Expression ofMtWOX4 in Jemalong shoot apices, developing flowers, différent stages of leaf
development. Leaf O indicates unopened initiate] iend Leaf 1 to Leaf 3 indicates the fully opefesf
from tip to base. Expression, measured by qRT-REBhown relative to the expression level of somati

embryos in (A). Error bars show SEM.
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MtWOX4expression increased during callus growth (Fig0%.The highest expression
was in the auxin plus cytokinin treatment. In thexia alone treatment a peak of
expression occurred at 2 d. The expression patemsimilar in Jemalong and 2HA.
What is of particular interest here is the différdrormone requirements for this
homeotic geneWUSis induced by cytokininWWOX5by auxin, whileWOX4requires

auxin plus cytokinin for maximum expression in tuture period.
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Figure 6.10 Differential timing of MtWOX4 expression in tissue on P4 media containing auxii@
MM NAA) plus cytokinin (4 uM BAP) (Aux+Cyt, [, solid line), auxin (10 uM NAA) (Aux, ¢,
dashed line), and cytokinin (4 pM BAP) (Cyt, A, dotted line). A: Expression oMtWOX4in 2HA B:

Expression oMtWOX4in Jemalong. Expression, measured by gRT-PCRhaw/is relative to that at the

beginning of the experiment (0 d), and was folloi@d35 d. Error bars show SEM.
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6.4DISCUSSION

MtWOXS5, based on the bioinformatics analysis in itea4, is the putative homologue
of AtWOX5. The expression data presented here isistent with this and confirms
other work recently reported (Imin et al., 2007).this chapter its expression has been
particularly investigated in relation tde novo root initiation, but also somatic

embryogenesis. The putative ortholog to AtWOX4 &las been investigated.

MtWOXS5 Expression in Relation tode novo Root Formation

In situ hybridisation has suggested thatWOX5is expressed in the procambium cells
and is associated with the induction of root pridiar It has been shown previously in
our laboratory that root primordia are derived frbrase cells (Rose et al., 2006). In this
it appears to have a somewhat similar role to Wo®lvement in SE stem cell
formation. After the root primordia formed the nsteim showed stronyIitWOX5
expression, in what is likely the stem cell areat tis the source of the root cells and
root cap cells. The data in Table 6.2 clearly tHates the auxin dependencyMfWOX5

as does the gRT-PCR data in Fig. 6.2. Given thes@#ression of meristem formation
it is not surprising thamMtWOX5expression in the root meristem is inhibited by:GA
That GA inhibitsMtWOX5expression and root primordia formation strongiyuas for

a role forMtWOX5in root primordia initiation. A summary of tHdtWOX5hormone
relationships are shown in Fig. 6.11.

Stem
. cells
Leat Root De novo
explants primordia [ roots
MtWOX35 f “
] \ GA Auxin
GA Auxin

Figure 6.11 Summary ofMtWOX5 expression in thede novo root induction process and hormone
regulation. T-bar indicates the inhibition, and black arrowigates enhancement.
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In the intact plant, Imin et al., 2007 showed tin&tre is lonMtWOX5expression in the
root tip compared to root forming calli. This difé&ce requires further examination and
suggests a strong auxin respoirseitro, and expression outside the quiescent centre.
The M. truncatularoot tip architecture is different to that of Ardbpsis and rice
(Heimsch and Seago, 2008). Arabidopsis has a closgstem, wheredgledicagohas
an open meristem (Heimsch and Seago, 2008). Ty stlso indicated that there is
MtWOX5expression in the pericycle and vascular tissumature roots. It is feasible
that this expression is related to a capacity &erhl root formatiorin planta This
expression is not reported for Arabidop8#X5 The low expression in the root tip
differs from AtWOX5,and is different tdBBM (Baby Boom) andPLT1 (Plethora 1)
which express strongly iM. truncatularoot-forming calli and root tips (Imin et al.,
2007). These data are discussed further in Ch@pter

The MtWOX5expression in the vascular tissue of the matune z@an be enhanced by
GA. GA induces thin roots, which may link to therfong of the fibrous root type. This
fibrous root type system can be seenMn truncatulg but not in Arabidopsis. The

MtWOX5expression patterns may have some close relatptstihe root type that is

being formed.

MtWOX5 and MtWOX4 Expression in Relation to Somatic Embryogenesis

With explants treated with auxin plus cytokinMtWOX5shows increasing expression
in culture in both Jemalong and 2HA. There is extxaression after SE formation in
2HA and MtWOXS5 also expresses in somatic embryos. TWBVOX5 expression
continues during somatic embryo induction and Xgression pattern in the embryo is
different toMtWUS The RNAI data indicate thtWOX5may have some involvement
in callus formation and SBAtWOX5expresses in the root pole and in cotyledons, but
not in the apical meristem, previously shown inAdapsis. It should be noted that it is

not induced by cytokinin.

MtWOX4 has different responses to auxin and cytokinin gamad toMtWUS and
MtWOX5and emphasises the hormone specificitiofVUSandMtWOX5expression.
MtWOX4 requires auxin plus cytokinin for maximum expressiMtWOX4 maybe

involved in different developmental processes dynmvitro culture e.g. vascular tissue
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differentiation that occurs in callus. This couldpkin the increasingitWOX4
expression in callus and an early auxin responsnwiew vascular tissues are induced

in these tissues (Irwanto, 2004; Imin et al., 2007)
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® Characteristics of Jemalong 2HA

Somatic embryogenesis is a process unique to péemist does not occur naturally in
M. truncatula Even in tissue culture, only special genotypespmraduce embryos from
explants. 2HA, derived from Jemalong (Rose et18199), is one of the genotypes that
can produce SE iM. truncatula What is known about the differences between 2HA

and Jemalong is listed in Table 7.1.

- Differences between 2HA and Jemalong: Reference
1. SE capacity is 500 times higher in 2HA. Nolan et al., 1989

2. SE depends on 2HA response to cytokinin, Jergalon | Nolan and Rose, 1998

cannot respond to cytokinin in this way.

3. Auxin-induced root growth is slightly higherdemalong. | Chen, Chapter 3

4. Greater number of root nodules in 2HA. Mathesius (unpub,
collaboration RR lab)
APPENDIX 7

5. MtEIN3 expression level is very low in 2HA. Kurdyukov (unpub, RR
Lab)

6. DNA methylation patterns are different. Irwanto, 2004

7. Flower number per inflorescence is less in 2HA. Chen, Chapter 2

8. Some differences in flower morphology. Chen, Chapter 2

9. Delayed senescence in some 2HA flowers. Chen, Chapter 2

- Similarities between 2HA and Jemalong:

1. Karyotype. Chen, Chapter 2

2. RFLP patterns. Irwanto, 2004

3. Plant morphology (e.g. plant size, leaf size and Chen, Chapter 2

morphology, branching type).

4. Inhibition of root growth by cytokinim vitro andin vivo. | Nolan and Rose, 1998; Liu
(unpub, RR lab)

Table 7.1 List of the differences and similaritiebetween 2HA and Jemalong.
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® Hormone Requirements for Somatic Embryogenesis anieh vitro Root

Formation

(1) Somatic Embryogenesis

Auxin and cytokinin are required for SE in 2HA. dAlype Jemalong will only form
callus in the presence of auxin and cytokinin anthhlemalong and 2HA will form
roots in response to auxin alone (Nolan and Rd3@8)1 Effectively this means that the
auxin-induced root growth in Jemalong and 2HA isibited by cytokinin, but
development ultimately goes in different directians2HA (embryogenic callus) and
Jemalong (callus) in response to auxin plus cyiakim Chapter 3 it is apparent that the
auxin and cytokinin are not required continuousiythe culture for SE. Induction is
complete within 2-3 weeks and the first embryos\aséle to the naked eye after 4-5
weeks. It appears that once the embryos are fothmd can then regulate their own
hormone requirements. ABA in the standard mediuadus our laboratory is added at
3 weeks to aid embryo maturation (Nolan and Ro888)L However ABA increases
somatic embryo number if given at the beginninghef culture period. This appears to
be related to integrating the stress responsetivtfauxin and cytokinin in the medium
to induce SE (Nolan et al., 2006; Rose and Nolaag?

What is clear from théVitWUS studies is thatwUS induction has a requirement for
cytokinin and it is expressed in both Jemalong 2HA. Initially Jemalong and 2HA
respond similarly to thé vitro conditions andVUS continues to be expressed in the
embryos induced in 2HA whef@lV3then starts to be expressed (Figs. 5.3 and 5%). A
discussed further below it suggests MAUSis involved in stem cell formation in the
callus as well as stem cell formation and mainteaan the embryo. In Jemalong the

callus cells do not develop into embryos &id/3is not expressed.

It is downstream fromWUS induction that another hormone becomes important i
embryo induction. This is the stress hormone ettg/l&thylene is essential for SE and
affects SE more than callus formation (Mantiri f 2008a). The transcription factor
MtSERF1is dependent for its induction on ethylene as aglauxin plus cytokinin, and
is essential for SE (Mantiri et al., 2008a). Etimdas induced as a result of the culture

process and is not added to the medium (Mantal.e2008a).
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What now is clear in the SE induction is that cytak and ethylene signalling in 2HA
are important. The delayed flower senescence in aldé links to these two hormones
which are closely related to senescence (Gan andsim, 1995; Johnson and Ecker,
1998). Cytokinin can delay senescence, while etigylean speed up the process. An
enhancement of cytokinin action (as in the SE meeein 2HA) and a mutation related
to ethylene signalling could cause the delay. W& konow (Kurdyukov, unpublished)
that MtEIN3, important in ethylene signalling (Johnson and €fck1998), is
down-regulated in all tested 2HA tissues and 2HA lihesickle mutant (thought to be
an MtEIN2 mutant — Prayitno et al., 2006) has increased latida. This suggests that
ethylene and cytokinin signalling is different itHA&. It is also of interest that in
Brassicas with high SE flower senescence is del@yadlik et al., 2008).

The change in the number of root nodules in 2HApsus the link to cytokinin and

ethylene. Cytokinin plays a positive role in nodigia (Beveridge et al., 2007), and
ethylene is a negative regulator as shown inSHeKLE investigation (Prayitno et al.,
2006). It should also be noted that the ERF sublyatranscription factor ERN is

involved in the nodulation signalling pathway (Mietbn et al., 2007).

GA was suggested to be involved in somatic embngoigtion after the discovery that
the PKL gene suppressed SE and was regulated by GA (®0ghs E999; Henderson et
al., 2004) AGL15investigations (Thakare et al., 2008) reveal a@@dulated pathway
that represses embryonic identity. It is essertialprevent inappropriate embryo
formation as germination and subsequent plant dpwetnt occursLEC1 and FUS3
which can be repressed by GA through DELLA &L (Ogas et al., 1999; Rider et al.,
2003; Henderson et al., 2004), are expressed ifetfianargins where the mature SEs
form in Kalanchoé daigremontianéGarcés et al., 2007) which supports the idea that
GA suppresses SEs in nature. In Chapter 3, ther&dnents did not inhibit the SE in
culture suggesting that the GA pathway suppres&orSE induction was blocked in
2HA. This requires further investigation with b&HA and Jemalong.

(i) In vitro Root Formation

The in vitro root formation studies in Chapter 3, revealedragtng contrasts with the

SE induction in terms of hormonal control. As athealiscussed auxin is essential and
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cytokinin is inhibitory. The data in Chapter 3 sagty that auxin is essential for root
meristem formation and after induction a loweririgaoxin is necessary. Previous work
in our laboratory (Rose et al., 2006b) has showat #thylene is inhibitory to root
formationin vitro. Once the primordia are induced then further m®telopment is
enhanced by the lowering of the auxin concentrafiig. 3.7 and Table 6.2). The GA
data were quite interesting in that GA inhibitedtraneristem formation consistent with
the theme developed from investigation of SE wigpolar meristems that GA inhibits
meristem initiation, but once meristems form GA amtes growth and seedling

development.

MtWOX5expression is up-regulated by auxin and is astagtiaith meristem formation.
GA inhibits MtWOX5 expression. This provides support for the involeam of
MtWOX5in directing pluripotent stem cell formation immot primordia induction. This
Is discussed further below.

In the Medicagosystem ABA inhibitsde novoroot induction as does ethylene (Simmes,
2006), but both promote SE where there is a stetr@gs requirement. It is feasible that
stress effects promote reproduction at the expehs®t growth.

® Genetic Regulation of Somatic Embryogenesis and OCagogenesis

(1) Somatic Embryogenesis

(a) MtWUS

The data in Chapter 4 and 5 are consistent witlvighe thatMtWUSis the ortholog of
AtWUS The data supports the work of Zuo et al. (200B¢n& overexpression ¥¥US
can induce SE in Arabidopsis. It appears thatitro SE WUSis utilised to form the
totipotent stem cells that will produce the embryblis helps explain the very rapid
WUS induction which is linked to callus proliferatidsut becomes restricted to small
groups of cells from which the embryo develops $F§3 and 5.7)\WUSis expressed
throughout the globular stage embryo and becomes fnoalised to the apical region
as the embryo develops. In Arabidopsis tissue ia@din vitro with cytokinin AtWUS
expression appears to involve pluripotent stensabakt produce shoots (Gordon et al.,
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2007). This is a differenh vitro system but has parallels with the cytokinin reiggir

2HA system. Importantly RNAI studies (Fig. 5.9 afable 5.9) support the postulated
WUSrole, by reducing both cell proliferation as wa#i embryo formation. It should
also be noted that without cytokinin, and in thesgnce of auxin only cells would be

directed into pluripotency and root meristem forimat

(b) Relationship to other genes in SE induction

WUSis induced in 24-48 h but the question remain®d®w this expression relates to
the overall process of SE induction. A model isspreed in Fig. 7.1. Other work (Saeed
2004; Sheahan 2007; Sheahan et al., 2008) has stimwrthe production of ROS
occurs very quickly (within minutes) and inhibitinBOS blocks callus and SE
development. ROS is a contributor to the stresporese which is a key part of SE
induction. ROS modulated in appropriate ways hagyaalling function (Fujita et al.,
2006). It is also known that ethylene is rapidlguoed in the culture (by 24 h) and a
requirement for ROS is likely. It is feasible thmith ROS and auxin contribute to the
induction of ethylene biosynthesis genes. ROS haenbreported to promote
auxin-induced ethylene production in mung bean bgpds (Song et al., 2007). Further
there is preliminary data in our laboratory supipgrta requirement for ROS for
ethylene production (Mantiri, unpublishedlitWUS appears to be an important early
player requiring cytokininWUS which has been suggested to be an embryo organise
(Zuo et al., 2002), appears to be associated wélptoduction of totipotent stem cells,
similar to the way it is involved in stem cell foaton and maintenance planta
Previous work has shown thetSERK1is expressed 48 h after the beginning of culture
and just afteMtWUS expression and is associated with developmentahgd and
appears to mark cells as they change into a newlal@wental pathway (Nolan and
Rose, 2008) MtSERF1expression is evident after about 10 days of omlt@and is
dependent on ethylene as well as auxin and cytokihiappears to act as a nexus
between the stress of excision and culture andiévelopmental hormones auxin and
cytokinin driving cells into somatic embryogenedmportantly there is some evidence
that WUS may be necessary foMitSERF1expression as binding sites WUS are
present in thtMtSERF1promoter region (Fig. A6.1). It appears tMISERF1 possibly

in conjunction withwus is involved in regulating downstream genes regliior SE
(Mantiri et al., 2008b)MtSERF1expression commences earlier thaCLV3 MtCLV3
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likely expresses when stem cells start to be régdléFig. 5.6) MtWUS expression is
likely down regulated byMtCLV3 after the shoot meristem structure has formed in

somatic embryos as in zygotic embryogenesis in ilogdsis (Brand et al., 2000).
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Figure 7.1Model for the induction of somatic embryogenesis iMedicago truncatula. Diagram from
Rose RJ, Mantiri FR, Kurdyukov S, Chen S-K, Wan® XNolan KE and Sheahan MB, 2008b.
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The GA involvement in the model is based only oalAdopsis and soybean work and
further studies are requiredMedicago(Thakare et al., 2008).

M. truncatularequires the correct genotype for SE to be induted genetic studies in
Chapter 2 suggest that a single gene may open dggawSE but additional genes are
required to maximise the process. An initial epggenchange may be key as has been
previously discussed (Rose, 2008a). There are rye lacale chromosome changes

(Chapter 2) and methylation changes have beentddt@cwanto, 2004).

The major genes and hormones investigated in lieisis and some relevant to SE are
diagrammed in Fig. 7.2. It shows the process of ammembryogenesis and root
organogenesis and the related genes and hormone=adb stage. In the stem cell
induction stageROS SERK1WUSandWOX5are the key genes.

Callus masses + ~ Callus
Vascular tissues

Jemalong / 2HA

Stem
cells =

.' Proembryonic " Somatic
masses " embryos
| 2HA

, Roots

y : : Root
cells . primordium R

é ‘ Jemalong / 2ZHA
o) |

Dedifferentiation

Induction Development

Figure 7.2 Diagram of processes of somatic embryagesis and organogenesis including hormone
influences and expressed genes Medicago truncatula. Green arrows indicate the requirements for
exogenous cytokinin (Cyt) and auxin (Aux), red arsoindicate the requirements for exogenous auxin,
and variant coloured arrows indicate the requirdnfi@mexogenous hormone is decreased. Open arrows

for ethylene (Eth), ABA and GA indicate enhancemehthe process, and T bar indicates inhibition;
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square dotted line indicates that these influeracespredicted. The genes related to these procasses
shown in blocks, and shown in colour when expresaed dark grey when not expressed. Some
information obtained from Nolan and Rose, 1998;e8a2004; Rose et al., 2006b; Simms, 2006; Imin et
al., 2007; Sheahan, 2007; Mantiri et al., 2008daN@nd Rose, 2008 and Sheahan et al., 2008.

(i) Root Formation

(a) MtWOX5

MtWOX5 expression is very closely associated with rootistem formation and
appears to express in the stem cell areas of betlerinerging primordium and in the
cultured roots. The expression in the intact roay e confined to the quiescent centre
as in Arabidopsis (Blilou et al., 2005). This magllbe due to the close regulation of
auxin which is different to the culture system. Hoer MtWOX5is again serving the
role as a stem cell signal and is in both casesatély involved in maintenance of the
stem cell systems. The GA studies support a ral®fvVOX5in meristem formation as
GA which blocks meristem formation inhibitMtWOX5 expression (Table 6.2).
MtWOX5is associated with the embryo development andhawis in a recent study

there is some overlap witNUSin their developmental roles (Sarkar et al., 2007)

(b) Relationship to other genes in root meristem induabn

Changes prior toWOX5 expression have not been well documented, RQS
production would be an initial event and the regiafa of redox is an important
consideration in setting up a root meristem (Imtnak 2007). Other studies iM.
truncatulaalso indicate induction dPLETHORAandBABY BOOM(Imin et al 2007)
known to be key players in stem cell maintenancidénArabidopsis primary meristem
(Galinha et al., 2007). However we do not knowtthee course of their transcription in
relation toWOX5

(i)  Relationship Between Hormones and Gene Regulatiom iSE and Root

Formation

In Fig. 7.2 the relationship between hormonesyatitin of gene transcription and the
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developmental outcome is schematised.

As an overview it is apparent that the productibthe SEs with their bipolar meristems
and the production of the unipolar root meristemehdifferent requirements for the key
developmental and stress hormones. Through regulafispecific genes the hormones
are able to exert their regulatory influence. Inthbcases the culture process has
“hijacked” key developmental genes to drive theucttbn of thein vitro processes.
Though these processes are not usual ilfMhe&uncatulalife cycle they do occur in
nature in other species. It appears thatvitro it is a question of unlocking the
expression of these genes. The GA inclusion has beked to the need to turn off
meristem processes when not required and to faeilplant growth, but iMedicagq

though there is some support for this GA effectreneork is required.

® MtWUS and MtWOX5 may have a Similar Function in Relation to Stem dé

Induction in vitro

MtWUS and MtWOX5 may have similar functions in stem cell initiatioUS and
WOX5have been reported to have related roles in maingastem cells (Sarkar et al.,
2007), and also have similar roles in stem celuathn inMedicago WUSmay induce
stem cells for somatic embryos with cytokinin beiessential, andvVOX5 which is
partially suppressed by cytokinin may induce thamrstcells for root primordia with
auxin being essential. The requirement for cytoki@nd auxin in the regulation of the
key genes is of course dependent on the speciastfype and explant type as well as
the culture process. However in this thesis a cotmreto the induction of stem cells is

the suggested operating principle.

® [Future Research

Future research needs to be directed at the caongdietween cytokinin and ethylene
signalling. It is already known that some overlap occur in the signalling pathways
(e.g. ARR2 response regulators, Hass et al., 200de specifically, withWUSCHEL,

its involvement in the regulation tSERF1 requires further investigation. Given the
data obtained with GA here and the data with oglystems on the repression of SE, GA

involvement in SE iM. truncatulaalso requires further investigation.
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APPENDIX1 Element information

APPENDIX 1

Element information

The following information for these 29 elements da obtained from the web site

http://www.dna.affrc.go.jp/PLACE/There is a display with the call name, full name,

related sequence, serial number, a short desariptid the references in Table Al.1 to
Al.4.
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Elements in OE/FE region

Name Full Name Sequence Description Reference
ABREAT ABRE.AT.CONSENSUS YACGTGGC, ABA-responsive elements (ABREs) found in the promofekBA and/or Choi et al., 2000
(S000406) Y=C/T stress-regulated genes.
ABREOS ABRE.OS.RAB21 (S000012) ACGTSSSC, S=C/G| "ABA responsive element (ABRE)" of wheat Em and riGes() rab21 genes. Marcotte et al., 1989
ACGTAB ACGT.ABRE.MOTIFA2.0S.EM | ACGTGKC, K=G/T | Experimentally determined sequence requirement@&A-core of motif A in Hattori et al., 2002
(S000394) ABRE of the rice gene, OsEM.
ACGTTB ACGT.TBOX (S000132) AACGTT "T-box" according to the nomenclature of ACGT eletse®ne of ACGT Foster et al., 1994
elements.
BOXIIP BOXII.PC.CHS (S000229) ACGTGGC Core of "Box II/G box" found in the parsley (P.c.) CH&nes; Essential for light | Block et al., 1990
regulation.
CGCGBO | CGCGBOX.AT (S000501) VCGCGB, "CGCG box" recognized by AtSR1-6; Multiple CGCG elemamtsfound in Yang and Poovaiah,
V=A/C/G; B=G/T/C. | promoters of many genes; Ca++/calmodulin bindsItAt&Rs. 2002
E2FCON E2F.CONSENSUS (S000476) | WTTSSCSS, "E2F consensus sequence" of all different E2F-Dfelibg motifs that were Vandepoele et al.,
W=A/T; S=C/G. experimentally verified in plants. 2005
GARE20 GARE2.0S.REP1 (S000420) TAACGTA "Gibberellin-responsive element (GARE)" found in gremoter region of a Sutoh and Yamauchi
cystein proteinase (REP-1) gene in rice. 2003
MARARS | MAR.ARS (S000064) WTTTATRTTTW, "ARS element"; Motif found in SAR (MAR). Gasser et al., 1989
W=A/T;
PALBOX PAL.BOXA.PC (S000137) CCGTCC Box A; Consensus; One of three putative cis-actlaments (boxes P, A, and L) of Logemann et al.,
phenylalanine ammonia-lyase (PAL) genes in pardey.). 1995
SVv40CO SV40.CORE.ENHAN (S000123) GTGGWWHG, "SV40 core enhancer"; Similar sequences found d ripenes. Weiher et al., 1983
W=A/T.

Table Al.1 Elements list of OE/FE region.
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Elements in GQE region

Name Full Name Sequence Description Reference
MYBPLA MYB.PLANT (S000167) MACCWAMC, Plant MYB binding site; Consensus sequence relatbdxd in promoters of Sablowski et al.,
M=A/C; W=AIT phenylpropanoid biosynthetic genes. 1994
REBETA REBETA.LG.LHCB21 CGGATA "REbeta" found ir.emna gibbd_hcb21 gene promoter. Required for phytochromg Degenhardt and
(S000363) regulation. Tobin, 1996
SORLRE SORLREP3.AT (S000488) | TGTATATAT One of "Sequences Over-Represented in Light-Représedoters (SORLREPS) in| Hudson and Quiail,
Arabidopsis; Computationally identified phyA-repregsnotifs. 2003
XYLAT XYL.AT (S000510) ACAAAGAA cis-element identified among the promoters of twé xylem gene set". Ko et al., 2006
Elements in MQE region
BP50SW BP5.0S.WX (S000436) CAACGTG OsBP-5 (a MYC protein) binding site in Wx promoter. Zhu et al., 2003
PROLAM PROLAMIN.BOX.O0S.GLU | TGCAAAG "Prolamine box" found in the rice (O.s.) GluB-1 gggromoter; Involved in Wu et al., 2000
B1 (S000354) quantitative regulation of the GluB-1 gene.
T/GBOX T/G.BOX.AT.PIN2 AACGTG "T/G-box" found in tomato proteinase inhibitor Hii2) and leucine aminopeptidase Boter et al., 2004

(S000458)

(LAP) genes; Involved in jasmonate (JA) inductidrihese genes.

Table A1.2 Elements list of GQE and MQE regions.
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Elements in both GQE and MQE regions

Name Full Name Sequence Description Reference

GAREAT GARE.AT TAACAAR GARE (GA-responsive element); Occurrence of GARE #iducible, GA-responsible, and | Ogawa et al., 2003
(S000439) GA-nonresponsive genes in Arabidopsis seed gerimimatas 20, 18, and 12%, respectively.

MYB1LE MYB1.LE.PR GTTAGTT Tomato Pti4(ERF) regulates defence-related geneessjon via GCC box and non-GCC box| Chakravarthy et al.,
(S000443) cis elements (Myb1(GTTAGTT), G box (CACGTG)). 2003

MYBGAH MYB.GA.HV TAACAAA Central element of gibberellin (GA) response com@ARC) in high-pl alpha-amylase geng Gubler et al., 1995
(S000181) in barley (H.v.).

RBCSCO RBCS.CONSENS| AATCCAA rbcS general consensus sequence. Manzara and
US (S000127) Grussem, 1988

RHERPA RHE.RP.AT.EXP | KCACGW, K=G/T; "Right part of RHEs (Root Hair-specific cis-Elemehts)nserved among thrabidopsis Kim et al., 2006
A7 (S000512) W=T/A thaliana A7 (AtEXPA7) orthologous (and paralogous) genes.

SREATM SRE.AT.MSD TTATCC "sugar-repressive element (SRE)" found in 272 ofl#@2 down-regulated genes after main | Tatematsu et al.,
(S000470) stem decapitation in Arabidopsis. 2005

Elements in both OE/FE and MQE regions

ABRELA ABREL.AT.ERD1 | ACGTG ABRE-like sequence required for etiolation-inducegdression of erd1 (early responsive to | Simpson et al., 2003
(S000414) dehydration) in Arabidopsis.

ABRERA ABRER.AT.CAL | MACGYGB, M=C/A; "ABRE-related sequence" or "Repeated sequence matéatified in the upstream regions of| Kaplan et al., 2006
(S000507) Y=T/C; B=T/CI/G. 162 Ca (2+) -responsive upregulated genes.

Table A1.3 Elements list of GQE+MQE and OE/FE+MQE egions.
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Elements in SnSC region

Name Full Name Sequence Description Reference
AACACO AACA.CORE.OS.GLUB1 | AACAAAC Core of AACA motifs found in rice (O.s.) glutelin ges) involved in controlling the Wu et al., 2000
(S000353) endosperm-specific expression
ARFAT ARF.AT (S000270) TGTCTC ARF (auxin response factor) binding site found i@ pinomoters of primary/early auxin Ulmasov et al.,
response genes Afabidopsis thaliangA.t.) 1999
ATHB6C ATHB6.CORE.AT CAATTATTA Consensus binding sequence for Arabidopsis homedddmecine zipper protein, ATHB6, | Himmelbach et al.,

(S000399)

which is a target of the protein phosphatase ABH ragulates hormone responses.

2002

Table Al.4 Elements list of SNSC region.
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APPENDIX 2 Promoter regulation regions analysis procedures

APPENDIX 2

Promoter regulation regions analysis procedures

The promoter region analysis was carried out inféHewing steps:

a. Assigning the regulatory elements to promoter regios
This has been carried out for each promoter regsospecified in 4.2.2 and obtains the

physical maps for the elements.

b. Assigning the coloured rectangles as funtional regns

Grey / Yellow / Blue:

At least two elements which belong to the same region (inclydimique or
partial-unique elements) and are located nearbygevaped to a region and drawn
within a rectangle. The type and colour of the sagivas determined by thenique

elements. The edge of the region is indicated wig¢oes different coloured elements.

Red:
The red elements are the most important regulagtesnents according to Baurle and
Laux (2005), so the presence adiagle or more than onered element was assigned to

a red region.
Green:
The green elements are only grouped when thermang clustered green elements but

without yellow or blue elements.

The physical plus rectangles mapsVetSandWOX5are given in Fig. A2.1 and Fig.
A2.2 as examples.
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