Sgnificance of
Methylthioadenosine Metabolism to

Plant Growth and Development

by
Chammikdshari Waduwaralayabahu

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in

Biology

Waterloo, Ontario, Canada, 2011

© Chammikdshari Waduwaralayabahu 2011



Aut hor 6s Decl arati on

| hereby declare that | am the sole author of this thesis. Tlagnse copy of the thesis,
including any required final revisions, as accepted yemaminers.

| understand that my thesis may be made electronically available to the public.



Abstract

Arabidgsis thalianacontains two genes annotated as methylthioadenosine nucleosglase
(MTN: MTNL At4g38800 andMTNZ2 At4g34840.Ths enzyme activity hydrolyzes the
methylthioadenosine (MTAproduced by nicotianaminéNA) polyamine (PA), and ethylene
biosynthesiso methylthioribose (MTR) within the Yang cyc@omprehensive analysis of the
mtnl-1mtn2-1 mutant line with 14 % residual MTN activity reded a complex phenotype that
includes male and female infertility and abnormal vascular development. Based on metabolite
profiling, mtn1-1mtn2-1 has a reduced NA content, altered PA profiles with higher putrescine
(Put)and lower spermidine (Spd) and spene (Spm)levels, disrupted metal ion profiles, and
abnormal auxin distribution. The modeling of Arabidopsis PA synthases developed by
comparison with the crystal structures of human Spd and spermine synthases complexed with
MTA suggests that ArabidopsBA synthases are product inhibited by MTA. Thus, these
pleiotropic mutant phenotypes possibly are the result of one metabolite directly inhibiting

numerous pathways.

By creating and analyzing a series of mutants and transgenic lines with moderateofeMaibl
activity the complex phenotype amhtnl-1mtn2-1 was dissected in order to determine the
fundamental trait associated with MTN deficiency. Two double mutants were identified by
crossing single-DNA mutants, and an artificial micro RK&niRNA)ine was generated by
transformingmtnl-1 with amiRNA specific tMTN2 The TDNA double mutantantnl-4mtn2-

1, and mtn1-1mtn2-5 had 98 % and 28 % MTN activity, respectively, whereas the amiRNA line
has 16 % MTN activity. The growth, development, and metabatiysis of these mutants
revealed that their delayed boltingorrelated with an increased number of leayegs the
common traitobserved across all lines. Xylem proliferation defects and increased number of

vascular bundles per unit area were sharedalhlines excepimtnl-4mtn2-1. Based on these



results, auxin distribution is proposed as the key target of the accumulated MTA that results
from MTN deficiency.

The infertility related to MTMeficiency was restored by supplying 100 uM of Spd tontitvel-
1mtn2-1 seedlings over 14 days. The data presented in this thesis reveals two potential links
that work synergistically to recover fertility in thiatn1l-1mtn2-1 line. Based on a detailed
analysis of the female gynom morphology, transcripormone and retabolite profiles, it is
proposed that the Spd partially reverses the mutant phenotypes through the recovery of auxin
distribution and /or vascular development. Interestingly, the Spd effect seems to be
transgenerational: they give rise to plants that aigenotypically mtnl-1Imtn2-1 but
phenotypically WT over generations. Taken together, all of the results suggestvihisit
deficient mutants provide the potential for unraveling the molecular mechanism associated
with nicotianamine, polyamines, auxin, and galkr development with respect to enhancing

the efficiency of nutrient use and yields in plants.
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Chapter 1. General Introduction

1.1 The model plant Arabidopsis

Arabidopsis thalianavasdiscovered by JohanseThain Germany in the 1500§&omerville and
Koornneef, 200% Thissmall dcotyledonous species belonde the Brassicaceaen{ustard)
family. Unlike some members dhis family which arewell known for their agricultural
importance (turnip, cabbage, lwccoli and canolabeing the commonly consumed membgrs
Arabidopsisis not economically importantHowever, it has been studied in laboratories for
more than 40 years for its importance in the generation of fundamental informatiothe
fields of genetis, development, biochemistryand the physiology of plant§The Arabidopsis
Genome Initiative, 2000; The Arabidopsis Information Resource (TAIR), 2011]

This plant has many desirable traits that make it suitable for molecular genetic studies,
includingits short life cycle (~8 weeks from seed germination to seed set); its generation of
selfed progeny with a production of ~10,000 seeds/plant; its ability to grow in a limited space;
and a fully sequenced small genome (125 Mb) with émmount ofrepetitive sequences, small
introns, and few gene families (The Arabidopsis Genome Initj@®@0; Wortman et al., 2003).

The complete genome sequence is available publically on many online databases. The
Arabidopsis Information Resource (TARp://www.arabidopss.org/index.jsp maintains such

a database, which contains theomplete genome sequencalong with many other data
relevant to this model plantinformation about gene structure, expression, and metabolites;
the availability of DNA and seed stocks; genomaps; physical and genetic markers; and
information about the Arabidopsis research communitihelatest release of the Aratdopsis
genome annotation (TAIRL@eports that, out of a total of 33,518 genes, only 27,379 code for
proteins (TAIR, 2011). In atidn to these online databases, several stock centres with
collections of cloned genes and characterized mutants are also available for researchers who
are studying Arabidopsis. Marnygols have also beemevelopedby the Arabidopsisesearch
community Fa example, the floral dip metho(Clough and Bent, 1998) fproducing transgenic
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plants and darge number of weltharacterized mutant collections includingDNA insertion
mutants (TAIR, 20113re used extensively to address a variety of research questby many
Arabidopsis scientists around the world, including our lab grodlpof these charactastics

have male Arabidopsis an ideal model organism for basic biological research.

The work presented in this thesis sséhis model plant andits tools to determine the
contribution of methylthioadenosine nucleosidag$MTN; EC 3.2.2.16) activity ptant growth

and development

1.2 Network of essential pathways linked by p -®lethylthioadenosine
nucleosidaseactivity

p -Methylthioadenosine nucleosidas¢MTN) is located centrally between two essential
interconnected pathwayghe methionine (Met)recyclingpathwayandthe activated Met cycle
(Figure 1.1) The mportance of thesgathwaysand their linksto othersare discussedh this
section, with special emphason the Met recycling pathway and the polyamine (PA) and
nicotianamine (NA) biosynthegsthways, all of which rely on MTN activity for their continued

activity.

1.2.1 Yang cycle/Metrecyclingpathway

The Met recycling pathway is present in all organisn@nfunicellular bacteria to plants and
animals, and is thus considered a universal (housekeeping) pathivayrole of which is
primarily to recycle sulfucontaining metabolitess@methylthioadenosingMTA), a key sulfur
containing byproduct of several @actions, is an intermediate in this pathway, which is also
called the MTA cycle. In plants, this pathway is specifically called the Yanpayalese it was
first discovered by Shang Fa Yang in the 1980s (Yang and Hoffman, 1984). The Yang cycle
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Figue 1.1: Yang cycle and activated Met cycle in Arabidopsis.

MTA, produced as a bgroduct during PA biosynthesis, NA biosynthesis, and ethylene
biosynthesis, is subsequently recycled to Met. SAM regeneratenfiMet acts as the
substrate for SAM decarboxylase, NA synthase, ACC synthase, and Methyl transferase to
produce DCSAM, NA, ACC, and SAH, respectively. DCSAM provides the aminopropyl
moieties to Spd synthase and Spm/Tspm synthase in order to convert P&pbo/Tspm

via Spd. ACC oxidase generates ethylene from ACC while SAH becomes cleaved into Hcy
by SAH hydrolase. Hcy is recycled back to Met. Ade, adenine; A@@inbcyclopropane
1l-carboxylate synthase; Hcy, homocysteine; Met, methionine; MTA, methyldaeoasine;

MTR, methylthioribose; NA, nicotianamine; PA, polyamine; Put, Putrescine; Spd,
spermidine; Spm, spermine; Tspm, thermospermine; SAHdé&osylhomocysteine; SAM,
Sadenosylmethionine; DCSAM, decarboxylated SAM; CuA oxidase, Cupper amine oxidase;

and elF5A, eukaryotic initiation factor 5A. PAoxidase, polyamine oxidase.
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recycles the MTA that is generated via three biosynthetic pathways: PA (Takahashi and Kakehi,
2011), NA (Negishi et al., 2002) and ethylene (Yang and Hqffraad).

1.2.1.1 Biosynthesi®f PAs and their functions

PAs are organic cations that are involved generally in many cellular processes, modulating the
functions ofdeoxyribonucleic acid (DNA)bonucleic acid (RNAhucleotide triphosphates, and
proteins (garashi and Kashiwag2010. The diamine putrescine (Put), triamine spermidine
(Spd), and tetraamines spermine (Spm) and thermospermine (Tspm) are the PAs most
commonly found in living organisms. Although in animals, fungi and young plants Put is derived
from either ornithine or aginine (Figure 1.2 mature plants commonly use arginine as the
precursor. Unlike most plant speciés;abidopsis thalianéacks ornithine decarboxylase activity
(ODCEC 4.1.1.17Hanfreyet al, 2001) and thus relies on arginine decarboxylésBC; EC
4.1.1.19; Figure 1.1 generate Put. Put is converted first to Spd by Spd synt(@B®S; EC
2.5.1.16)and then to Spm and Tspm by Spm synth@&eMS; EC 2.5.1.2#)d Tspm synthase
(ACL5; ACAULISS; EC 2.5.1.ippectively. DecarboxylateBadenosyl metionine (dcSAM)
serves as the aminopropyl donor for all of these reactiodsSAM is generatedrom
Sadenosyi-methionine (SAMpy Sadenosylmethionine decarboxylase (SAMEC 4.1.1.50
Although it has been known for decades that PAs play a role irdigedlon, embryogenesis,

root formation, fruit development, and responses to abiotic stresses in plants (Katnal,

1997), an understanding of their mosl®f action at the molecular level has just begun to

emerge.

Put is involved primarily in abiotistress responsesTéble 1.1 Takahashi and Kakehi, 2010

while both Put and Spd are preferentially essential for embryogen€aldd 1.1 Imaiet al,,
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2004a). One reason for the requirement for Spd could be that it is the source of the butylamine
moiety needel for the activation of the eukaryotic translation initiation factor 5A (elF5A; Figure
1.1). The activation of this factor is essential for cell growth and proliferation (Park, 2006) and
possibly also for plant embryo development. Based on this ratiorthke, mutation in the
deoxyhypusine synthase (DHS) gene thatingolved in the ratelimiting first step in
hypusination of elF5Aresults in the arrest of embrysac development in Arabidopsis
(Pagnussagt al.,, 2005).

In addition to the roleplayed byfree PAthe contribution of conjugated Spah the other hand
is related toprotection against pathogenghe detoxification of phenolic compound$pd also

functionsasa PA reservén seeds Takahashi and Kakehi, 2010

Spm is noressential for the surval of ArabidopsisTable 1.) but participates in signaling
pathways by regulating control of ion channels and receptor activities, protecting DNA from
being mutated by free radicals (H# al, 1998), and mediating signals to protect against plant
pathogens (Yamakaweet al, 1998; Takahashet al, 2003). During this signaling, Spm
accumulaes in the apoplast and producésO, via apoplastic polyamine oxidation, resulting in

the up regulation of a subset of defenselated genes (Conet al., 2006 Moschouet al., 2008).

A structural isomer of Spm, Tspm, plays a critical role in vascular cell differentiation. The gene
that encodes Tspm synthase is expressed specifically in-a@rloping vessel elements and

has an upstreanpromoter element that is auxirsensitive. When this gene is disrupted, the
resulting plants are dwarf, with increased xylem proliferation inittséems &cl5 Table 1.1
Harzawa et al., 2000 and have highly vascularized leaves with thicker-veids {kv, allelic to

acl5 Clay and Blson, 2005). Thacl5phenotype is restored by a suppresser mutatioraof5

known asSAC51suppressor of thCAULISSac51d; Imai et
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Tablel.1: PA biosynthetic mutarn.

Mutant /mutagen  Gene/AGI number Phenotype Reference
adcl ADC/ AT2G16500 No obvious phenotype unde Soyka and Heyel
Arginine normal growth conditions 1999
decarboxylase
adc?2 Sensitive tosalt stress Uranoet al,, 2004
adcladc2 Embryo lethal. Uranoet al,, 2005
tkv ACL5 (TKV) Increased thickness in allu Clay and Nelsgn
(Diepoxybutang  AT5g19530 Tspm rosette leaves, more veins pe 2005

acl51, acl 53/
(Ethylmethane
sulfonate
spmsl

(T-DNA insertion)

spdskpds2
(T-DNA insertion)

synthase

SPMEAT5g53120

Spmsynthase

SPDSKT1g23820
SPDSZAT1g70310
Spdsynthase

square areashort internodes

Dwarfed phenotype with over Hanzawa et al., 199

proliferation of xylem tissues Hanzawa et al., 2000

No obvious phenotype Imai et al., 2004

Embryo development of the Imai et al., 2004
double mutant is arrested at the
heart stage each mutant allele

shows normal growth
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al., 2006).VeraSirera et al. (201roposed a model for the role of Tspm based on the work
conducted with respect t@cls Tspm activateSACS5Xranslationally to ensure an adequate

level of basic helixoop-helix (bHLH) transcription factors that negatively regulate the genes
related to cdl death,thereby maintaining differentiating vessel elements alive until maturation

by preventing premature cell death (Murez al., 2008).

1.2.1.2 PA catabolism

In contrast to the amount of knowledge available with respect to plant PA biosynthesis,
understanding of PA catabolic pathways is just beginning. Two enzyme groups are knben to
involved in PA catabolism. Apper-containing amine oxidase (CuAO; EC 1.5.3.3; Figure 1.1)
utilizes Put, anda flavin adenine dinucleotideependent polyamine oxidase (PAEC 1.4.3.6)
utilizes Tspm/Spm and Spd as substratAsabidopsis contains 12 CuAO isoforms and five PAO
isoforms (Takahashi et al., 2Q1Wimalasekera et al2011). PAO bacikconverts TspiSpmto

Put via Spd in order to maintain PA homeostasis within glaiiakahashi et al., 2010). A
detailed characterization of PAO activities indicates that PAO1 prefers Tspm afgmoover
Spmas its predominant substratehile PAO4 uses Spm. PAO2 and PAO3-backert Spd to

Put (Takahashi et al., 2010). All of thesedation reactions produce J,. H,O, generated
during exogenous supplementation of Spd or the owgreession of PAO acts as signials
premature xylenmdifferentiation (Tisi et al., 201Dr for reducedpollen tube growth(Wu et al.,
2010). A recent repor by Wimalasekera et al(2011) suggeststhat these Spemediated
responses occur viatric oxide(NO) signaling. NO signaling is known to affectaaray of plant
functions including pollerpistil interactiors (Prado et al., 2008PA biosynthesis;atalolism,

and conjugation thus act together to maintain the PA homeostasis thatvidlved in many
aspects of plangrowth and developmentSinceMTN - deficient single mutantsmntnl-1 and
mtnl-2, have altered PA profiles (Burstenbinder et al., 2010), factioat affect PA homeostasis

may be relevant to understanding their phenotype.



1.2.1.3 NA biosynthesis and its functions

NA, another product of an MTFéenerating reaction, is aon-proteinogenic amino acidnd a
strong metal chelator that is involved in lowgstance metal translocation in plants. NA
synthase(NAS;EC 2.5.1.43Figure 1.3) condenses three amincarboxylpropyl groupseach
arising from SdenosylL-methionine (SAM)molecules,in orderto produce one molecule of

NA. The structural features oA are ideal for chelaing metals: NA coordinates the centrally
bound metal ion via itshree amino and three carboxyl grosgo form an octahedral complex
(Curie et al., 2009Figurel.B). NAthus forms stable complexes with manganese (Mn), iron
(Fe), cobalt€o), zinc (Zn), nickel (Ni) and copper (Cu), in increasing order of affinity (Anderegg
and Ripperger, 1989)As a result, NA deficiency leads to phenotypes that resemrl&ants

with altered metal profiles, including tiarveinal chlorosis and fertility dects (Table 1.2.

Plants are classified as belonging to one of two groups based on dtrategiesfor iron
acquisition: strategy plants fon-graminaceouglants: e.g., Arabidopsis) and strategy Il plants
(graminaceougplants: e.g., rice). In stratgg plants, ions are acquired by the reductior-efric

(Fe*¥) ionsinto the more solublérerrous(Fe*?) ions. In these plants, NAinctions as a chelator

of iron in symplastic and phloem transport, as a chelator of Cu in xylem transport, and as a cell
protector againsbxidatve stress. In addition to theles it playsn strategy Iplants in strategy

Il plants NA serves as the precursor fahe biosynthesis ofthe phytosiderophores of the
mugineic acid familyHgure 1.3). These plants excrete thesphytosiderophores to form
complexes with F& NA synthesisis thus extremelyimportant for the regulation of iron

metabolism in both strategy | arstrategy Il plantg¢Curie et al., 2009)

Although NASgene family has been thought to be plant specii®@Slike genes have been
revealed in many organisms, including fungi, and archaea (Herbik et al., 1999; Trampczynska et

al., 2006). Arabidopsmontains foulNASsoforms Klatte et al. (2009) reports the phenotype of
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two quadruplenasmutants (Table 1.2)On one handhe nas4x2 mutant that has lost fulhas
function develops chlorotic leaves and is sterile. On the other harak4xl, with an
intermediate nas function, due to leakyexpression ofNAS 2 is fertile and developseaf
chlorosis that becomesevere uponthe transition to the reproductive phase or durirfge
deficiency Moreover,the tomato nasmutant chloronervaandthe transgenic tdacco line that
overexpresses NA aminotransfera@e®AAT) activity also show leaf chlorosis andiktgras a
result of reduced NA(Scholz et al.,, 1992; Ling et al., 1999; Takahashi et al., ZDR33. in
plants, NA produced by NA synthase plays an important role in ion homeostasis, including Fe
content Since an MTHeficient double mutant(Burstenbinder et al., 2ID) is sterile, the

effects of NA have also bestudied in detail in the research for this thesis.

1.2.1.4 Ethylene biosynthesis ant$ rolesin plant development

The gaseoughytohormone ethyleneis involved ina number ofgrowth and development
processes in lants, including floral development, fruit ripening, response to stressawd
senescenceBleecker and Kende, 2000). Ethylene is formed from SAM visteps First,1-
aminocyclopropane-carboxylic acidACC) synthas€ACS;EC4.4.4.14;Yang and Hoffmagn
1984 catalyzes the transfer ahe aminobutyrate groupfrom SAM to ACC. This is the rate
limiting step (Bleecker and Kende 2000) that produces MTA aspaobuct. Subsequently, in
the second stepACCoxidizesto ethylene bymeans ofACC oxidaseACO;EC1.14.17.4:Yang
and Hoffman, 1984).

Although the Arabidopsis contains RS (ACS1PR) annotated genes, only nine genésCS1,
ACS2, AC8&4, and ACS1Xomprise its active multigene family becaus€S3s a pseudogene,
andACS1@ndACSlare aminotransferases (Yamagami et al., 2003). Of the nine, ACS1 forms a

non-functional homodimer \mile theremainder formdunctional
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Figurel.3: Biochemical pathway and chemical structure mitotianamine(NA).

(A) The position of NA synthase and the way in which it leads to the phytosiderophores
of the mugenic acid family. Modified from Takahashi et al. (2003).

(B) Biochemical properties of NA: the proposed chemical structure of the metal
complex. Modified fromCurie et al. (2009)
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Tablel.2: NA biosynthesis mutants.

Mutant /mutagen GeneFunction

Phenotype Reference

nas4xl, Arabidopsis NAsynthase
(T-DNA insertions in al

four isoforms with a

partially functionalnas2

1 allele

nas4x2 ,Arebidopsis NAsynthase
(T-DNA insertions in al

four isoforms witha null

allele ofnas?

Naat, Tobacco NA aminotransferase

(Gonstitutively expressing (NAAT) catalyzes the amir

a barleynaat-Agene group transfer of NA
ChloronervaTomato NAsynthase
mutant

(9ngle base mutation ir

the singleNAS

Mild chlorosis that occurs a Klatte et al.
the time of first flowering, (2008
and is fertilewith seedsthat

have reducedre

Svere chlorosis throughou Klatte et al.

the life cycle and is sterile. (2008)

Interveinal chlorosis Takahashi et
phenotype in young leaves al. 003
morphological abnormalities

in flowers, pollen

maturation defects, and late

anther dehiscence, long

narrow leaves

Interveinal chlorosis Scholz et al

phenotype in young leaves (1992)
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homodimers(Tsuchisaka and Theolog&)04a) Tsuchisaka et a{2009 recently showed that
knocking downthe entire ACS gene family ressilin embryo lethality. Their detailed
characterization of single @nmultiple mutants revealed theverlapping functions o variety
of ACS members in plant growth and developmentluding flowering time, response to
gravity, andethylene production. These results show that the ACS gene family that generates

MTA as a byproduct is a key component in plant growth and development.

TheMTA generated in all tiee of thesebiosynthetic pathway$PA, NA, and ethylene synthesis)

is recycled to Met via a series of reactions collectively called the Yang cycle or Met recycling
pathway(Figure 1.1)In this pathway MTA tsydrolyzed to adenine and methylthioribose (MTR
Figure 1.4 In plantsMTR is converted back to Met throudgihe production of four successive
intermediate productsp Q Y S (i K & f1-phospleate (MTR P 5-methylthioribulosel-
phosphate (MTRU-P), 1,2-dihydroxy-3-keto-5-methylpentene DPHKMP) and 2-keto-4-
methylthiobutyrate (KMTB. ¢ K S-meph@thioribose kinase (MTKEC2.7.1.100 transfes a
phosphate group inthe process ofjenerating MTR-P from MTRSauter et al., 2004yhereas
acidoreductoneoxygenase (ARIECL.13.11.54 convers DHKMRo KMTB(Sauter et al., 2005).

The enzymes catalyzing the other two stepgve beenidentified only recently by BLAST
searches (http://www.ncbi.nim.nih.gov/ blast/Blast.giPommerrenig et al., 2031 5Q
methylthioribosel-phosphate isomeraseXMTI1; EC5.3.1.23 that converts MTRd-P to
DHKMP anddehydrataseenolasephosphatasecomplexl (DEP1) that converts DHKMP to
KMTB were identified and characterizéBommerrenig et al., 2011 Although it has been
commonly thought that the Yang cycle genes are esged in almost all plant cells
(Pommerrenig et al.2011), basedon the actiely translatediranscriptome profiling of distinct

cell populations (Mustroph et al., 2009), concluded that these enzymes are expressed

predominantlyin phloemtissues.utglucuronidasg GUS)reporter genefusions to all genes of

13



the Yang cycle reveal that MTNMTK, ARDekcept ARD3)MTI1, and DEP1 are localized

primarily inthe phloem ofArabidopsisand Plantago Pommerrenig et al., 2031

1.2.2 Met/transmethylationcycle

All three biosynthetic pathways that generate MTA as a ppduct utilize SAM(also
abbreviated as AdoMet) as their precursor (for review see Albers, 2009). SAM is also the donor

of methyl groups for almost all cellular methylation reactidingt mediate impotant aspects of

plant metabolism, such as the synthesis of pectin, lignin, and chlorophyll.
Sadenosylhomocysteine (SAH or AdoHcy), produced as-@rdoljuct in these methylation

reactions, is recycled back to Met via homocysteine (Hcy). This cycle iedetereither as the
transmethylation cycle or as the SAM cycldhese methylation reactions are critical for the
regulation of diverse biological processes, including the matlon of phospholipids and the
GY2RAFTAOIFIGA2Y 27F 5b! Zoteimd HiGFating feplicagoy, $ranscilipioRal 2 ( K S|
and translational fidelity, mismatch repair, chromatin remodeling, epigenetic modifications and
AYLINAYGAY3IE 6 2SySYy HnncOud LYy | RRitidahdeg: iti 2 Y S
acts as a cefactor for nucleases and controls transcription or translation by binding to specific

RNA molecules called riboswitches (Loenen, 200N has been studied intensely not only

because of its ability to link critical pathways but also because its activitydesdhown to be

essential fowviability.

1.3 Methylthioadenosinenucleosidase

MTA generated via several pathways convertedin either one or two steps to 5Q
methylthioribose iphosphate(MTR1-P). Inanimals, yeasts, cyanobacteria, and archged&A
is cleawed and phosphorylated directljo MTR1-P by methylthioadenosine phosphorylase
(MTAP EC 2.4.2.28(Albers, 200% In plants and most bacteridMTA ishydrolyzed at theN-
glycosyl bond betweethe ribose and adenine moietidsy MTN releasng MTR andAde(Figure

14



MAT 1 (At1g02500)

o MAT 2 [At4g01850)
2 Methionine MAT 3 [At2g36880)
/' {Met) VAT 4 (At3g17390)
2-keto-4- \
methylthiobutyrate S-adenosyl
ARD 1 (Atdg14716) [KMTB) meathionine
ARD 2 (Atdgl14710) [SAM)
ARD 3 [At2g26400)
ARD 4 [AtSg43850)
1,2-dihydroxy-3-keto-5-
methylpentene Decarboxylated . hicotianamine
[DHKMP) S-adenosyl ethylene
methionine (dSAM)

T 5'-methyl
2-hydroxy-3-keto-5- Pi thioadenosine
methylpentenyl-1-P polyamines (MTA)

{HKMP-1-P} DEP1 {AtSg53850)
MTA 1 (Atdg38800)
MTA 2 (Atag34840)
2,3-diketo-5- 5'-methyl
pentenyl-1-F thioribose (MTR)
{DKP-1-F)
K\‘ S'-methyl S'-methyl ‘/MTK 1(At1g49820)
thioribulose-1-P thioribose-1-P
(MTRU-1-P)  «  (MTR-1-P)
MTI {At2g05830)
B
o 0
Eeing
s WTA nocleosidase s -
[ATH: EC2.2 2.16) N oH
HD oH /\ HO oH
H.Q Akaning
MTA MTR

Figurel.4: Yang cycle reactions aniTA hydrolysis reaction

(A)Yangcycle reactions in plants are indicated in green arrows whereas reactions found
in bacteria but not in plants @ indicated in black arrowsMAT1 to MAT4, methioime
adenosyltransferases Sfadenosyll-methionine synthases); MTN; Methylthioadenosine
nucleosidase; MTKmethylthioribose kinase MT1, methylthioribosel-phosphate isomerasel
DEP1,dehydrataseenolasephosphatasecomplext ADR1 to ADRA4acidoreductone oxgenase
Question marks have been addefddirect proof for this function is still missing. Modified from
Pommerrenig et al. (2011).

(B)Conversion of MTA to MTR via MTN reaction
1.4B Guranowski et al., 1981; Cornell et al., 199®bacteria this enzyne, designated as
MTAN, also hydrolyses SAHSabosylhomocysteineSRH) anddenine (Lee et al., 2005
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1.3.1 Plant MTNs

Plant MTNswere initially investigated in lupin Lupinus luteus L.) and tomato extracts
(Guranowski et al., 2; Kushad et al., 198Kusad et al (1985) found that MTN activity is
required for woundinduced ethylene biosynthesis in toma&w®sand cucumbes. The singleMTN
geneof rice Oryza sativd.), OSMTN was later identified and characterized (Rzewuski et al.,
2007).RecombinantDsMTNhas a kinetic constant {fKof 2.1 £ 0.2 uM for MTA but will accept
ddzo aGNF GSa g AlK PQ &adzwaldAddziAzya 2y iKS
butylthioadenosine; Rzewuski et al.,, 2007 Studies ofOsMTNrevealed that both MTN
transcript levels andTN enzymeactivity increased with increases in ethylene biosynthesis.
MTN activity isalso sufficient for the maintenance ofthe Met and SAM pools durinthe
prolonged periods of ethylene biosynthesissociated with rice submergen¢@zewuski et al.,
2007). The work presented in this thesis has examined Arabidopsis MTNs with the goal of

understanding the fundamental role of the activity of this enzyme in growth and development.

1.3.1.1 Arabidopsis MTNs

The Arabidopsis thalianaggenomehas two sequences annotateals MTNs along with three
other related sequencesAt4g2434, At4g24350, At4g2894F-igure 1.5) The annotated MTN
isoforms areAtMTN1 (At4g38800) andtMTN2 (At4g34840)hile the MTNrelated genes have
yet to be analyzedThe coding regions of these tworges sharea 73 % nucleotide identity and
a 64 % amino acid identityBased on the phylogenetic tree (Figure 1.5) the M#é&ldted genes
do not belong to the same clade as thEBN1land MTN2genes.Siu et al(2008) discovered that
both plant isoforms hydroke MTA with comparable apparent enzyme kinefi€able 1.3,
substrate preferenceand pH valuesthe optimum pH for MTNL1 is 8 while f&ATN2 it is &
However, MTN2 shows activity (14 %) toward SAH,
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Figurel.5: Sequence alignment andhylogenetic tree of MT.

(A) Sequence alignment of MTN1, MTN2, and other MTN genes. Strictly conserved
residues are boxed

(B) Phylogenetic tree ofMTN genes
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which ledthe authorsto suggest that MA metabolism is mediated primarily by MTK8iuet

al., 2008) A comparison of therystal structureof MTN1 and a homology modgénerated for
MTN2 revealed changes in the active sites that were thought to be critical for the observed
substrate specificit. RecentlySiu et al (2011) reported that MTN1 binds SAH but is incapable

of hydrolyzing it because binding SAH changes the catalytic water molecule, thus rendering

hydrolysis impossible.

Tablel.3: Catalytic activities oMTN1and MTN2with substrate MTA

MTN1 MTN2
Kn® >a U 7.1+0.5 3.4+0.2
Viax (Nmol/min) 3.7+0.1 2.0+0.08
Keat (S 18.7 2.0
Kead K (&' & 2.6 0.6

Data source: i8 et al. (2008).

1.3.1.2 Expressin Profiles of Arabidopsis MTSN

MTN is known to be expressed in all organs, primarily in the phloem of vascular tissues. Public
microarray data indicate thai'TNL transcripts are about 1mes more abundant thaMTN2
transcripts across different organsrfgnermann et al., 2004HoweverMTNl1and MTN2were
uniquely expressed in different tissueBidqure 1.6AWinter et al., 2007when used tissue
specific expression in EFPbrowsétty://efp.ucr.edu/cgibin/relative). Using RNA gddlot
analysis Oh et al2008) confirmed thaMTNL is expressed in roots, stems, flowers and both
cauline and rosette leaves. Based on the MTN1::GUS gene expression, MTN1 appears first at
the tips of the cotyledons of-8ay-old seedlings and in the shoot apex and leaves of young
seedlings particularly in vascular tissues (Oh et al., 2008). In flowers, MTNL1 is found specifically
in sepals and antherbut not in pistils or petalsSince GUS expression was seen only in the

mature anthers and not inmmature ones, the authors suggestéasat MTN1 plays a role in
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pollen developmentThe results of translatome profiling by FLAG tagging of ribosomal protein
L18 Mustroph et al., 2009) provide additional insight. In these experiments, an epttaed
ribosomal protein was expressed fromvariety of tissuespecific promoters, allowing the
recovery of actively translated transcripts. When the results are visualized with translatome
eFPbrowserit is evident that MTN1 is synthesized primarily in phloem tissues and guard cells
whereas MTN2 i phloem tissues and epidermal cells, including guard deidgi(e 1.8, Q.

The expression pattern for MTN1 was validabydpMTN1:: MTN1: GU&alysis which showed

that MTNL1 is specifically in phloem but not in xylem (Pommerrenig et al., 2011)

1.3.1.3 Interacting partners of Arabidopsis MTN

In a study designed to determine the interacting partnersGCaiicineurin Bike (CBL) protein
family, Oh and colleagues (2008)und aphysical interactiorof MTN1and MTN2with CBL3n
vitro using yeast twenybrid asays. The interactionbetween MTN1and CBL3nhibits MTN1
activity. Based on this MTN inhibition, ethylene, BAd NA syntheses are most likely regulated
viathe Met cycle Oh et al., 2008)At the cellular levelMTN1was shown to be localized at the
plasma merbrane,in the cytoplasm and in the nucleus. Howevethe interaction with CBL3

was shown to occur mainly outside of the reics

1.3.2 MTN-deficient plants

Four transfer DNAT-DNA insertion singlemtn mutants have recently been describethtn1-1

(T-DNA insetion in the third intron of theMTN1gene) mtnl-2 (T-DNA insertion in the sixth

exonof the MTN1gene) min2-1 (T-DNA insertion in the fourth exon of th&tMTN2, mtn2-2

(T-DNA insertion in the fourth exon of thITN2 (Burstenbinderet al., 2010) Thesesingle

mutants, when grown on soil or germinated on suHsufficient YSRA I  O2y Gl Ay Ay 3
MgSQ, are phenotypically indistinguishable from the wild type (WT). However, when the sulfur

&2 dzNOS A& mprsi-h anémtrd-2 dredretardedwith respect to bothseedling and root
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Figurel.6: Expression attern of the Arabidopsis MTNg leaf tissues.

(A) Comparison of transcripts of MTN1 and MTN2 using the publicly available eFP B &ased
on the scale presented the abundance of MTNL1 is ind@tah shapdes of red colour while the

MTN2s in shades of blue colour.

(B) MTNL1is preferentially expressed in phloem and guard cells based on the translatome expression

patterns

(© MTN2 is expressed in epidermal cells in addition to the phloem cells
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growth (Biistenbinderet al.,2010).The primary defect omtn single mutants grown on MTA is
altered PA metabolism while the NA levels aethylene levels measured in fodiay-old
seedlings were not significantly different from those of the Blirstenbinderet al,, 2010). The
MTNdeficient double mutant mtnl-1mtn2-1 has a pleiotropic phenotype and developmental
abnormalities when groweither on ¥2Murashige and Skooo@1S mediaor on soil. The most
obvious defects include delayed bolting and siril with underdeveloped siliques
(Burstenbinderet al.,, 2010) Part of the research outlined in thieesisdocuments in detaithe
developmenal defects of MTN-deficient mutants inorder to determine the role of MTN in

plants

1.4 Plantdevelopment andthe role of hormones

A general description ofVT Arabidopsisdevelopment includingreproductive and vascular
milestones, is praded in the next two sectionsThe key brmone contributionsto each of

these development stagesme also included where appropriate

1.4.1 General growthand development

Since the work gesented in this thesis involvdatle determinationof the function ofan enzyme
for plant growth and developmentit was critical to use wetlefined developmental
milestones. The Arabidopsgrowth and development stagesutlined by Boyes et al. (2001)
have been usedThese metricgprovide a structure for identifying phenotypic differences that
are a result of genotypic or environmentalriaions. As listed iTable 1.4plant development
from seed imbibitionto plant senescence wasategorizedas differentgrowth stageswhich
were adapted by Boyes et al(2001)from a scaleoriginally presented for crops and weeds
(Lancashire et al., 1991)he time required for WT Columbia (€@)lto reacheach ofthese
stages when growninder corditions that included a 16 h day was used as a refereRicpire

1.7 shows the phenotypethat correspond tathe principal growth stageksted inTable 1.4
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1.4.2 Reproductive development

Plant reproduction depends on the formation k&productive or@gns along with themale and
female gametes that are producedithin specialized structures flowers. Because plant
reproduction is strongly influenced byTN deficiency and is thus& major focus of this
research,the detailed developmenal stages of flowers as describd by Smyth et al. (1990)
were followed Table 15). These stages were used a basis for determininghento harvest

tissues for hormone, metaite, and microscopic analyses

1.4.2.1 Flower development

The mature Arabidopsis flowexxhibitsthe smple structure of a typical Brassicacedgg(re
1.8). It has a calyx and a corollath four sepals and four petals, respectively. Thess#mens
vary in arrangement and lengththe four medially arranged stamens are longban the two
relatively shorer laterally arranged ones. The/rgpecia are superior with twaearpels that

enclose ovules.

1.4.2.2 Stamen and pollen development

Floral identity genes specify the stamen primordia at flower development staggbré 1.9.).

These pmnordial cells then differensite to form a basal filament and an anther. An anther
containing the male sporogenous tissue develops in two phases: microsporogenesis and
microgametogenesis. During the microsporogenesis, morphogenesis and meiosis take place
(Figure1.10; AlvarezBuylla ¢ al., 2010;Sanders et al., 1999), and when the tetrads release
microspores, microgametogenesis is initiated, which involves the maturation of microspores
into pollen. During this process, the tapetum, which provided nutrients and structural
components tothe pollen mother cells, also nurtures the developing pollen. Elongation of the

filament and enlargement of the anthers also occur simultaneously. Finally, the anther enters
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Stage 0.1 Stage 0.5

Stage 1.02 Stage 1.04

Stage 5.10 Stage 6.00 Stage 6.50

Figurel.7: Representative growth stages of Arabidopsis
The growths staged are as described in Table Scéle bars = 12mnModified from Boyes et al,
(2001).
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Tablel.4: Arabidopss growth stages on plates

* Average days from sowing, including thvéay stratification at AC to synchronize germination. Plants

were grownunder standard long day conditions.

Description

Days (CoD)*

Stage
Principal growth stage 0
0.10
0.50
0.7

Principal growth stage 1
1.0
1.02
1.04

Principal grow stage 5
5.10

Principal growth stage 6
6.0
6.5
6.9

Principal growth stage 9

9.7

Seed germination

Seed imbibition

Radicle emergence

Hypocotyl and cotyledon emergence
Leaf development

Cotyledons fully opened

2 rosette leaves > 1mm

4 rosette leaves > 1mm
Inflorescence emergence

First flower buds visible
Flower production

First flower open

50% of flowers are open

Flowering complete
Senescence

Senesence completed with seeds ready

collect

3.0
4.3
5.5

6.0

10.3

14.4

26

31.5

43.5

49.4

ND

Data source: Boyes et 2001)
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(A) Mature flower at anthesis Scale bar = 0.3mm.

Figurel.8: The Arabidopsis flower

(B) Cartoon of a lateral section through a mature flower, with organ types indicated

(O Floral diagram showing the relative placement of floral orgaf@sgan types are
colored as in (B). Modified from Irish et al. (2010)
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Tablel.5: Summary of the stages of flower development

Flowers are collected from plants thate grown on standard long day conditions.

Stage Landmark Event at Beginning of Sta Duration (h) Age of Flower at End ¢
stage (days)
1 Flower buttress arises 24 1
2 Flower primordium forms 30 2.25
3 Sepal primordia arise 18 3
4 Sepals overlie flower meristem 18 3.75
5 Petal and stameprimordia arise 6 4
6 Sepals enclosed bud 30 5.25
7 Long stamen primalia stalked at 24 6.25
base
8 Locules appear in long stamens 24 7.25
9 Petal primadia stalked at base 60 9.75
10 Petals level with short stamens 12 10.25
11 Stigmatic papillae gear 30 115
12 Petals level with long stamens 42 13.25
13 Bud opens, petals visible, anthesis 6 0.5
14 Long anthers extend above stigma 18 1
15 Stigma extends above long anthers 24 2
16 Petal and sepals withering 12 2.5
17 All organs fall from greesiliques 192 10.5
18 Siliques turn yellow 36 12
19 Valves separate from dry siliques Upto 24 13
20 Seed fall

Data source:Smyth et al. (1990)
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Figurel.9: Development of Arabidopsis reproductive organs.

(A) Stamen development When the anther is at stage During stage 2, thefour

archesporial cells (Aayise inthe L2 layer Before meiosis thee Ar cells divide and
procucethe primaryparietal layer (P) and he primary sporogenous layer (1Sp). The 1

then divides into two secondary patal layers (outer and inner, 2P) while the 1Sp
generatesthe microsporemother cell (MMC).

(B) Flower stages according to Smyth et al. (1990)

(©) Carpel development modified fromlvarezBuyllaet al. (2010)
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Figurel.10: Pollen development
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the dehiscence stage, releasing mature pollen (Goldberg et al., 1993). The later stages of
stamen development are known to be unddret control of hormones such as auxin (I1AA),

gibberellic acid (GA), andgmonic acid (JAFigure 1.11AlvarezBuyllaet al.,2010.

1.4.2.3 Carpel and embryo sac development

Carpel primodia, which are specified by the floral identity genes, develop into gynoecia with a
central ovary, distal stigma with papillae, and a style that connects the stigma to the ovary
(AlvarezBuylla etal., 2010). The two carpels of the ovary are separated by a septum, and the
ovules are attached to this septum by a placerfay(rel.€). At flowering stage 11, the inner

and outer integuments of the ovules are formed, and these cover the nucellus catyplst
flowering stage 12, at which time megagametogenesis oc¢ugsife 1.12Bowman, 1994). The
megasjrocyte undergoes meiosis and produces four haploid megaspores. Three of these cells
degrade while the remaining megaspore divides mitotically to gateethe embryo sad~jgure

1.12. The embryo sac of the Arabidopsis contains seven cells representing four cell types: an
egg cell, a central cell, two accessory synergid cells, and three antipodal cells. The development
of these cells depends on the asymatric distribution of auxinKigure 1.12 Pagnussat et al.,
2005). This auxin gradient depends on the auxin synthesis that takes place at specific locations,
in contrast to the auxin efflux that produces auxin gradients in the remaindeh@fplant

(Pagmssat et al., 2006

1.4.2.4 Fertilization

During fertilization, two sperm celfsom each pollen grain are delivered through a pollen tube
into the embryo sac. One of these specells fertilizes the egg wherett®e other fertilizes the
central cell (Costa et al2004; Berger et al., 2006). This double fertilization forms a diploid
zygote which gives rise tothe future embryg and a triploid endospermwhich forms

nutritional tissue for the embryo.
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Figurel.12: Embryo sac development

FG indicates female gametophyte; mmmsjcrospore mother cell; m, microsporegc, antipodal
cells; cc, central cell; ec, egg cell; pn, polar nuclei; and sc, synergid cells; sn, synergid Modéisd

from Pagnussat et aj2009
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After fertilization the ovary is called a siliguend the ovulesare calledseeds. These seeds are
connected to the replum (septum) through a funiculus (placentag finiculusthat provided
the route for the poken tube growth during fertilizationnow providesthe route for nutrients

from the maternal plant toreachthe developing embryo.

1.4.2.5 Embryo development

The diploid zygotdransforms into a mature embryo during the process of embryogenesis.
During embryogenesisnany stages of embryos can be identified: pro embryo (8 cells), pre
globular (16 cells), globular (32 cells), transition, heart, linear, earlgd; curled and mature
(Figurel.13). Three tiers an be identified atthe proembryo stagean apical tier,a basal ter,

and suspensor cells (Figure 1)13he apical tier gives rise tbe shoot meristem andhe
adaxial side of the cotyledons while the basal tier forms the abaxial part of the cotyledons,
hypocotyl,and theroot and ts meristem. The suspensaonnectsthe embryo to maternal
tissue.The periclinabivisions ofthe proembryo give rise téhe protoderm and ground tissues

of the pre-globular embryo.At the globular stagethe hypophysis which is the uppermost
suspensor cell divides asymmetricallp. the transition stagethe radial symmetry of the
proembryo changes to bilateral symmetiffFigure 1.13).Mature embrys consist of two

cotyledons plus anembryonic stenandroot.

1.4.2.6 Auxin and PIN protein localization

The pant hormone auxiris responsibldor many aspects of plant development and the ability

of plants to adapt to evechanging environmentg¢Grunewald and Friml, 2011The spatial
distribution of this hormone is governed by polar auxin transport (PAT) which is central to the
establishment dauxin gradients (maxima and minima). PAT occurs viangrabranelocalized
auxin efflux carriersof PIN-FORMED (PIN) family proteins that direct auxin fluxes. A large

number of nternal and external signalsrequired for the determination of the polar
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Figurel.13: Arabidopsis embryogenesis

Cartoon diagrams of ovule containing embryo sac, the developing seeds and mature seed.
The embryo stages within the developing seeds were detailed along withlization of

PIN proteins and DR5 activities. Adapted fr&agnussat et al. (20D5
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localization of the PINs. The dénosine diposphate Ribosylation FactorGuanine
triphosphatse Activating Protein/ Guanine nucleotide Exchangetdf (ARFGAP/GEF) fatyi

of proteins that mediate vesicle transporare essential for PAT andlasma membrane PIN
localization PIN proteins are not localized statically plasmamembranes buire recyclal by
endo-exocytosis betweenmembranes and endosomegDhonukshe et al 2007, 2008§.
GNOM/VAN7, an ARBEF associatewith auxin signaling, determines the recycling of PINs
from endosomes to either apical or basal membranes (Geldner et al., 2003;-Klshmeet al.,
2008). The seringhreonine kinasePINOID (PICgnd Protein phosphatas@A (PP2A) determine
the phosphorylation status of PIN proteins (Bennett et al., 1995; Benjamins et al., 2001; Friml et
al., 2004; Michniewicz et al., 2007). Phosptatgd PIN proteins are targeted to the apical
plasma membrane, whereas dephospyilated PIN proteins are targeted the basal plasma

membrane.

During embryogenesiRIN7 is the first PIN protein tbe expresed upon zygote division
directing the auxin flow first into the apical cell and subsequetre-locating toreverse the
auxin efflux,to the suspensor celld{gure 1.13 PINlis expressed irthe early stagesbeconing
basally localizednh the provascular cells next to thbypophysisby the globular stageln the
transition stagePIN1 and PIN7are reposition¢alvard the fanks of the apical domairt this
samestage PIN4is expressé in the hypophysis and later PIN3 tine columella precursor cells.
The directions of the auxin flowredicted by these PINs correspond withe expression of
green fluorescent protein (GFP)rected by thesynthetic auxirresponsive promoteDRS5 in
DR5%ev.:GFP transgenef&igure 1.13 DR5 is a minimal promotehavingmultiple copies of the
TGTCTC auxin response element whereasd@Rénsists of nine repeats of the DR5 element in
reverse orentation directing expression of a modified GFP that is targeted to the endoplasmic
reticulum (Friml et al., 2003). Improper auxin distribution disrupts the ajniaahl axis of the

embryos(Friml et al, 2003). Auxin continues to maintaits gradient een after germination
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and organ initiationincluding theinitiation of roots, leaf primadia, leavesand inflorescences
(Benkova et al2003) Auxin distribution is also critical feascular formation (Scarpella et ,al
2006), ovule developmer(Benkova tal., 2003), gamete specification (Pagnussat et2405),

fruit formation, and seed dispersal (Sorefan et, 2D09).

1.4.3 Vascular development

The vascular system is a network of cells that interconnects all major plant orgapscamdies

a route for the tansport of water, nutrients, and signaling molecules; it also contributes
physical supporto plants helpingthem remain upright and avoid the effects of pathogens
(Figure 1.14 Berleth and Mattsson, 2000; Dengler and Kang, 2001; Fuk20@4). The
vascuature of anadult plant is preestablished in the embryo and differentiatat predictble
positions and timesluring developmentHowever, these arrangements can change in response

to local signalg¢Fukada2004).

1.4.3.1 Establishment and aintenanceof vasculastem ells

In plants, the establishment of vascular stem cells in the embryo is relatively less complex than
the vascular arrangement that appears in mature plants (Goldberg et al., 1994). The genetic
programs that establish these stem cells need to bevacand continue posembryonically.
These genetic programs, including the regulatory networks of vascular stem cell initiation and
establishment, have been studied extensively etant years. The phytohormonesuxin
cytokinin (CK), and brassinosteroifBR), along with signaling components suchLascine
RichRepeat (LRRReceptorLike Kinases (RL.Knd the davata 3/ Endosperm surrounding
region (CLE) peptidbave been identified as key regulators of vascular developmémby et

al., 201).
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1.4.3.2 Xylem ad phloem tissue differentiation

All vascular tissueare derived fromvascular stem cellsrieristematic cells pro-cambum and
vascular cambiumProcambial ceB give rise tothe precursor cells of phloem or xylem
depending on their positiorwith cell-to-cell communication plagga role inthe determination
of this position.For example, in most high plant stems the phloem ipositioned toward the
periphery while xylems isolated toward the centre. On the other handnb-distance signaling
plays a role inthe formation ofcontinuous vascular strande the apicalbasal direction The
xylem and phloenprecursor cellsbecome differentiated into distinct types of cellgFigure
1.15. Phloem precursor cells differentiate inthe sieve tube elements, copanion cells,
phloem parenchymand phloem fibresall cellscomprisethe phloem tissue. Xylem precursor
cells differentiate intaxylem cells whichconsisst of trachearyelements (vessels and tracheids)
xylem parenchymgand xylem fibres. At maturifghe tracheary elementslifferentiate further
through the deposition of secondary cell wall material and then undergo programmed cell
death to form the hollow tubes hat allow fluid movement Thecell wall thickening®f the
tracheary elements, which may nular, spiral, reticulateor pitted, provide strength and

keepthese hollow tube$rom collapsingDemura and Fukuda, 2007)

1.4.3.3 Factorsaffecting vascular differentiation

Vascular cell differentiation depends on many factansluding auxintranscriptian factors and
Cks(Figure 1.16; Demura and Fukuda [200A)xintriggers the vascular development program
whereasthe activity of thehomeodomairtranscription factor(HDZIP 1lI) familydirects the
gene expression underlyinthe spatial information necesary br regulaing cambial cell
specification and proliferation CK on the other handitiates and maintains the procambial

cells.
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. Primary Phloem

. Procambium/ Cambium

Figurel.14: Schematic representation of the organization of the primary vascular tissues in

Arabidopsis
Vascular tissue arrangement of the whole plant in longitudinal view togethigh cross
section of shoot crosssection of led, and crosssection of root tip. Adapted from

Nieminen et al. (2004)
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1.4.3.3.1 Auxin

It is commonly thought that auxin ensures the continuation of vascular formation throughout
plant life. MONOPTERQ81p) is a mutant whose defects in auxin signaling and lowes odit
auxin transport cause it to fail to establish vascular stem ¢elerdtke and Berleth, 1998)
other mutantsthat fail to transport auxinsuch ainV/(PINFORMED1jrn1/(TORNADQland
lopl/(LOPPEDEDgte alsoseverely defective in vein formatigi@Galweileret al,, 1998; Carland
and McHale, 1996; Cnops al,, 2006). Similar vein

phenotypes are evident in plants in which auxin transport is inhibited byN-1
naphthylphthalamic acid (NPA, Mattssehal, 1999).Moreover, mutants that cannot percesv
auxin, such asxrd/(AUXIN RESISTAB)Tand bdl/ (BODENLOSJre also incapable of proper
vein formation(Hamann et al.2002; Hamann et al., 1999; Hobbie et al., 2000us, defects in
auxin signaling, transport, and/ or perception have a significgiféct on the formation of

vasculature.

The common element that links these auxin phenotypes can be traced back to probl&ins in
protein localization to the plasma membrane via vesicle transgagure 1.17PIN trafficking
Grunewald and Friml, 20)1The PIN auxin efflux carriers doeated on specific points on the
plasma membrane that contact the basal end wall in both procambial cells and xylem
parenchyma cells. Interestingly, PINOID is also expressed primarily in xylem precursor cells and
xylem mrenchyma cells. Thus, GNOM, whidirects PINs totheir proper apical basal
membranes, and PINOID, whiphosphorylates PINgdogether determine the lod&ation of

PIN and ultimately establish theuxin gradients necessary for proper vascular diffeatian,

as detailed in section 1.4.2.6

Dengler (200% presented an aux#ased model that explains the relationship between the

internal vascular arrangement and the external arrangement of lateral organs (phyllotaxis). For
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Figurel.15: Schematic model of xylem formation.

Procambial cells produced cambial cells that differentiate into phloem cells and xylem
cells. Xylem cells include tracheary elements (tracheids and vessel elements) and phloem
cellsinclude sieve tube elements and companion cells. Both fibres and parenchyma cells
are part of xylem and phloemissue Based on the pattern of cell wall deposition two
types of vessels are observed: protoxylem vessels commonly have annular and spiral wall
thickenings and metaxylem vessels have reticulate and pitted thickeniMygslified from
Demura and Fukuda, (200
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example, a vascular bundle that is seen in the stem esesfion represents either an individual
leaf trace or a parent strand that giveise to a leaf trace. Based on the Dengler model auxin
first moves uniformly towards the shoot apical meristem from regions outside of it, and then
through the polar localization of PIN proteins, auxin is concentrated at points that identify the
positions & forthcoming leaf primordia. Following the outgrowth of the primordia, the PIN
proteins are redistributed toward the interior of the meristem along a narrow cell file to form

the procambial strand of the future midvein (Figure 1.18).

1.4.3.3.2 HD-ZIP 11l family

Arabidopsis thaliana homeobofATHB) genes®A\THB8 and ATHB1&f the HDZIP 11l family are
expressed strictly in the procambial or xylem precursor regions (Baima &é08b; Ohashito
and Fukuda 2004In regulating cambial

activity, these transcripibn factors act antagonisticallyoverexpression of ATB8 or down
regulation of AHB15 increase proliferation of xylemcells. Thus, members dhe HD-ZIP 1|

family together regulate the specification and proliferatiofxylem.

1.4.3.3.3 Cytokinin

CKalsoplaysa critial role inthe formation and maintenace of procambial cells. The genes
involved in CKiosynthesis are expressed in thips of root vascular bundlegMahénenet al.,
2000) The CK receptor histidine kinase encodedttyy WOL/CRE1/AtHKMMahonenet al.,
2000) genes areexpressed preferentially in the procambium whereas tother CKreceptor
genes AtHK2and AtHK3 are expressedn vascular cellSCKalso induces response regulators
that negatively or positively control CK signaling responses in vascssaresi ARR15 in
procambial cells but not in xylem ampihloem cells, and ARR16 in tpericycle.Taken together
these factors indicate that CK is a contributing regulatfmr the maintenance of procambial
activity. In addition, CK also plays a role in #pecification of phloenfMahénen et al., 2000)

and in the inhibition of protoxylem differentiatiofMahdnen et al., 2006)
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Figurel.16: Factors effecting vascular development

Genes (blue boxes) and ptohormones (orange) interactions in xylem and phloem
development both at cellular and tissue level are presentdtbhdified from Demura and
Fukuda, (2007)
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1.4.3.3.4 Brassinosteroids

The phenotype of BR biosynthetic and signaling mutants reveals that this steroid hormone is
involved in promoting xylem differentiation (Cafixelgado et al., 2004)BR biosynthesis
deficient mutants constitutivephotomorphogenic dwarfcpd Szekerest al, 1996)and dwarf7
(Choeet al, 1999) have decreased xylem formation. Yamamoto et al. (1997, 2@poyt that

BRs are involved in tracheary development such as secondary cell wall formation and
programmed cell death. As well, thahibition of BR signaling witlbrassinazoleor the
phenotype of BR receptor mutantdr() has led to the suggestion th&Rs specify xylem
precursor cells in order to maintain a proper ratio between the phloem and the xfAeami et

al., 200Q Cafo-Delgaa et al., 2004

Ibafieset al. (2009 used mathematical modeling to show that the pattern of vascular bundle
arrangement in Arabidopsis stem sections is coordinated by auxin and BR. Their model predicts
that BRs affect vascular patterning by controllirfge tproliferation of prevascular cells. BR
signaling mutantspril and cpd have fewer precambial cells, leading to the generation of

fewer vascular bundles than in the WT.

In addition tothe effects ofauxin, HDZIHI, CK and BRthat are described abwe, many other
factorsincludingnon-classical types of arabinogalactan proteigogens transcription factors
(eg., NAC)and microRNA#ave been implicatedin vascular development (fige 1.16). The
contribution of the PAT9m, to vascular developmeris also of emerging importance (Zhou et

al., 201).

1.4.3.3.5 Thermospermine and plant development

Tspm that is generated from Spd is present in very low quantiiggants (Kakehi et al., 2008).

Although PA genes have been reported to be preferentially expeessphloem (Pommerrenig
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Figurel.17: The nolecularmechanism of auxin transport

Auxin can move from one cell to another either by diffusion (arrows) or via
transmembrane proteins. Auximflux carriers (AUX proteinsgre localized to the apical
membrane whereas auxin efflux carriers (PIN proteins) are localized to the basal
membrane. This asymmetrical PIN localization causes a polarized flow of auxin. PIN
proteins are recycled in cells: transported from endomembranes to the plasma membrane
by endosomes. Mdified from Fukuda (2004) and Berleth etal. (2000).
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et al. 2011), studies with RNA situ hybridization and GUS reporter gene analydiswsthat
ACL5is expressed specifically in the prambium during embryogenesis, starting in early
globular embryosand persisting intothe bent cotyledorstaged embryo phase (Clay and
Nelson, 2005). Its expression has also been detected during primary root development and
early leaf development and in axillary buded vascular bundles in stemBhe recent high
resoluton observation of ACL5 expression witthsitu hybridization and GUS analysis of resin
embedded sections has revealed that the express@pecifically in the xylem vessel elements
of the stems, hypocotyls, and in the transition zone between the siligné the pedicels
(Muhiz et al., 2008)The ACLEexpression was visualized soon after the expansion of the vessel
elements but before the initiation of the secondary wall depositi@rosssections ofleaf
midveinsand of the inflorescence stems adcl5 mutants show anincreasel number of xylem,
phloem, and cambial cells (Hanzawa et al., 19Cay and Nelson, 2003hterestingly, these
mutants have reduagcapability with respect t@olar auxin transpor{66.2 % compared to the
WT)and an unregulated trascript level of five HRIP IIl genesncluding AHB8 ¢ 7 fold;Imai

et al.,, 2006) In addition Mufiz et al. (2008) provide evidence thatTspm preventsthe
premature maturation of the xylem vessethussupporting the premise that Tspm is involved

in vascular development

Based on the literature presented hertne MTNactivity that linksmany critical pathwaysould
potentially affect plant growth and development, specifically in the areas of reproduction and
vascular developmentHowever,the specificeffects or modes of actionn plants remain

unclear.
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Figurel1.18: Model showing the direction of auxin movement, leaf primdia initiation, and
vascular strand formation

Arrows show the auxin 6w that is directed by the PIN1 proteins toward the centre of the
incipient primadia (11, 12) and toward internal tissues during pridaa growth (P1, P2).
The long blue lines indicate the parent vasculature; the short blue lines, the pdrab
vasculatue; and the orangelines, the connecting procambium. Modified from Dengler

(2006).
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1.5 Objectives of the research

Most of theresearch work presented in this thesis wasained by designing experimenisth
the aim of determining the functional significanag MTN in plant growth and development.

The first two chapters contain the findings that address the following objectives:

1. To characterize th&TN-deficientmtn1l-1mtn2-1 mutant in detail.

2. To dissect the primary defect MTN-deficiency in plant growth ahdevelopment.

During this study | discovered that thepplication of exogenous Spdahanged thesterile
phenotype ofmtnl-1mtn2-1 to be fertile Chapter 3 contains research findings to examine this

Spddependent fertility recovery with the following objece.

3. To establish the basis behind Sgependent fertility recovery ofntnl-1mtn2-
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Chapter 2: Recycling of methylthioadenosine is essential for normal

vascular development and reproduction in Arabidopsis thaliana

2.1 Overview

p -@ethylthioadenosine (MTA) is the conon byproduct of polyamine (PA), nicotianamine
6b!' 0 YR SiKetSyS oAz2aeyiKSaraod ¢KS YSGKaf
methylthioadenosine nucleosidase (MTN) in a reaction producing methylthioribose (MTR) and
adenine.. The MTN double mutamtnl-1mtn2-1, retains ~14% of the MTN enzyme activity
present in the wild type, and displays a pleiotropic phenotype that includes altered vasculature
and impaired fertility. These abnormal traits were associated with increased MTA levels, altered
PA profiles ad reduced NA contents. Exogenous feeding of PAs partially recovered fertility
whereas NA supplementation improved fertility and also as reversed interveinal chlorosis. The
analysis of PA synthase crystal structures containing bound MTA suggests that the
corresponding enzyme activities are sensitive to MTA content. Mutant plants that expressed
either MTN or human methylthioadenosine phosphorylase (which metabolizes MTA without
producing MTR) appeared wild type, proving that the abnormal traits of the mwentiue to

MTA accumulation rather than reduced MTR. Based on our results, we propose that the
possible key targets affected by this increase in MTA content are thermospermine synthase and

eukaryotic initiation factor 5A modification
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2.2 Introduction

The Met recycling pathway (or Yang cycle) is present in all types of organisms where its primary
role is to recycle sulfucontaining metabolites (Albers, 2009). In most plants, bacteria and
protozoa, 5'methylthioadenosine (MTA) nucleosidase (MTN; EC 3.2.2idr&yersibly
hydrolyses MTA to methylthioribose (MTR) and adenineu(Ei@1); the resulting MTR is
phosphorylated to 5methylthioribose Zphosphate (MTRP) by MTR kinaseMTK; EC
2.7.1.100) Recently, two novel enzymes that act as intermediate steggenerating Met from
MTR1P were identified and characterized:-rBethylthioribosel-phosphate isomerase and
dehydrataseenolasephosphatecomplexl (Pommerrenig et al., 2011). The activities of both
enzymes, along with the others of the Yang cycle, apressed primarily in phloem tissue but
some are also weakly expressed in shoot bundle sheaths (e.g. MTRK) and leaf epidermis (e.g.

MTN2).

In some eukaryotes, such as humans, MTA is converted to-IATBY methylthioadenosine
phosphorylase (MTAP; EC 2.28). Continuous MTA metabolism is extremely important in
mammals as loss of MTAP activity is associated with cancer (Bertino et al., 2011), while

accumulation of MTAas been linked to tumor progression (Stevens et al., 2009).

MTA metabolism may be equglimportant to plants, as it is the bgyroduct of polyamine (PA),
nicotianamine (NA) and ethylene biosynthesis (ff@g2.1). PAs such as putrescine (Put),
spermidine (Spd), spermine (Spm) and thermospermine (Tspm) are cationic organic molecules
that are essential for plant development and stress responssmne of the documented roles

of PAs include vascular differentiation, embryogenesis, cell division and responses to abiotic
stresses such as salt, osmotic, drought and wounding (Seeaia et al., 2010Takahashi and
Kakehi, 2010)For example, recent evidence suggests roles for both Tspm ggpkbduced

from PA catabolism in the control of xylem differentiatidviufiiz et al., 2009Tisi et al., 2011).
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Figure2.1: Overview of enzymac reactions that generate 5methylthioadenosine (MTA)

MTA is generated as a hyoduct of polyamine (PA), nicotianamine (NA) and ethylene
0A2aedy i MbthyihioddempoSine nucleosidase (MTN, EQ.3.16) hydrolyses MTA to

p ethylthioribose (MTR) and adenine. The MTR is converted to Met through several
steps, the first of which, MTR kinase (EC 2.7.1.100), catalyzes the production 6ilRTR
Methionineadenosyltransferase (EC 2.5.1.6) condenses Matd ATP to form S
adenosylmethionine (SAM). SAM decarboxylase (SAMDC, EC 4.1.1.50) removes carboxyl
group from SAM to generate decarboxylated SAM (DCSAM). An aminopropyl group is
transferred from DCSAM when putrescine (Put) is converted to spermidine) (%pdSpd
synthase (SPDS, EC 2.5.1.16). Similarly, another aminopropyl group is transferred from
DCSAM when Spd is converted to spermine (Spm) or its isomer thermospermine (Tspm)
via Spm synthase (SPMS, EC 2.5.1.22) or Tspm synthase (ACL5, EC 2.5 dec8yebs

NA is produced from the condensation of three SAM molecules by NA synthase (NAS, EC
2.5.1.43). 1 amincyclopropan&-carboxylic acid (ACC) is also derived from SAM by ACC
synthase (ACS, EC 4.4.1.14) in the flant®iting step in the biosynthesisfoethylene. The
dotted line indicates that there are many steps involved in converting MTR into Met. The
compounds that are in bold letters are the key compounds of interest in the present
study.
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PAs have also been implicated in RNA processing, chromeatiodeling, membrane fluidity

and protein activation (Baron and Stasolla, 2008, Takahashi and Kakehi, 2010). NA, a product of
another MTA generating reaction, is a metal chelator involved in long distance transport of
ions. NA ion complexes ultimately sugpgametogenesis and embryo development (Curie et

al., 2009 and Lan et al., 2011). Finally, ethylene is a phytohormone that impacts numerous
processes, including seed germination, seedling growth, fruit ripening, flower development and
abscission (Yang dmiHoffman, 1984).

The Arabidopsis genome has two Mé&hcoding genes (At4g38800 and At4g34840) that are
annotated asAtMTN1(MTNI) andAtMTN2(MTN2, respectively (Rzewuski et al., 200F)blic
microarray data indicate thai'TN1transcripts are about 10rhes more abundant thaiMTN2
transcripts across different organs (Zimmermann et al., 2004). Using a northern INOENT
Oh et al. (2008) confirmed thaTN1is expressed in roots, stems, flowers and both cauline
and rosette leaves. However, when the noarray data expression abundance of the MTN
genes was compared in the tissuddTN1 and MTN2vere uniquely expressed in different
tissues (Winter et al., 2007/MTNL1is expressed in cortex of roots and xylem of stems. On the
other hand,MTN2is expressedni apical basal tissues of embryos, developing pollen stages,
stigma and ovules, and leaf guard cells (Winter et al., 20R&}ently it has also been shown
that both MTNsare abundant in the phloem tissue (Pommerrenig et al., (2011). Although MTN1
and MTN2polypeptide sequences share 64% amino acid sequence identity they have distinct
substrate specificities and pH optima (Siu et al., 2008). Thus, it was initially inferred that these
two enzymes may have distinct roles in plant metabolisnvitro MTN1 acepts only MTA as a
substrate while MTN2 can also accepadenosylhomocysteine to a limited extent (Siu et al.,
2008). More recent crystallography and protein dynamic analyses revealed that MTN1 binds to
Sadenosylhomocysteine but is incapable of hydralgst (Siu et al., 2011).
Recently we described the physiology of several sifigdNA insertiormutants inMTN1land
MTN2 mtnl-1 (T-DNA insertion in the third intron)mtn1-2 (T-DNA insertion in the sixth exon),
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mtn2-1 (T-DNA insertion in the fourth exgrandntn2-2 (T-DNA insertion in the fourth exon)
(Burstenbinder et al., 2010Based on biochemical analyses, we established that MTN1 is
responsible for 80% of the MTN activity in crude extracts of-tayold seedlings andosette

leaves ofthree-weekold plantsgrown on media (Burstenbinder et al., 201®hen grown on

soil or germinated on sulfur sufficieMMS RA | O2 y (| A YV A,yséedlimys of siagle a 3 { h
mutants were phenotypically indistinguishable from the wild type (WT). However, when the
ddzf FdzNJ &2 dzNDOS mthl-lmod mmnla2 matants Bavampairdd seedling and root

growth (Birstenbinder et al.,, 2010). These Mdélicient seedlings also have altered PA
profiles with increased Put and Spm compared to seedlings grown on media containing 500uM
MgSQ. Interestingly, no significant changes ither NA content or ethylene production were
detected in eithermtnl-1 or mtn2-1. In an attempt to lower MTN levels further, thevo
homozygous mutant lines were crossed and isolate a double mutant was isolated The resulting
mtnl-1mtn2-1 plants exhibiteda pleiotropic phenotype with developmental abnormalities
(Burstenbinder et al., 2010Yhe details and physiological basis for these pleiotropic traits, in
GSN¥Ya 2F a¢cbQa SyileyvyS OGA@AGE FYyR a¢! NBIdA |

Here, we investigate the ffct of MTN deficiency by a comprehensive examination of the
development and physiology of the homozygoum1-1mtn2-1 double mutant. In addition to
measuring its residual MTN enzyme activity and profiling relevant metabolites, we analyzed the
effect of MTA accumulation based on the estimated structures of Spd and Tsp synthases co
crystallized with this ligand. The effect of exogenous supplementation of relevant compounds
on the mutant phenotype was tested to reveal abnormalities in the cellular metabaifsiime
MTNdeficient plants. The results of these analyses reveal the critical importance of MTA
recycling maintaining the biosynthesis of NA and PAs that are essential for normal plant

vascular development and reproduction.
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2.3 Methods
2.3.1 Plantmaterial and grovih conditions

2.3.2 Microscopy

Seeds fomtnl-1 (SALK _08538&nd mtn2-1 (SALK _071123ingleT-DNA insertion lines used to
generatemtnl-1mtn2-1 were obtained fromthe Arabidopsis Biological Resource Cenfidre

male sterile mutantaptl-3 (Moffatt and Somerville1998),was used for reciprocal crosses. All
Arabidopsis seeds were surface sterilized with chlorine gas before sowing on plates with half
strength MS medium solidified with 0.8% (w/v) agarose (Murashige and Skoog, 1962); these
plates were incubated in #hdark at 4°C for 48 h for seed stratification. On the third day after
sowing, plates were transferred to a tissue culture chamber (TC7, Conviron, Winnipeg, Canada)
under continuous light: 24h at 2C with 80pumol rfs® photosynthetically active radiatiofor

10 days. Seedlings were then transplanted to individual pots (2§ containing a 1:1 soil
mixture of Sunshine LC1 mix and Sunshine LG3 germination mix (SunGro Horticultural Inc,
Washington, USA) and maintained in a growth chamber (Conviron, Winnatada)under

long day conditions: 16h at 22 with 150 pmol fs* photosynthetically active radiation. The
plants were watered every two days and fertilized with 20:20:20 (N: P: K) fertilizer mix (Plant
products Co Ltd, Brampton, Canada) once a week mmaturity. Hydroponic experiments were

set up as described Rierre et al. (2003) and maintained in the same growth chambers.

To document the first obvious developmental defecnatih1l-1mtn2-1 compared to WT, plate
basedgrowth and sotbasedgrowth asays were conducted as detailed in Boyes et al. (2001).

In the platebased assay the time taken to develop the first true leaves >1mm along with daily
lengths of roots were measured over duration of 11 days. The reproductive defects were

evaluated in the tage 14 flowers as described by Smyth et al. (1990).
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Buds and rosette leaf samples were obtained from WT @tidl-1mtn2-1 plants two weeks
after bolting unless otherwise stated. When sampled, WT plants weravidaeksold whereas
mtnl-Imtn2-1 plants wereapproximately sevenveeksold in order to similar developmental

stages to be evaluated. Samples were collected before noon for all the experiments.

2.3.2.1 Bright light microscopy

Developmentally similar (i.e., having the same number of first order veins afisimgthe mid

vein) WT andntnl-1mtn2-1 rosette leaves and stage 14 pistils (Smyth et al., 1990) were first
incubated in clearing solution (3:1, glacial acetic acid:ethanol [EtOH]) for 2 h. Upon clearing, the
tissue was rehydrated by moving it from 70% Ht@ water in a gradient series of 15 min
intervals each, and softened by incubating overnight in 8 M NaOH. For visualization, leaf
samples were then stained with 0.1% (w/v) Toluidine Blue O (TBO; pH 6.8) for 15s and observed
with a Zeiss Axiovert 200M mascope (Carl Zeiss Inc, Toronto, Canada). The ovules of the
cleared pistils were observed with Differential Interference Contrast (DIC) optics of a Zeiss

Axiovert 200M microscope.

The same stage leaves of both genotypes were fixed in solution (50 mihsadicodylate, 2%
paraformaldehyde [w/v, pH 7], 0.1% glutaraldehyde) for 1 h under vacuum at room
temperature (RT). The samples were then transferred to fresh fixative and incubated overnight
at 4°C. After the appropriate amount of fixation, the samplesemgehydrated in a series of

EtOH under vacuum at RT, going from 10 to 70% EtOH in 15% intervals for 1 h each. The
samples were left in 70% EtOH and 0.2% eosin overnight at 4°C. Once fully dehydrated, the
tissue was slowly infiltrated with LR White plastesin (hard grade, Canemddjssissauga,
Canady, in a series of EtOH to resin volumes: 3:1, 1:1, 1:3 for 2 h each, then 100% LR white for
1 h, then in fresh LR overnight. Once the samples were fully infiltrated with resin, the LR white

was refreshed anthe samples were polymerized in a-68°C oven for 24 h. Once the resin
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had hardened, tissue was sectioned at 1 pm thickness using an ultramicrotome (UltracutE,
Reichert, New York, USA) and stained with TBO for observation with Zeiss Axiovert 200M

microscope.

2.3.2.2 Scanning Electron Microscopy

Anthers of stage 14 flowers from WT anthl-1mtn2-1were placed in fixative (4% [w/V]
paraformaldehyde [pH 7], 2% [w/v] glutaraldehyde, 1x potassium bisulphite) for 1 h under
vacuum at Room Temperature (RT). Upon reptade fixative solution, the samples were left

to incubate overnight at 4°C. The tissue was then dehydrated in a 10% ethanol gradient (50%
95%) at 30 min intervals under vacuum. Upon reaching 95% EtOH concentration, samples were
left overnight at 4°C.Theamples were then moved to HRb@de acetone for 2 h at RT. The
samples were dried using a mass critical point dryer, mountedngiubs and sputter coated

with gold particles. The tissue was visualized using a Hitachi S570 scanning electron microscope.
2.3.2.3 Lase Scanning Confocal Microscopy

The expression patterns oDR5rev::GFeem sections ofboth WT and mtnl-1mtn2-1
backgrounds were observed using a Carl Zeiss LSM 510 confocal microscope (Carl Zeiss Inc.
Jena, Germany). The GFP signals were excitedawidrgon ion laser at 488 nm, and emissions

were captured with a 505/530 nm band pass filter. Chlorophyll autofluorescence was also

excited at 488 nm and was a captured with 650 nm long pass filter.

2.3.3 Chemical complementation experiments

Seedswereplacedo oy a{ YSRAIl &adzll) SYSY(iUSR gA0K 2yS 27
b! 6O0ONHzRS YL SEGNI OGZ &4S8SS 6St260Immnt yoRa p2rif >2at
Tspm. After two days of cold incubation these plates were transferredrittnuous light for 21

days. The seedlings were then transplanted to soil or hydroponic media and grown under long
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day conditions. In the case sbikgrown plants, chemicals were supplied daily as drepsA > t 0
in ¥2 M0 eachvegetative and reproductive meristems over a pdriaf 34 weeks. However,

Tspm was not applied as daily drops due to its limited availability.

2.3.4 Extraction of NA from K1 plants

NA-overproducing Arabidopsis transgenic lingd, Pianelli et al., 200%)ere grown until the
full rosette stageNA was extraed from therosette leavesground in 86C; corresponding
extracts from WT leaves were used as controle K1 extracivere quantified and ha&0 pmol
mgFW" NA compared to WT and neither KI nor WT extracts contained detectable PAs,

indicating that the K1s a unique source of NA.

2.3.5 Complementation ofmtn1-1mtn2-1

For complementation, pMTN1::MTN1, UBQ10:MTN1 coding sequences (CDS) and
UBQ10::hMTAP CDS were introduced nitnl-1mtn2-1 mutants. The UBQ1BT4G05320)
promoter (693bp) was amplified using UBQ10pfd &JBQp blunt R primers (Table S1) and
cloned in to pSAT5.nosP.RNAi.nosT (EUO49865) wgH and Hindl to generate
pSAT5.UB10p.nosT.This vector was then used to introduce the UBQ10 promoter for MTN1 and
hMTAP CDSs. Binary vectors pGreenll 0229 (www.pgeek) and pPZRCSBAR (CD3

1057, Arabidopsis Biological Resource Centre) were usedAf@ppbacteriungmediated
transformation.

Genomic MTN1 was amplified using the following primers: gMRFMbd gMTNR (Table S1).

The 1.9 kb genomic MTN1 fragment w2 bp of promoter was then digested wi8péd and

BanHI and cloned directly into binary vector pGreenll 0229. The MTN1 cDNA was amplified
with the following primers: MTN1CERS and MTN1CDS (Table S1). The resulting 0.8kb
fragment was digested witKmd and BanHI and cloned first into pSAT5.UB10p.nosT.

55



After (Table S1), cloned into th&md site of pSATEBQ10pnosT and the resulting
UBQ10::hMTAP cassette inserted into pfPRAFSBAR.

sequencing, the UB10p::CDS cassette was transferred tofrRBBAR.Similarly, the 0.8 kb
hMTAP cDNA fragment was amplified from hMTAP cDNA with hNFTakiel hMTAMR primers
MTN1 constructs were introduced intoAgrobacterium strain  GV3101Soup, while
UBQ10::MTN1CDS and UBQ10:hMTAP were placedigrmobacterium strain GV3101.
Homozygousntnl-1 plants were transformed with their respectiviggrobacteriunstrains using

the floral dipping method (Bechtold et al, 1993). Transgenic T1 individuals were selected for by
spraying 10 dayld soil grown seedlings with 40 mg/ L Basta (@&lifate Ammonium, Wilson
laboratories inc. Dundas, Canada). The expression of MTN1 and hMTAP in the surviving T1
plants was confirmed by immunoblot, and successful transformants were crosseanvith
1/mtn1-1MTN21/mtn2-1plants. The resulting F1 progenysvgerminated on media containing
Basta and genotyped by PCR to identifin1-1mtn2-1 F2 individuals. F2 seeds of three lines
were selected and screened on Basta supplemented MS media and genotyped to identify

mtnl-1mtn2-1seedlings.

2.3.6 RFPCR

Total RNA was énacted from leaves and buds of WT amdn1-1mtn2-1 plants using Tri Pure

Isolation Reagent (Roche). Two micrograms of total RNA was used for first strand synthesis with
SuperScript! NB SNBSS GNI yAaONRLIGIF &S oOLYy DA GNRBBNEL | 002
PCR reactions were performed as described in Birstenbinder et al., 2007 using AHSITN1
AtMTNZER3, AtMTNZ1, AtMTNZR1 and Actin 8F and Actin 8R primers (Table S1) to determine

the transcript abundance dTN1(851bp),MTN2(306bp) and actin (Mbp).
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2.3.7 MTN enzyme assay

Bud protein extracts were prepared from developmentally matched flowering plants in 50mM
potassium phosphate buffer [pH 7, Burstenbinder et al., 2010]. Twenty micrograms of soluble a
DU530 spectrophotometer (Beckman Coulter, Kkf@ermany) at 470 nm modified from the
protocol outlined in Burstenbinder et al. (2010).

protein from buds was used to determine MTN specific activity using a xanthine oxidase

coupled enzyme assay (Lee et al., 2005). Absorbance was measured every Y8rmiih avith

2.3.8 Polar auxin transport assay.

Polar auxin transport in primary inflorescence steegmentsof WT, mtn1-1mtn2-1, and tkv

was measured using a modification of procedure provided by Okada et al. (1991) method as
described in Clay and Nelson (B)0The inflorescence stem segments were immersedf@n
labeled IAA (Sigma) in either an acropetal or basipetal orientation. After 19h of incubation, the
uppermost 5mmof the stem segments wereremoved and incubated overnight in liquid
scintillation cocktdi (Cytoscint, MP Biomedicals, and Toronto, Canada). Released radioactivity

was counted using a scintillation counter (Model LS 1701, Beckman, Munich, Germany).

2.3.9 Immunoblot analysis

Ten micrograms of total soluble protein was extracted as described aboparated on a
12.5% SDS polyacrylamide gel (Laemmli, 1970) and transferred onto a polyvinylidenedifluoride
membrane using a sendiry electreblotting system (BidRad laboratories,Mississauga,
Canada The membrane blot was cut near the 34 kDa marker sdodt®m portion could be
incubated for 2 h with artMTN1 (1: 2500) antibody, while the top portion was incubated for
the same time with monoclonal antibody for actin (MP Biomedicals, Toronto, Canada; 1. 3000).

Bound antibodies were detected following irmation with horseradish peroxidassnjugated
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secondary antibodies, using the ECL Plus Western Blotting Detection System (GE Healthcare,

MississaugaCanada) and Amersham HyperfithECL.

2.3.10 Two- dimensional electrophoresis

Protein was extracted using phenfollowed by ammonium acetatenethanol precipitation as
described by Zheng et al., (2007). focusing on a Multiphore 1l system (GE Healthcare,
MississaugaCanada using immobiline dry strip gels with ndinear pH gradients (pH-4NL).
Protein was quantifid using RC/DC protein assay kit (Red laboratoriesMississauga,
Canada These proteins were then separated based on isoelethése strips were placed on
SDS polyacrylamide (12.5%) gels as detailed in Zheng et al., (2007). The separated pregeins we
then blotted as described for immunoblot analysis above. The membrane blot was then
incubated overnight at %, with elF5A specific primary antibody (1: 3000%. blots were
detected as described above. Digital images of these films were analysedraoagg Quant TL

analysis software (GE Healthcare, Mississauga, Canada).

2.3.11 Determination of PA content

Rosette leaves and inflorescences of WT anthl-1mtn2-1 were mixed with 5% (v/v)
perchloric acid at a ratio of 1:4 (w/v) and frozenc80 C. Samples werfurther processed and
Put, Spd and Spm were quantified by high performance liquid chromatogesptgscribed by
Minocha et al(1990, 1994).

2.3.12 Determination of NA content

Nicotianamine was extracted from leaves and inflorescences of the WTmanttlmtn2-1
plants and quantified after labeling with-fluorenyl methyl chloroformate as described in

Supplementay material S1 of Klatte et gr009).
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2.3.13 Determination of MTA content

Leaves and inflorescences of the WT anithl-1mtn2-1 plants (0.1 g) were grounch iliquid
nitrogen to a fine powder, which was extracted with 1 ml of 0.1 M HCI for 15 min at 4°C. Cell
debris were removed by centrifugating twice at 28,@0Gor 15 min at 4°C. MTA was

determinedas described in Rzewuski et al. (2007) using the same $yBlet.

2.3.14 Detection of metal contents

Sampleswere dried for constant weight at 8@, and subjected to acid digestion with Omni
Tracel nitric acid (EMSciettific), and then heated to 8% 90°C. Nitric acid blanks were
processed to ensure that metals wereotn added during sample preparationThe
standard§omato (NIST Standard #1573a) and Corn (NIST Stand&3g leaves were also
processed without sample to quantify the recovery of Zn, Cu, Mn and Fe during the extraction
procedure. Filtered samples weregpared and analyzed for metals as described by Gadapati

and Macfie (2005) by inductively coupled plasma atomic emission spectroscopyHE}P

2.3.15 Modeling of MTA inhibition for Tspm synthase and Spd synthase 1

A 3D model of ACL5 was built by Swhdsdel sute (Arnold et al., 2006using the crystal
structure of PA aminopropyl transferase fromhermus thermophilu”DB ID 1UIRDhnumaet
al., 2011) as a template (39% idenfityrhe cystal structure ofArabidopsisSpd synthasel is
available in PDB (PDB ID 1XJ5). To obtain Tspm swyMiaseand Spd syntlsel:MTA
complexes, MTA was docked using DOCKEWinget al., 2001)Programs COQEmsley and
Cowtan,2004)and PyMOlI(DelLano Scientific, San Carlos, Canada)e used for structure

visualization and figure preparation
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2.4 Results

2.4.1 MTN activity inmtnl1-1mtn2-1 mutants reflects decreased transgst and
protein abundance

RTPCR was performed on cDNA isolated from the buds and rosette leaves of Wiitrdiad
1mtn2-1 plants. In both organsMTNL1 transcript levels were higher thaMTN2 in the WT
background (Figre 22A). A comparison of transcript abdence inmtnl-1mtn2-1 revealed
substantially decrease®TN1 and undetectable levels oMTN2 in both leaves and buds.
Immunoblot analysis (Fige 22B) showed a similar abundance of MTN1 protein in WT leaves
and buds but reduced levels mtnl-Imtn2-1. Interestingly, MTNdeficient buds had higher
amounts of MTN1 than leaves. As documented previously by Birstenbinder et al. (2010), MTN2
protein cannot not be detected in either WT oitn1-1mtn2-1 tissues by immunoblotting with

the appropriate antibody.

WT andmutant bud extracts were assayed for MTN enzyme activity to determine whether or
not this correlated with MTN protein abundance and phenotype. Floral buds were chosen for
the assay based on preliminary studies indicating that this organ had the high&stspeific
activity (Figre S1). Compared to the-B% retained MTN activity observednmnl-1 seedlings
grown on MTA (Burstenbinder et al., 2010)tn1-1mtn2-1 buds had 14% residual MTN activity
(1.21 + 0.27 nmol migprotein miri* in WT; Figre 22C).Thus our results show thantnl-
Imtn2-1 is a knoclkdown mutant, with MTN1 contributing to the residual MTN activity.
Attempts to create a mutant completely lacking MTN activity by crossing homozygous- knock

out lines,mtn1-2 andmtn2-2, failed due to embrydethality.
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Figure2.2: MTN transcript and protein abundance with corresponding enzyme activity
Results are averages (+ SD) e1@ independent biological replicates.

(A) RTPCR showed thaMTN1 and MTN2 transcript abundance was reduced imtnl-
Imtn2-1. Actin was used as the reference gene to ensure equal loading of the cDNA.

N=3.
(B) Immunoblot analysis indicated that MTN1 was present in buds and leaves of WT. In

mtnl-1mtn2-1 MTN1 was considerably lower in buds and undetectable in lba&ves
Detection of actin protein confirmed equal protein loading. N=3.

(C) Specific enzyme activity of MTN1 was measured in buds harvested from plants two
weeks after bolting.Statistically significant variables are indicated by different letters

(P < 0.05N =10).
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2.4.2 MTN deficiency affects both vegetative and reproductive development

Themtnl-Imtn2-1 mutants developed no obvious defects until the formation of the first true
leaves. Subsequently an array of abnormalities developed upon activation of the floral

meristem. Here we focus on the changes in vascular development and reproduction.

2.4.2.1 Vegetative phase phenotypes

Ten days after germination (DAG), the first true leaf of WT seedlings is greater than 1 mm in
length (stage 1.02 described in Boyes et al., 200Lr&ig3A). In comparison to Wintn1l-
1mtn2-1 seedlings did not reach this stage until 12 days after sowing. In addition to their
delayed development, the first true leaves wftn1l-1mtn2-1 exhibited interveinal chlorosis
(Figure 23B): a condition where theeins of the leaf remain green while the area between the
veins becomes yellow in color. This chlorosis was most notable in emerging young leaves when
seedlings were grown on % strength Murashige and Skoog NM&shige and Skood,962)
medium (as opposetb soil). Upon maturation of the leaves or transfer of the plants to soil, the

interveinal chlorosis gradually disappeared.

As themtnl-1mtn2-1 mutants matured, abnormalities of the rosette leaves became apparent.
Clearing and observation of thd"eaf revealed an increase in venation, particularly adjacent

to the leaf margins (Fige S2.2A, B). Leaves aitnl-1mtn2-1 leaves also had thicker migkins
(Figure 23C D). Further examination of embedded leaf sections showed that the thicker veins
in mtn1-1mtn2-1 resulted from increased numbers cells in the xylem, phloem and cambial cells
(Figure 23E, F). Irrespective of the larger leaves, the leaf vasculaturentfil-1mtn2-1 was
similar to that of the Tspm synthase mutant, thick veikwv,(Clay and NelsoB005), which is
allelic to acaulisb acl5 Hanazawa et al., 1997; Kakehi et al.,, 2008). ACL5 is specifically
expressed in xylem vessel elements and batts and tkv have an oveproliferation of xylem

vessels in their stems. This increased xylem is megdo result from reduced polar auxin
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transport (PAT; Clay and Nelson 2005). Thus based on similaritikes dod acl5, we assayed

auxin transport and followed vascular patterning in the stemsbfl-1mtn2-1.

Auxin transport was measured in WT and amttinflorescence stem segments usitig-indole

acetic acid (IAA). The basipetal transport'EIAA in themtnl-1mtn2-1 mutant was 46% of

that detected in WT stems while the acropetal transport in the stem segments was normal. IAA
transport intkv, measired as a control, was 64#at of WT (Figure 24A) whichis consistent

with the initial description of this mutant bZlay and Nelson (2005).

We next examined stem crosections of the MTN double mutant in more detail. These WT
stems contain @ symmetically arranged vascular bundles-3Zm above the base of primary
inflorescence (Fige 24B) whereas corresponding sectionsyth1-1mtn2-1 stems usually had

ten or more vascular bundles. These mutants also have increased number of small cells in all
stem tissues (Fige 24C). Furthermore, the symmetrical arrangement of the vascular bundles

in the WT was disrupted in thentnl-Imtn2-1 mutant, leading it to have an irregular stem

circumference.

Auxin maxima developed from differences in auxin distrimutin the shoot apical meristem
determine the position of leaf primordial initiation and formation of leaf traces (Dengler 2006).
These leaf traces are evident as vascular bundles in stem sections. Sincgnth&mtn2-1
mutants have an increased number wdiscular bundles compared to WT. We examined GFP
production from a synthetic auxiresponsive promoter R5rev::GFEFriml et al., 2003) in this

mutant back ground. The resulting images showed timihl-1mtn2-1 stem cross sections

always had a greater nur@NJ 2F | dzZEAY YI EAYIl GKFy 2¢3X O2NJ

increased number of vascular bundigsgire 24D-G).
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Figure2.3: Vegetative phenotypes omtnl-1mtn2-1 compared to WT.

(A, B)YWT andmtnl-1mtn2-1 seedlings at the 1.02 development stage, when first true
leaves are > 1mm. WT seedlings had green true leaves (A) compared to mutant
sedallings that exhibited interveinal chlorosis (B).

(C, D Developmentally matched adult leaves (equal number of secondary veins arising
from the mid veins) of WT (C) amdtn1-1mtn2-1 (D), were cleared and stained with
Toluidine Blue O to reveal the increakeein thickness iimtnl-1mtn2-1. Trichomes
of the mutant were larger and the leaves tended to acquire more stain compared to
the WT. Scale bars = 1.5 mm.

(E, F)Transverse sections through the mid veins of developmentally matched adult leaves
of WT (E) and mtnl-1mtn2-1 (F) plants. Themtnl-1mtn2-1 exhibited an increase
number of xylem (xy), phloem (ph) am@&mbial (ca)kells. Scale bars = 15mu
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2.4.2.2 Reproductive phase phenotypes

The mtnl-1mtn2-1 siliques arrested when they were2mm (stage 16 of the develogntal
milestones described by Smyth et al., [1990]) and very few siliques produced viable seeds. To
determine the basis for this observed sterility, reciprocaisses were performed: WT pollen

was applied tomtnl-Imtn2-1 pistils andmtnl-1mtn2-1 pollen gains were transferred to
stigma of the male sterile mutanaptl-3. The resulting fertilization was documented by
recording the number of crosses producing viable seeds (Table 1)nBothlmtn2-landaptl-

3 pistils were receptive to WT pollen, amatn1-1mtn2-1 pollen was able to germinate on WT

and apt1-3 pistils resulting in successful seed production in all cases. Thusinfhlmtn2-1

male and female gametes were capable of producing viable heterozygous progeny but with

reduced efficiency relative t&/T.

Table2.1: Viable seeds obtained from reciprocal crosses between WT and mutaaps1¢3
and mtn1-1mtn2-1).

Crosseavere collected from 10 plants.

Percentage of crosses witr Number of crosse
viable seeds
aptl-3C 0 E 2¢ 60 84% N =25
mtnl-lmin2-1 6 E 2 ¢ o° 14% N =50
aptl-3(. ) xmtnl-1mtn2-16 * 0 28% N =50

Data source: Sarah Schoor

Further examination revealed several factors that contribute to decreased fertilitytiri-
1mtn2-1. Anthers ofstagel4 mtnl-1mtn2-1 flowers were indehiscenfFigire 25A). In ordetto
observe pollen, anthersf mtnl-1mtn2-1 needed to be openednanually(Figuire 25D). These
anthers contained abnormally formed pollen grains (ffegg 25E, F). Specificallypost of the
mtnl-1mtn2-1 grainswere round in shape and lackelde graove presentinWT pollen (Figire

2.5B, §. To assess the viability of the abnormal pollen grains, anthers of stage 14 flarers
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mtnl-imtn2-1

Figure2.4: Polar auxin transport and stem vascular arrangement

(A) Reduced polar auxin transport dfC-IAA in excised inflorescence stem segments of
mtnl-1mtn2-1 mutants placed basipetally (inverted orientation) ifC-IAA. Three
independent experiments were conducted using segments of 32 plants for each
genotype. Error bars indicate SE. Statistically significant values (P < 0.05) are
indicated in different letters

(B-C) Free hand cross sections oftn1l-1mtn2-1 and WT taken at the bsal end of the
primary inflorescence stem. Composite images of confocal laser scanning image and
pseudo DIC imageRsedoDIC image shows the increas@umber of vascular bundles
of the mtnl-Imtn2-1 (C) compared to WT (B)Confocal &aser image shows the
lignified inter and intra fascicular fibers stained with berberine. Scale bars: B, C= 50
pm.

(D-G) Auxin maxima (*) visualized using DMe%:GFPmostly corresponded to number of
vascular bundlesin crosssections taken from the basal end of the primary
inflorescence stem (D, E) of WT (D, F)anth1l-1mtn2-1 backgrounds (E, G). Higher
magnification images reveal auxin maxima primarily localized to the xylem (xy) tissue
of the vascular bundles (F, QYote that the green florescence observed on lignified
xylem of the interfascicular andntra-fascicular (IF) was autaftescence. Scale bars:

D, E=50 um: F, G = 150 m.
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stained with fluorescein diacetate, a stain that is takenintp viable cells. Aimost alff the WT

pollen studied was able to take up theidrescein diacetate (N = 45), whereasnl-1mtn2-1

had more unstained than stained pollen: 37% of MId&ficient anthers had no viable pollen,

20% had less than five viable pollen grains, almost half (40%) had five to ten and only 3% had an

excess of ten able pollen grains (N= 65).

Next, in vivopollen tube formation was assessed; pistils were fixed 24 h after pollination and
visualized with aniline blue (kige 2.2C to H). Reciprocal crosses performed betwegnl-
1mtn2-1 and WT pollen proved the mutarstigma to be receptive to pollen, with 90% of the
successfully pollinated pistils containing pollen tubes. Attempts to manually pollapadfe3 or
mtnl-1mtn2-1 with mtn1-1mtn2-1 pollen were not successful as no pollen tubes were observed
for either cros24 h later. Collection of stage Htn1-1mtn2-1 flowers and staining them with
aniline blue showed that 22% had spbllinated and of those pollinated, 48% had pollen tubes.
Thus, mtn1-1mtn2-1 pollen is capable of forming pollen tub&s vivo but apparenly need

longer than 24 h to extend.

Carpel and ovule development was also aberrenstage 14mtnl-1mtn2-1 flowers, carpels
had wide or duplicated stigmas, whiteules of the pistils had uextended integuments when
compared to WT(Figure2.5G, H). Abot 10% ofmtnl-1mtn2-1flowers examined contained

one-three fully developed ovules that appeared to WT.
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mtnl-Imtn2-1

Figure2.5: Reproductive abnormalities omtnl-1mtn2-1

(A-F) Scanning electron micrographs &T (A) and manually opened (D) anthers sacs
showed abnormal pollen development in the mutant. Thgn1l-1mtn2-1 pollen grains
were irregularly shaped (F), and lacked the characteristic furrow (indicated by the
arrow) seen in the WT (B, C). At times the muttgollen appeared clumped with each
other (E) compared to WT (B). Scale bars = A, B =45 um; B, C E, F=5 um.

(G-H) Differential interference contrast (DIC) images of stage 14 flower pistils. WT had
mature ovules posfertilization stage (G) while themtnl-1mtn2-1 ovules (H)
corresponded to those normally observed in stage 12 WT flowers: outer integuments
were not fully extended over the nucellus. Scale bars = 25 um.
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2.4.3 Themtn1l-1mtn2-1 phenotype complemented by MTN1 ovexxpression

In the Yang cycle MT#A ¢onverted to MTRP via two steps: first, MTA is hydrolysed by MTN to
form MTR and adenine, and the resulting MTR is subsequently metabolized byuUwiiké.
mtnl-1mtn2-1 seedlings MTKdeficient seedlings are not impaired in their growth and
developmentwhen provided with sulfusufficient conditions (Sauter et al., 2004) suggesting
MTN is the more crucial of the two enzyme activities. In order to verify that the complex
phenotype of mtnl-Imtn2-1 was solely due to MTN deficiency, the MTN1 gene was re
introduced to the double mutant. The pleiotropic phenotype mitnl-1mtn2-1 was fully
complemented by a 2.4 Kb genomic fragment that contained the full length coding sequence of
MTN1 along with 356bp of the upstream region (kig 26A). These results were finer
confirmed by the ectopic expression MTNICDNA under apolyubiquitin 10 UBQ10)
constitutive promoter in themtnl-1mtn2-1 background. We therefore concluded that the
pleiotropic phenotype ofntnl-1mtn2-1was the result of MTNleficiency, and that replashing

MTNZ1 alone was sufficient to compensate for the lack of MTNZ2.

2.4.4 The basis ofntn1-1mtn2-1 phenotype is accumulation of MTA, not loss of
MTR

Although the observed vascular and reproductive defectsntfl-1mtn2-1 were restored by

MTN transgene exprefn, we reasoned that these abnormal traits could be due to either a
lack of MTA metabolism or a decreased MTR. Targeted profiling of Met metabolites in
inflorescences and rosette leaves, revealed statistically significant increases of MtALin
1mtn2-1 (p< 0.05) MTA was elevated twipld in rosette leaves (Fige 26B) and fiveold in

the mutant inflorescences, leading us to conclude that MTN deficiency leads to increased MTA
content. However, based on these data, it could not be excluded that theda®TR might

also contribute to the complex phenotype of the mutafb test this, we
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Figure.6: Complementation ofmtn1-1mtn2-1 phenotype by MTN1, MTA concentration and
complementation ofmtn1-1mtn2-1 phenotype by hMTAP.

(A) Complementation oimtn1l-1mtn2-1 with MTN1:MTN13 weeks after bolting.

(B) Steady state levels MTA of inflorescences and rosette leaves. Mean values of five
replicates were plotted with error bars indicating the SD. Statisticallynidicant
values (P < 0.05) are indicated in different letters

(C)Complementation oimtn1-1mtn2-1 with UBQ10:hMTAPshown at bolting.
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introduced a cDNA encoding humanTAP activity (UBQ10::hMTAP) into the mutant. This
enzymephosphorylates MTA diregtlinto MTRLP without producing MTR. The phenotype of

the double mutant was fully complemented by constitutive expression of h(MTAR€R2GC).

2.4.5 Modeling of Spd synthase and Tspm synthase complexed with MTA

MTA is a potent inhibitor of both human Spm #yase (approximatek I' n ®o >a 0 | YR |
synthase(=2mn >ax 2dz SG |t dX wnntoOd !yIfeara 2F Ol
of these enzymes with MTA explains the difference in affinity: the hydrophobic binding site of

Spm synthase is larger allowing it to have mektensive interactions with the adenine residue

of MTA than does Spd synthase. The conserved structural folds of the human and plant PA
enzymes allowed us to model MTA binding to these targefd. rAodels were developed for
Arabidopsis Spd synthaselamspm synthase and then their MTA complexes were visualized as

for human Spd synthasel and Spm synth@& et al., 2008)Analysis of these-B models

revealed that the MTAinding pockets of Spd synthasel afspm synthasare very similar

(Figure 27A,B):the CHS moiety of MTA makes van der Waals contact with L90, L92 and V156

of Spd synthasel, or L76, 178 and V142 of Tspm synthase. The ribose ring of MTA is predicted to
establish hydrogen bonds with the side chains of Q76 and E151 of Spd synthaseelswieth

chains of Q62 and E137 ©6pm synthaseN-6 of MTA adenine forms hydrogen bonds with the

side chain of D182 of Spd synthasel or D16&sgm synthaseThe adenine ring of MTA is

placed between 1137 on ongide and L187 and L199 on the other sidéhim Tspm synthase

MTA complex. In Spd synthas®IlA complex, the adenine ring of MTA is sandwiched between

1151 and L212. The residues 1151 and L212 of Spd synthasel and the residues 1137 and L199 of
Tspm synthaseare structurally conserved, while the L7&esidue of Tspm synthases

substituted by Serine (S202) in Spd synthasel (Hanazawa et al.,, 2000). Therefore, the
hydrophobic surfaces involved in interaction with the adenine ring of MTA are predicted to be

very
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Figure2.7: Structural basis for inhibition of Spd synthase 1 and Tspm synthase enzymes by
MTA

(A, B)Closeup views of the MTAinding pocket for Spd synthase 1 and Tspm synthase,
respectively. MTA and the residues interactingthwviMTA in both structures are
shown in stickand-ball representation, while carbon atoms for residues are in the
same color as the corresponding structure, whereas carbon atoms of MTA are in

gray.

(C, D) The hydrophobic surfaces interacting with the adeeiring in MTA. The two
surfaces stacking with the adenine ring are in magenta and yellow.

72



different. The hydrophobic surface (yellow) made by 1152 in Spd synthasel is similar to the
corresponding one imfspm synthas¢l138) (Figre 27C, D). On the o#fr side of the adenine

ring of MTA, the hydrophobic surface fmagentg of Spd synthasel made by L212 is shifted
and partially covers the adenine ring of MTA, whereas inTthem synthasethe hydrophobic
surfaces made by L187 and L199 are large andipoed to cover the adenine ring completely.
Although MTA binds to all three PA synthases, these modeling experiments predict that similar
to human Spm synthasdspm synthasenay be more sensitive to inhibition by MTA than Spd
synthasel due to extensive tigophobic interactions betweeiispm synthasand the adenine

moiety of MTA.

2.4.6 mtnl-1mtn2-1 plants exhibit altered PA profiles.

We next investigated whether increased MTA abundance in the mutant was associated with
changes in free PA content. To do this, menitored both leaves and inflorescences for Put,

Spd, and Spm using HPLC analysis. Unfortunately Tspm abundance was so low that it was not
readily detected in WT samples (Naka et al., 2010) and as a result, could not be measured. For
those PAs that coulde measured, differences were observed in bottn1-1mtn2-1 leaves and
inflorescences: Put levels increasedmnl-1mtn2-1 whereas Spd and Spm levels decreased
(Figure 28A, B). Of these, a statistically significant difference was only observed in the Put

content of inflorescences.

We reasoned that if these changes were physiologically relevant, reactions dependent on PAs
would be affected. Spd is a cofactor for the ptsinslational activation of the translation
initiation factor elF5A. The butylamirmmaoiety that is provided solely by Spd is transferred to
elF5A in a twestep reaction causing it to become hypusinated on a specific lysine residue (Pegg

and Casero, 2011). Thus we tested the degree of hypusination of elREAITfimtn2-1 leaf
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Figue 2.8 PA profiles and two dimensional gels showing eukaryotic initiation factor 5A
(elF5A)

(A, B) Altered PA profiles of inflorescences (A) and rosette leaves (Bitraf-1mtn2-1
and WT (N = 4). Error bars represent SD. iStatally significant values (P < 0.05) are
indicated in different letters.

(C, D) The hypusinated (H) and nbypusinated (NH) elF5A in rosette leavesmfnl-
1mtn2-1 (D) compared to WT (Clmages are representations of three replicates. The
Rubisco lage sub unit polypeptide dot was used as the reference for quantification (*).
N=3.Molecular mass standards (in KDa) are indicated to the left in C, D.
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extracts by 2D gel electrophoresis followed by immunoblotting with elFp&cific antibodies

as an imdlicator of intracellular Spd availability. The amounthgpusinated elF5A was twold
lower in mtn1l-1mtn2-1 indicating a clear reduction in hypusination of elF5Ain comparison to
WT leaf extracts (Fige 28C, D).

2.4.7 MTN-deficiency results in altered NA lel®

Upon recognizing that the free PA profiles changed in response to increased MTA abundance,
we next analyzed NA levels mtn1-1mtn2-1.We determined that NA was significantly reduced

in inflorescences and mature rosette leavesmahl-1mtn2-1 compared toWT (p < 0.05; FHige

29A). In WT plants, the highest NA content (26858 pmol mg FW) was detected in
inflorescences with leaves having 60% less NA @@ pmol mg FW) whereas the NA
content of mtn1-1mtn2-1 inflorescences was 34% lower than WT amdletectable in rosette

leaves.

Since NA is known to play a key role in ion homeostasis and long distance transport, we
investigated whether the ion content (Cu, Fe, Zn, and Mmhtofl-1mtn2-1 was different from

WT, using inductively coupled plasma aionemission spectroscopy (Gadapati and Macfie,
2006). In the mutant inflorescences, contents of Cu, Fe and Zn were significantly lower, with Fe
and Zn showing the greatest reduction compared to WT (p< 0.0&re=&PB). The ion profiles

of mutant and WT asette leaves were similar with reduced Zn and Cu abundance, except the
Mn content in the mutant was significantly higher than in the WT (p< 0.0%rd=ig9C).
Interestingly, mtn1-Imtn2-1 had significantly decreased Fe levels in the inflorescences
compareal to WT while these levels were not significantly different in rosette leaves (p< 0.05).
Confirming these results, interveinal chlorosis was absent in the reproductive leaves of mature

mtnl-1mtn2-1 mutants.
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Figure2.9: Nicotianamine content and metal profiles of leaves and buds.

Nicotianamine could not be detected in the rosette leaves (A; N = 5) compared to WT and
was lower in mtnilmtn2-1 inflorescences (N = 3). In addition to Nicotianamine, Fe, Mn,
Znand Cu levels were also reduced in mtfiintn2-1 inflorescences (B) and leaves (C; N =
5) compared to WT. Each n is a pool of three biological replicates. Error bars indicate the
standard error of the mean; FW, fresh weight; DW, dry weight. Statisticaildyificant
values (P< 0.05) are indicated in different letters while insignificant values indicated in
same letters
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2.4.8 Exogenous feeding of PA and NA partially restored fertility of
mtnl-1mtn2-1

2.4.8.1 Chemical rescuef fertility

Since both free PA and NA lévavere affected in thentnl-Imtn2-1 mutant, we postulated
that MTA-producing reactions were being product inhibited. We then hypothesized that the
exogenous application of target compounds would reverse abnormal phenotypetest this,

we chemically cmplementedntnl-1mtn2-1 mutants with exogenous application of Spd, Spm,

Tspm or NA (NA was extracted from NA eperducing transgenic Arabidopsis plants).

To treat MTNdeficient plants, F2 seeds MTNL1/mtnl-1mtn2-1/mtn2-1 plants were grown

on media suplemented with Spm, Spd, TsponNA. After 23 weeks on media, seedlings were
transplanted to soil and genotyped via PCR. With the exception of Tspm, drops of the
corresponding compound were then applied daily to shoot apiceatofi-1mtn2-1 plants until

the plants were eightveeksold. Examination of the treated plants showed tinatin1-1mtn2-1
fertility was partially recovered using any of three compounds (Spm, Spd or NA): partial
recovery of fertility was indicated by the presence of extended siliquegirg-210A) with
fertile seed (Figre 210B to E) on individual branches. Surprisingly partial fertility was also
recovered in a similar manner when the seeds were germinated on the indicated compounds
for 14 or more days and transferred to soil withouibhg provided with further supplement

(Figure 210F).

Generally, siligues with unfertilized ovules fail to extend beyond 3.5mm, while siliques
containing 60 seeds reach a maximal length of 15 mm (Meinke, 1994). Thus the fertility of the
plants without futher supplement was scored by categorizing the siliques length in to three
groups: (1) 5 mm, (2) 8.0 mm and (3) more than 10 mm (&ig 210A). Most of the
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Figure2.10: Exogenous NA and PA restored the fertility phenotypenofn1l-1mtn2-1

(A-E) Silique and seed morphology of restored plants. The restored seedgrdf-1mtn2-

1 were categorized in groups based on their lengths; mosttilod seeds of > 10 mm
siliques has normal WTooking seeds (B) while the former two categories had seeds with
abnormal color and shape (C). Closer observation of these abnormal seeds showed (D)
that they had developed seed coats similar to WT (E). Scale:bar= 1.5 mm, B, C= 300
pm, D, E 100 pm.

(F) Number of siligues that developed whenmtnl-1mtn2-1 was grown in 2 MS media
supplemented with 20 pM NA, 100 pM spermine (Spm), spermidine (Spd) or 50 pM
thermospermine (Tspm). The restored siligues were of ivas lengths they were
categorized into three groups based on their lengths (N = > 20 siliques per treatment).
Statistically significant values (P< 0.05) are indicated in different letters.

(G) Number of seeds/ silique and percent seed germinated frotml-1mtn2-1 plants
grown on %2 MS supplemented with 100 uM Spd. Seed counts were average of 60 siliques
from 6 plants for §7 mm and 810 mm categories while 36 siliques from 6 plants for >
10mm category. Percent germination was assessed only on seeds wlldar latter 2
categories (N = 6 siliques). Bars represent the standard deviation (SD). Statistically
significant values (P< 0.05) are indicated in different letters while insignificant values
indicated in same letters.

78



siliques produced were in the firevo categories while only Spd and Tspm gave rise to siliques
GKFG 6SNB Bmnan YY f2y3d hT (GKS F2dz2NJ GNBIFGYSy i
AAtAldzSa «k L FydGou FyR (KS ure 310R).BotlSNATaBDTEPNIS 6 |

treatments prodiced 2535 siliques/ plant.

The number of seeds and or siliqum each group of the Spd experiment was further
determined: 57cm group had 1 + 0.4 seeds per silique, while tH®8nm and >10 mm group

had 6 + 1, and 14 £ 4 seeds per silique, respecti&dyne seeds in the Bmm and 8.0 mm
category showed abnormal shape and color {fFeg210B) when compared to WT (Eig
2.10C). To determine the viability of these abnormal seeds approximately 100 seeds from 6
siliques were germinated on media and sahr&10 mm and >10 mm siliques had 33 + 10 %

and 66 + 20% germination, respectively (Feg210G).

2.4.8.2 Chemical rescuef interveinalchlorosisby NA

In addition to testing for recovered fertility, rescue of interveinal chlorosis with the application

of exognous PAs Put, Spd, Spm or Tspm)or NA was also investigddédhe compounds

tested, onlynedia supplemented with NA completely eliminated the interveinal chlorosis
normally observed at 10DAG imtnl-1mtn2-1 seedlings. Similarly, mutant seedlings that
already exhibited interveinal chlorosis on Y2 MS developed green leaves two days after
transplanting to %2 MS supplemented with NA. Moreover, hydroponically gromi-1mtn2-1
adzLILX SYSYUSR 6AUK Hn>a b! fWORSR AYISNBSAY!I f
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2.5 Discussion

Our detailed characterization of thetn1l-1Imtn2-mutant has established a correlation between
MTN deficiency, abnormal vasculature and low reproductive efficiency. The first distinct
phenotype of mtnl-1mtn2-1 coincides with the development of true lees. As recently
reported, the Yang cycle (i.e. MTA recycling) in Arabidopsi®Emiago majomainly occurs in

leaf veins (Pommerrenig et al., 2011). Thus, it is likely that the flux of MTA synthesis first

increases substantially in leaves as vein dgwelent proceeds.

Molecular characterization of thentn1-1mtn2-1 mutant showed a reduction in MTN transcript
levels consistent with the presence of @©©NA insertion within the transcribed region of each
gene. Protein abundance and enzyme activity reflddranscript levels, with thentn1-1mtn2-

1 mutant having ~14 % residual MTN activity, indicating its substantially reduced capacity for
MTA hydrolysis. The MTN assay results were consistentmiiti-1 and mtn1-2 single mutant
seedlings grown on sulfideficient medium supplemented with MTA. These seedlings have less
than 20% of the MTN activity of WT, and displayed severe growth retardation. Interestingly,
they also had increased MTN activity when grown in the presence of MTA. Since MTN transcript
levels dd not change under these conditions, the activation of MTN must occur at the protein
level (Burstenbinder et al., 2010). While the molecular basis of this activation remains
unknown, we assume that the increased MTA content in the double mutant activhees

residual MTN enzyme, leading to cellular variations in enzyme activity.

2.5.1 MTA accumulation is the basis fontn1-1mtn2-1 phenotype

While our data pointed to the lack of MTA hydrolysis as being the cause of the abnormalities in
mtnl-1mtn2-1 plants the catribution of reduced MTR content could not be excluded. The
latter consideration arose from comparing the completely normal phenotype of MTR kinase

mutants (Sauter et al., 2004) with the complex phenotype of MERcient plants. Both

80



mutants are unabled salvage Met, yet MTR kinase mutants have MTR and are normal whereas
the MTNdeficient plants lack MTR and are abnormal. We tested the involvement of MTR
deficiency in the phenotype ahtnl-1mtn2-1 by introducing constitutive expression BfTN1

and MTAPtransgenes intantn1-1mtn2-1 plants. MTAP metabolizes MTA to MIR without
producing MTR. Complementation of the mutant phenotype by either transgene confirms that
the abnormal development of MT-Neficient plants is due to their increased MTA content

rather than a lack of MTR or Met salvage itself.

MTA accumulates in cells aitn1l-1mtn2-1 that are actively synthesizing PA or ;NAis MTA
accumulation is obviously both tissspecific and developmentally dependent. Wheatn1-1
seedlings are grown on sulfdeficient media supplemented with MTA, presumably all their
cells are exposed to MTA resulting in retarded shoot and root growth (Blrstenbinder et al.,
2010). We propose that these phenotypes are also due to MTA inhibition of NA and PA
synthases based othe similarity of their metabolite profiles with those ohtnl-1mtn2-

1plants

TheMTA abundance in the leaves mtn1-1mtn2-1 plants was twefold higher than in WT: 1.7

+ 0.2 pmol mgFWas compared to 0.8 + 0.1 pmol mgR\¥& WT. This change was in thersa

range as thadfmtnl-1 grown on MTA: a twdold increase in fouday-old seedlings and 15

fold increase in threaveekold plants (Brstenbinder et al., 2010). Interestingly, the MTA
accumulation in the double mutant was greater in flowers than in leavese MTN level of the
mtnl-1mtn2-1 inflorescences was 24 + 2 pmol mg E¥dmpared to 4.6 + 0.2 pmol mg F\m

WT. Thus, imtn1-1mtn2-1 plants, MTA accumulation is tissue specific. In accordance with our
MTA abundance value$assoni et al. (2000) amdhka et al. (2010) found that all PAs(Put, Spd,
Spm and Tspm) are higher in WT flowers compared to mature leaves. Thus flowers must have

an increased requirement for MTN activity.
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2.5.2 MTA bindsNA synthase, SPD synthase, SPM synthase and TSPM synthase

MTA is kown to inhibit PA synthetic enzyme activities, while increasing SAMDC activity (Albers,
2009). For example, mammalian Spm synthase and Spd synthase activities are MTA sensitive
(Pegg, 1981; Wu et al.,, 2008psilico modelling leads us to propose that MTiAhibits
Arabidopsis Spd synthase and Tspm synthase with the latter being the most sensitive. This
inhibition is likely quite dynamic since the stimulation of SAMDC by MTA theoretically increases

flux to PA synthesis and further enhances MTA production.

Barley NA synthase is product inhibited by MKA=(5 uM;Herbiket al, 199Y.We suspect that

the Arabidopsis enzyme is similarly affected given its amino acid sequence identity (46%) and
similar domains (Herbik et al., 1999). Moreover, the mutant pldrage chlorotic leaves that

are reversed by NA supplementation. Thus, MTA inhibits PA and NA synthasgatraly and
temporally dependent manner reflecting the flux through the Yang cycle and the cellular

abundance of the target enzyme activities.

2.5.3 Molecular basis of thaltered vascular developmendf mtnl-1mtn2-1

The increased venation ohtnl-1mtn2-1 rosette leaves likely contributes to the variation in
their free PA content as PA biosynthesis predominantly occurs in leaf vasculature (Pommerrenig
et al.,, 2011).Increased vein thickness of the MTN mutant rosette leaves is similar to that
reported for tkv (Clay and Nelson 2005). Since our modeling predicted that Tspm synthase
activity is inhibited by MTA, and Tspm is required for normal xylem diffetemigMuniizet al.,

2008), it was of interest to examine Tspm content. Unfortunately, Tspm quantificatian is
challenge due to its low abundance; Tspm was not detected in our system. Despite this
observation,our results lead us to believe thattnl-1mtn2-1 plants have reduced Tspm.

Aside from Tspm effects, PA catabolism may also contribute to the changes in vascular

development inmtnl-1mtn2-1.The altered PA content of the mutant(e.g. increased Put) may
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lead to increased PA oxidase activity argDH a daumented signal forincreased vascular

tissue differentiation Tisi et al., 2011). However, we did not detect increake@d, in 14d-old
mtnl-1mtn2-1 seedlings using a histochemical stain (Figure S4). Similarlygsemtitative RT

PCR of mature leaves oitn1-1mtn2-1 did not show significant changes in the transcript levels

of three representative PA oxidases (PAO1l, PAO2, PAO5) compared to WT (Figure S4).
However, further analysis is necessary to determine if PAO activities change in the mature

mutant plarts, or as a result of Spd treatments.

The vascular abnormalities oftn1-1mtn2-1 appear to be a direct effect of changes in PAT. We
base this conclusion on the similarities between then1-1mtn2-1 vasculature and the effects

of reducing PAT by naphthyliftalamic acid treatment (Mattsson et al., 1999); both sets of
plants have thick veins in their rosette leaves, andrameased number of vascular bundles in
stem sections. Ibafies et al. (2009) created a computational model for vascular bundle
developmentbased on DR5::GUS expressionnaphthylphthalamic acidreated plants and
anatomical analysis of brassinosteroid (BR) signalling mutants. Their model predictdd®éd

auxin maxima determine the spacing between vascular bundles while BR controls bundle
number. If this is the case, then our results suggest that BR signalling changes may also

contribute to the vascular phenotype aitn1l-1mtn2-1.

The question arises then, why dl5 and tkv that also have reduced PATIay and Nelson,

2005; VeraSirera ¢ al., 2010) lack the increase in vascular bundles characteristmtof-
1mtn2-1 plants? We propose that the differing phenotypes of these Tslgficient plants

reflect the degree to which PAT is inhibitetitn1-1mtn2-1 plants have less residual auxin
transport as compared witkkv (46% versus 64%, respectively). Their more severe reduction in
PAT may lead to an increase in their BR content or sensitivity causing them to have an increased

number of bundles. The modest PAT changekvr(and acl5) may notbe sufficient to trigger
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the crosstalk with BR. This reasoning is consistent with the proposal that the PAT changes in
acl5are secondary to their vascular defects (\/8ieera et al., 2010). Direct investigation of BR
content and signaling in Tspdeficient mutants is needed to clarify its involvement in these

phenotypes.

2.5.4 NA deficiency oimtn1-1mtn2-1 causes altered ion homeostasis leading to
interveinal chlorosis and reproductive abnormalities

In addition to free PAs, NA levels were significantly afféatemtnl-1mtn2-1 tissues: NA was
undetectable in double mutant rosette leaves, while inflorescences exhibited dol8.7
reduction relative to WT. This NA deficiency is similar to that ottileronervaomato mutant
(Bohme and Scholz, 1960), quadrupld Biynthase Arabidopsis mutantsaé4x2 and nas4x;

Klatte et al., 2009), and transgem@at tobacco lines oveexpressing NA aminotransferase
(Takahashi et al., 2003). All these plants have interveinal chlorosis and reduced fertility along
with reducedNA content. In all cases, this deficiency is associated with altered profiles of Fe,
Zn, Mn and Cu. Similar to the previously published reports describing mutants with decreased
NA, mtn1-1mtn2-1 plants had lower levels of all these ions in both inflorem®@s and rosette

leaves, with the exception of Mn which increased in leaves.

2.5.5 Restoration of seed set imtn1-1mtn2-1

The reduced presence of double mutants in the segregating progemyTdfl/mtnl-1mtn2-
1mtn2-1 plants is also indicative of a reproductioroplem. The double mutant was commonly
recovered from these segregating populations at a frequency oft/2/10", in contrast to

the expected 1/4. Whereas Spm synthase mutants are nospdgt1spds21 double mutants

that lack Spd (but have increas@lit content) arrest as embryos (Imai et al., 2004)n1-
1mtn2-1 mutants have a similar change in their PA profile suggesting that the distortion in the

segregation ratio of mtnl-lmtn2-1may be due to altered PA homeostasis during
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embryogenesis. The suggies that conjugated forms of Spd serve as PA reserves in seeds to
release Spd in developing tissues (Luo et al., 2009) supports this conclusion. If so, a decrease in
the amount of Spd conjugate from maternal tissues may underlie the reduced recovery of
homozygous double mutants and account for the variation in the segregation ratios of different
F2 seed populations. Alternatively changes in polyamine metabolism may affect fertilization
since mutants with reduced PAQOS3 activity have abnormal pollen tubetgr@u et al., 2010).
mtnl-1mtn2-1 mutants experience both male and female gamete abnormalities together with

mis-timing of reproductive developmental events leading to poor fertilization.

Exogenous supply of 20 uM NA, 100 uM Spd, 100 uM Spm or 50 puMnppored the fertility

of mtnl1-1mtn2-1 to a limited extentWhen each of these chemicals was supplied exogenously,
the plant need not attempt to generate these chemicals via biosynthesis. As a result the
amount of MTA generatethvivo by these biosyntheti pathways is presumably reduced and
thus alleviates the product inhibition of PA or NA synthases to improve fer#lityong the
compounds tested, 100 uNBpd was the most effectiv§pm was the least and Tspm and NA
had intermediate effects. Applicatiorf 00 uM Put, 10 or 100 uM of I1AA, or 5 uM of ACC did
not produce observable differencesThe simplest explanation of Spd recovery is that
exogenous Spd provides an increagedcursor pool for Tspm synthesis. The Tspm may induce
more normal xylem differetiation and restore sufficientransport of compounds essential for
seed development including phytohormones and metal cofactoterestingly, a recent report

by Tisi et al. (2011) shows that increased xylem differentiation and secondary wall depssition
induced in maize roots by exogenous Spd feeding. This is apparently induce@isrising

from PA catabolism. Similar® signaling may contribute to the Spd effect onin1l-1mtn2-1
plants reported here. It is alspossible that the Spd acts by anotheute aside from simply
being the precursor for Tspm or affecting PA catabolism, such as via elF5A modification. A

recent study based on pumpkin has shown that the elF5A modification occurs in companion
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cells (Ma et al., 2010) of phloem tissues wherehb®TN enzymes occur predominantly

(Pommerrenig et al., 2011)A comprehensive developmental and metabolite analysis of Spd
treated mtn1-1mtn2-1 plants will be required to elucidate the molecular mechanism underlying
the effects of both MTN deficiency ar8bd feeding. A deeper understanding of this process will

provide important insight of the long recognized link between PA and plant development.

2.6 Conclusion

Although MTNdeficient plants have a complex phenotype, each abnormal trait can be traced
back to & effect of MTA accumulation. Given the different enzyme activities inhibited by MTA
and their wide ranging contributions to plant metabolism, increases in MTA content have a

broad impact on both a cellular and developmental scale.

2.7 Data contributed by ohers.

The work presented in this chapter wageam effort of many personnel. Ishari Waduwara
Jayabahu (I\W)navigated the project, designed and conducted most of the experim&atsah
Schoor a former student of Moffatt lah who first started on this mject analysed most of the
reproductive defects of this mutant including the data presented in Table 1.1, Figure 2.5. and
Figure S2.2€. Zachary T. Hulin undergraduate student of Mdétt lab, took the lead in MTN
assays (Figure 2.2C) with the assistaof IWJ. IWJ sent the tissues harvested from plants
grown at University of Waterloo torasmin OppermannUniversitat Kiel Germanywho
determined the PA content presented in Figures 2.8A, B. Yasmin also conducted initial MTN
assays on different tissuébigure S2.1). Tissues were also send toMarkus Wirtz University

of Heidelberg Germany who determine the NA contentFgure 2.8) and Metrelated
metabolites (Figure 2.9AMTA inhibition for Tspm synthase and Spd synthaseag nodeled

by Dr. Alexander N. PlotnikovMount Shai School of Medicine, USA wisoresponsible for the
Figure 2.7
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2.8 Supplemental material
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FigureS2.1: MAN activity of various organs harvested froaw@ek-old WT plant.

(Data source: Yasm{@ppermani
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oWT oWT omtnl-Imtn2-1
dmtn1-1mtn2-1 dWT dmtni-Imtn2-1

Figure S2.2: Leaf vein pattern and pollen tube growth of mthrhtn2-1 compared to WT.

(A, B)Cleared & rosette leaf ofmtnl-1mtn2-1 mutant and WT. (B) Thentnl-1mtn2-1
shows increased vascularisation of the leaf compared to (A) WT.

(GH) Aniline blue stained images of {E) stigma and ({H) ovaries of (C, E, F, H)tnl-

1mtn2-1 and (D, G) WT. o = ovule, pt = pollen tube. WT pollen tube growth on
stigma and style ofntn1-1mtn2-1 (C, F), WT pollen tube growth on WT stigma and

style (D, G)and mtnl-1mtn2-1 pollen tube growth onmtnl-1mtn2-1 style and
stigma (E, H) are showiiSource: €H, Sarah Schoor)
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Figure S2.3: Interveinal chlorosis by Nicotianamine (NA)

(A, B)Seedlings oMTN1/mtnl-1.mtn2-1/mtn2-1 segregating seeds placed on ¥ M&ld~
MS supplemented with 20 uM NA. The (Wfnl-1mtn2-1 seedlings on 2 MS could be
readily identified based on interveinal chlorosis whereas this phenotype was not
observed, if these seedlings were (B)supplemented with NA.

(C, DDWT and mutant seedlimg identified from (A) were transplanted to fresh %2 MS
medium.

(E, F)WT and mutant seedlings identified from (A) were transplanted to fresh % MS
medium supplemented with NA. The NA eliminated interveinal chlorosis in the
mutant.
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Figure S2.4: Relatieanscript abundance of polyamine oxidises and H202 production

(A) RT-PCR 0ofPAOL, PAO2and PAO5conducted on the leaves of WT amdtnl-1mtn2-1
harvested two weeks after bolting. Among the five Arabisopsis PAO genes three
representative genes were sedted. PAO24 is distinct fromPAOland PAO5based
on amino acid sequence identity (Fincato et al., 2011). P#O1is particularly
interested as it is suggested to use Tspm as a substiateivo. The PAO2that is
expressed primarily in leaf veins (Takahaet al., 2010) was selected to represent
PAO24 subfamily. PAO5 was used as it is expressed in all tissues (Takahashi et al.,
2010).

(B-E)Detection of HO, produced by (B, D) WT and developmentally similar (C, EQay4
old mtnl1-1mtn2-1 seedlings usindAB staining. Scale bars, 4mm. No differences
were visible between WT anhtnl-1mtn2-1 staining intensities in the leaves of the
seedlings grown on (B, C)¥% MS. Seedlings that were grown (E,F) ¥2 MS supplemented
with 3-amino-1,2,4-triazole (AT), catalasenhibitor that induce oxidative stress,
served as controls and stained both WT amdh1-1mtn2-1 leaves.



Tabk S2.1Primer sequences

Primer name

Description

Primer Sequence

mtnl-1F

mtnl-1R

mtn2-1F

mtn2-1R

LBb1.3

UBQI0pF

UBQ10p blunt R

AIMTNZEF3

AtMTNZERS

AtMTN2F1

AtMTN2R1

Actin 2F

Actin 2R

gMTNZLF

gMTNZR

Forward primer for mtni
1(At4g38800); SALK_085385
Reverse primer for mtnl
(At4938800); SALK_085385
Forward primer for mtn2l
(SALK_071127)

Reverse primer for mtn2

(SALK_071127)

Leftborder for SAK lines
Forward primer for UBQ 1l
LINEY2GSN) gAdK
Reverse primer for UBQ1
LINE Y 2 ( S Mlungendi K
Forward primer to MTNI1
RTPCR

Reverse primer to MTN1 RTP(
Forward primer to MTNZ
RTPCR

Reverse primer to MTN2 RTP(
Forward Primer for Actir
(At5G09810)

Reverse Primer for Actil
(At5G09810)
Forward Primer for

MTN1

genomi

Reverse Primer for genom
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TGACGGAGACCAACTCCATAC

GAGGCTCTTCCTTTGGTCAAC

CCTTGCTTACGTGGCATAAAC

GGAAAGGGCAAAAATATATGG

ATTTTGCCGATTTCGGAAC
TAACCGGTAACGATCGTTAAATCTCA

CTGTTAATCAGAAAAACTCAGAT

GAATCGGAAGAGAGGGATAAG

ATAAAAAAGGAAGAGAACAGAAG

CAACAGATTACGCCTCGTTG

ACAGGTATTCTTCTGTCATGG

CCG ATG GTG AGG ATATTCAGC C

TGT CAC GGACAATTT CCC GTT CT!
AACCCGEE GGCTCCTCATGGAGATG

ATGGATOGTTTAAAGGTCCGAARGKET



MTN1
MTN1CD& Forward Primer for MTN: AACCCGGGATGGCTCCTCATGGAGA

coding sequence

MTN1CDR Reverse Primer for MTN ATGGATCCGTTTAAAGGTCCGAAAGC
coding sequea

hMTARF hMTAP CDS cloning ATG blt ATGGCCTCTGGCACCAC
5'end

hMTARR hMTAP CDS aling TAA blunt TTAATGTCTTGGTAATAAAACAG
3'end

PAOL RE Forward Primer For PAO1 TTATTGGCCTTCACCGAGTC

PAOLRR Reverse Primer For PAO1 GGAGACGCGTTAGCTATTTCA

PAO2 RF Forward Primer For PAO2 - A 6 cTTGCCAAAGACATTGA

PAO2 RR

Reverse Primer For P2 AAACGATCCGACACGAGAAT

PAOS5 RF Forward Primer For PAOS -~ 5 \ GGATTCCGAGTTTAGG

PAOS RR Reverse Primer For PAO5  TTCTCTAAACACATTACCCCAAAA
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Chapter 3: Dissecting the complex phenotypes associated with 56

methylthioadenosine nucleosidase deficiency

3.1 Overview

p -@ethylthioadenosine is a byproduct of polyamine, nicotianamine and ethylene
biosynthesis, which is recycladto Met by p -@ethylthioadenosine nucleosede (MTN). In
Arabidopsis, MTN is encodeby two genes: AtMTN1 and AtMTN2 Mutants that have
disruptiors in both of these gendsavepleiotropic developmentaldefects, including abnormal
vasculature and reproductive problemsThe goal of this research was to defirtee
fundamentalabnormal trait associated with reduced MTN activitfo this end,a series 6
MTNdeficient lineswith differing residual MTN activityvere developedising two approaches:
crossing differenMTN knockdown single alleles and creating transgenic littest expressan
artificial microRNAami) againstMTN2in an mtnl1-1 background.The single IDNA insertion
mtn mutants used for the crosses wenetn1-1 (SALK_085385mtn1-2 (GK_568C06.)8mtn1-

4 (SALK_088213@ntn2-1 (SALK_ 071127mtn2-2 (GK_845B0F and mtn2-5 (SALK_022530
Thefollowing lines were generatefl) mtn1-4mtn2-1, (2) mtnl-Imtn2-1, (3)mtn1l-1mtn2-5, (4)
ami5.3, and (5) ami2.8The complete lossf-function MTN mutant, mtnl-2mtn2-1, was
embryo lethal Based on an analysis of theatomy and developmerdf these lines, threavith
distinct phenotypes were selected for @éed study: mtnl-1mtn2-5, mtnl-1mtn2-1, and
ami5.3. They were furtheassesse@nd compared tahe WT with respect to their MTN activity
and Metrelated metabolite contentTher residual MTN activitgorrelated withthe severity of
their phenotype. The mtnl-1mtn2-1 has only 14% of the MTN activityand havea complex
pleiotropic phenotype while mtnl-1mtn2-5 with 28 % of the MTN activity of the Whas a
delayed transition to flowering (bolting) along with the xylem proliferation defects associated
with mtnl-1mtn2-1. The ami5.3 linewith 16 % MTN activity, is phenotypically similar to

mtnl-Imtn2-1 and shares delayed bolting, xylem proliferation defects, and delayed
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senescenceBased on these analyses we chuile that the delayed bolting ithe fundametal

trait associated MTN deficiency.

3.2 Introduction

p -@ethylthioadenosine nucleosidde MTN, EC 3.2.2.16) activity essential for the hydrolysis

of methylthioadenosine (MTA), which is generated in plants by means of three essential
biochemical pathwayspolyamine (PA), nicotianamine (NA), and ethylene biosynth&gigire

3.1). Phenotypic analysis of mutants with disruptions in the genes that encode the enzymes
involved in these three pathways has revealed the critical roles ofigekescine (Put),
spermdine (Spd), spermine (Spm), and thermospermine (Tspm)], NA, and ethylene in plant

growth and development.

Analysis of Arabidopsis PA biosynthesis muddwats showrthat Put and Spdre essential for
plant survival and growthhecause knocking down manyf the PA biosynthesis pathway
components leads to embryo lethalityn this pathway, sginine dearboxylase(ADC; EC
4.1.1.19) converts arginine to Put andbsequently to Spd by means $pd synthas¢SPDSEC
2.5.1.16;Figure 3.1) Spd is catalyzed tother Spm or Tspm via Spm synthase (SPBAS;
2.5.1.22) and Tspm synthase (ACEG2.5.1.79), respectivel\sadenosylL-methionine (SAM)
decarboxylase (SAMDE&C 4.1.1.50) provides the aminopropyl group necessary for the
conversion of Put to Spd, of Spd 8om, and of Spd to TspnRouble rutants of ADC
(adcladc2 Urano et al, 2005),Spd synthasesspdslspds2imai etal., 200d), and SAM
decarboxylase samdclsamdc4Ge et al, 2006) showlethality at the embryo stage. The
involvement of Tspm in vascularedelopment has been revealed through the study of
ACAULBs(ach) mutants Hanazawa et gl1997 VeraSirera et al., 2010ACL%encodes Tspm

synthase, which is expressed in vascular tissues (Clay and Nelson, 2005), specifically in the
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xylem vessel elemés during xylem differentiation (Muiiiz et al., 2008). @it mutation in

ACL3eadsto dwarf plants with short internodesa¢l5,

Ethylene

ACC : L- Ornithine i L-Arginine
oxidase | i o ADC1ar2ci8300
ACC | Otnithine I Arginine ADC 2areca4r10
ACST amgsisie  ACST aracasan | | decarboxylase .
ACS2 atrcoresn ACSE aracarrmo | decarboxylase I ; adetade?
e SAMDC 1amsozero | | Agmatine
ACS3 amsczasen  ACSI aricaaroo h . SAMDC2 | 1
ACS4 arzczzse ACS10 arigsssse | 7708 SAMDC32 : I
ACSS arscessor ACST1T arscosndo SAMDCA atsatssso | _ _ _ _ ___ " | ’/
ACS6 aticiizen  ACST12 SAM Put
acs ocfuple decarboxylase _ - Spd SPDS1ar1ez020
SAM somdcisamdcd = DCSAM —-l synthase  SPDS2arieroso
NAST arscossse P
NAS2 arscsaoso NA spdsispds2
NAS3T arigoszap | SYNEhose Spd
NAS4 aniessao
nas4dx-1
nasdx-2 NA
: NA : Spm ACLSarsciasao
1 aminotransferase | SPDS3arsasa synthase ynthase acls
1 | thv
: 2-deoxymugineic : Tspm Spm
1 acid I
| (phytosiderophores) |

Figure3.1: Pathways affected by MTA accumulation

The PA (Put, Spd, Spm, and Tspm), NA, and ethylene biosynthesis pathways share SAM as
a common precursor and produce MTA as aprpduct. Thedifferent gene isoforms of
MTA-generatng and Putgenerating enzymes, their gene ID numbers, and the Arabidopsis
mutants (orange) that exhibit these disrupted genes are shown. The boxed reaction does
not occur in Arabidopsis.
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Hanazawa et al 1997) along with altered secondary vascular devphoent that completely
lacks pitted xylem vessel elements and xylem fibres (Mufiz et al., 2008). Based on these
observations, it has been proposed thEgpmprevents the premature death of the developing
xylem vesselsMufiiz et al., 20®). It has also beeshown thatTspmtranslationally activates
SAC51which encodesa basiehelixloop-helix pHLHtype) transcription factor(Imai et al.,
2006) generally involved in the regulatory transcriptional programs (Te@dia et al., 2003).
Thickvein(tkv), another mutant of ACL5has small leaves with thicker leaf mid veins due to an
increased number of xylem (xy), phloem (ph), and cambial cellsbdd&mutant, which has a
mutation in SAM decarboxylase 4 aldsplays enlarged vascular systems in inflorescences
roots, and petioles (Ge et al., 200®n the other hand, thespmsmutant, which is defective in

its synthesis of Spm, shows WT morphology under normal growth conditions (Imai et al.,
20047). Takenas a whole, the evidence indicatdbat Put and Spd aresssential for

embryogenesisindthat Tspm is essential for proper vascular development.

Plant lines deficient in NA content have been created either by mutagenizing NA synthase (NAS;
EC 2.5.1.43) genes or by introducing a transgene that metabolizes emology NA Takahashi

and hiscolleagues (2003) createdtabacco line that constitutively expresses a barley gene for
encoding nicotianamine aminotransferase (NAAT; EC 2.6.1.80), which converts endogenous NA
into a nonfunctional product, resulting in undettable NA content. The Ndeficient
chloronervatomato mutant has a point mutation in its single NA synthase gene (Bohme and
Scholz, 1960) whereas timas4x2 mutant of Arabidopsis has mutations in all four NA synthase
isoforms (Klatte et al., 2009)All of these lines have the altered metal profiles that are

associated with interveinal chlorosis and reproductive abnormalities.

Tsuchisakat al. 009 describe a series of ethyleseficient Arabidopsis mutants created by

multiple genetic crosses betwegioint mutants in each of the ningenes(ACS1ACS2ACSH®,
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and ACS1] In these mutants ethylene is synthesized from SAM in two steps in which the
catalysts are aminocyclopropatiecarboxylic acid (ACC) synthase (ACS; EC 4.4.1.14) and ACC
oxidase (ACO;(E1.14.17.4), respectively. Eagingle ACS mutarttas aWT phenotype while

the higher ader mutants (pentuple, hexupleheptuple or octuple) have an array of
abnormalities. The knoetiut of all nineACSactivitiesresulted in embryo lethalityThe octupé

ACS mutanhasa lowerethylene productiorthan the pentuple, hexupleor heptuple mutants

and shows delayed senescence.

PA, NA and ethylenedeficient mutant analysis led to the discovery of the connection of these
metabolites to a specific phenotyp&ut or Spd with embryo development andgpm with
vascular developmentNA on the other hand, is responsible for ion transport and seed
production, and ethylene affects many aspects of growth and development, including

senescence.

The MTN-deficient double mutant, mtn1l-1mtn2-1, with disruptions in both its genesV[TN1
(At4g38800) andMTN2(At4g34840)] has only 14 % of the MTN activity present in WT (buds)
and two-fold to fivefold higher MTA content (Chapter 2). MTA is known to product inhibit the
enzymes that catalyze the biosynthesis of PA, NA, and ethylene in plattsr§, 2009Hyodo
and Tanakal986; Herbik et al, 1997 Chapter 1)Changes in MTA metabolisthus have the
potential of impacing a vast number of processemcluding PA, NA, and atlene biosynthesis
and the developmeral programs they coordinateln agreement with this assessment is the
fact that mtn1-1mtn2-1 is deficient in NA content with altered PA profiles: increased Put with
decreased Spd and Spi@hapter2). This mutant, whiclalso haseduced auxin trasport and
altered auxin maximashows apleiotropic developmental defectsincluding delay in the
emergence of the inflorescence stem (bolting) along with defects in reproduction and vascular

development Burstenbinderet al.,2010; Chapter 2). Thentn1-1mtn2-1 is sterile, withdefects
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in both male and female reproductiv&ructures The male defects include abnormal and non
viable pollen production with indehiscent anthers, and the fenraleroductivedefects include
improper ovde maturation. The vascular defects in the leaves are evident as thickevemsd
each with increased xylem and phlogmoduction The stems have an increased number of
asymmetrically arranged vascular bundles thw&ck to the altered auxin maximarlhus,an
understandingof the role of MTNin plant development requires the dissection of the complex

phenotypes observed in thetnl-1mtn2-1.

In this study, an allelic series ®iTN-deficient lines with variable phenotypes and MTN
activities were comprehensdly examined in order to identify and investigate fwemarytraits

in order of manifestation that result frofTN deficiency.
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3.3 Methods

3.3.1 Plant materials and growth conditions

All of the MTNdeficient lines were first germinated on % MS media aftee surface
sterilization ofthe seeds and inculieon at 4xCfor 48 h. After 14 d, 10 seedlinff®m all eight
lines includingthe wild type (WT ecotype Columbia were transplanted to soil and grown

under standard long day conditior§:h dark (2%¥C) and 16 h light (2&).

3.3.2 Plate and so#based growth assays

Sterilized seedswere placed on ¥2 M8nd the growth and developmeial stages ofall MTN
deficient lineswere compared to those of th&/T using platdbased growth assays and soil
basedgrowth assays conducted as detailed in Bogeal (2001). For the platdased assay

the time taken for the radie to emerge (stage 0.5), the cotyledons to open (stage 1), and the
first set of true leaves > 1mm to be produced (stage 1.02) was recorded (usually a period of 14
days). These seedlings were then transplanteddib for the soilbased assay. For this assay,

the number of leaves, the percentage of plattie inflorescence stemesf whichhad emerged,

and the time taken for the first rosette le#tiat turnsyellow was recorded. Mature plants were
used to determine tk final height, the number of cauline nodes, the number of cauline
branches, the number of first order rosette branches, and the number of second order rosette

branches.

3.3.3 Generation anddentification of the amiRNAMTN-deficient mutants

With the use of MiobRNA Designerhitp://wmd.weigelworld.org), a specific amiRNA was
designed to target on)ITN2. The amiRNA was generated by using four priraef@MTN2I-IV
(Table S3.2) and a pRS3dfdked vector as a template (Schwat al., 200§. The amplified
amiRNA fragment was cloned intike EcdrfBanHlI site of pSAT4These constructs were then

transferred into the 4Scé site of the pPARCS2 binary vector to enable plant transformation, as
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detailed in Chapter 2The T1 seedsvere screened by spraying with067 % (v/v) (40 mg/mL)
herbicide glufosinate ammonium (Basta; Wiped&wm Wilson Laboratories Inc.; Dundas, Canada)
daily after true leaf emergence; the presence of the amiRNA was confirmed in the resistant

plants by PR with pSAF with amiMTNZAV primers.

3.3.4 Developmentof double-mutant lines

The mtnl (mtnl-1, mtnl-2, mtnl4) and mtn2 (mtn2-1, mtn 2-2 and mtn2-5) homozygous
singlemutants were crossedand the resultant Fprogenywere screened for double mutants
by PCRusing left border and genspecific reverse primers and a second reaction with two
flanking primers Homozygousmtnl-4mtn2-1, mtnl-1mtn2-5, and mtnl-1Imtn2-1 lines were
identified by means ofPCR amplificationsingprimers listed in Table S3.Zhe TDNAinsertion
genomiclocation was confirmed by sequencing the resultant PCR produitis left border

primers @ata not showi.

3.3.5 Screening for MTMleficient double mutants

For some allele combinations)tn double mutants were not obtainedfter screening> 100F2
plants (e.g. mtn1-2mtn2-2) andin some cases, the recovery rate of the double mutant was
much lower thanthe expectedbased on simple Mendelian segregatif:g., mtnl-1mtn2-1).

To analyze the genotypes of the progeny in these caspfard that was ggregating progeny
for only one mutant allele was identified from pdpulationsand used for further analysis
Using light microscopy, the seeds in three $eifilized F2stage 17Isiliques from these plants
were compared visually with those from delepmentally matched WT siliqueis order to
determine thepercentages of aborted ovulesll of the seeds from the three siliques from each
of these mutants were then germinated and the $&&dlings genotypethrough PCRn order

to determine the segregatioratio. All of the seeds from a replicated set of three siliques were
Ff&a2 Of SFNBR Ay | 28SNRa az2ftdziazy o6on 3 3Idzy
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water; Truernit et al., 2008 to enable the detection of wholemount embryos using ligh

microscopy.

3.3.6 Microscopic analysis

Freehand stem crossections of all of theMTN-deficient lines were stained witld.1 %
Toluidine Blue O (TBO) and observed using light microscopy. The stage 17b siliques were
placed individually onto the surface of ddaetsided tape which had been attached to slides.
After the valves were gently removed with fupeint tweezers, the seeds were observed with a
dissecting microscope and their contents scored according to the number of normal seeds,
abnormal seeds and unfelized ovules. Theealeloping seeds/ere placed in Hoyessolution
overnight. The dides were viewed using Zeiss Axiovert 200M microscope with differential

interference contrast opticand Axiovision Rel. 4.&®ftware.

3.3.7 MTN assaynd measurement of M'A and NA

TheMTAactivity of the crudeprotein extracs from the unopenedioral buds ofmtnl1-1mtn2-5,
ami 5.3, mtn1-1mtn2-1, and the WT was determined using a spectrophotometric assay, as
described in Chapter 2. HPLC methods were used to measufdTheand NAcontentsin the
rosette leaves and inflorescences witn1-1mtn2-1, ami5.3,mtn1-1mtn2-5, and the WT, as

described in Chapter 2.
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3.4 Results
3.4.1 Mutant generation

3.4.1.1 MTN1andMTN2T-DNA double mutants

MTN-deficient single mutants were selected from either eth SALK collection
(http://signal.salk.edu/cgbin/tdnaexpress; Alonso et al., 2003r the GABI collection
(http://www.gabi-kat.de) based on the flanking sequence data providédur of theMTN
deficient single mutantsnftnl-1, SALK 085385, -0ONA insertionin the third intron mtnl-2,
GK_568C06,-DNA insertion in the sixth expmtn2-1, SALK _071127;0ONA insertion in the
fourth exon mtn2-2, GK_845B05,-DNA insertiorin the fourth exor) are phenotypically WT in
standard growth conditionsBirstenbinderet al., 2010. However, themtn1l-1mtn2-1 double
mutant showed pleiotropic phenotypes. To generate Md@icient double mutants that have
phenotypes less severe from those of tmén1-1mtn2-1 mutant, two new MTMNdeficient single
mutants, mtn1-4 (SALK_ 088215 b ! Ay & S NI A 2 ghd mty2-5 (BALE 022810-! ¢ w
DNA insertion in the promotgr were crossed with the existingitnl-1 and mtn2-1 single
mutants Figure3.2, Table S3.1). Two neMTN-deficient double mutants were reogered:
mtnl-4mtn2-1 and mtnl-1mtn2-5. The genotypes ofthese mutants were confirmed by PCR
using genespecific and left border primerd-igure S3.1, Tables S3.2, SR&peated attempts

to recovermtn1-2mtn2-2 failed.

3.4.1.2 MTNdeficient artificial micoRNA (amiRNA lines

Using the oligonucleotide sequences generated bweb MicroRNA Designer
(http://wmd.weigelworld.org Schwabet al, 2006),several unsuccessful attempts were made
to engineer MTNdeficient amiRNAlines targetedat both MTN genes Several lineshat

expressed an amiRNA targeted MITN2in an mtn1-1 background were ultimately created.
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Based on a preliminary analysis of 15 lines, two (ami2.8 and ami5.3) that shared some traits in

common with themtn1-1mtn2-1 plants were selected for further analysis.

3.4.2 Detailed analysis of thentn1-1mtn2-1 mutant phenotype

To establish the phenotypic extremes MiTN deficiency, themtn1l-1mtn2-1 mutants that had
the strongest phenotype compared to those of the WT werst fanalyzed. Thentn1l-1mtn2-1
mutants exhibits a slight delay (less than a day) in radicle emerg@nowith stage 0.5as
described in Boyest al, 2001 Figure S3.2A) and cotyledon openifggowth stagel.O, as
described in Boyest al.,, 2001, FigureS3.3). Themtn1l-1mtn2-1 mutants hal shorter roots than
WT (Figure S3.3Bwhich may be a consequence ibfe delayed emergencef their radicles.
These mutants also exhibit deky development of their first true leaves, which have
interveinal chlorosisasdescribed inChapter 2 Another phenotype that was observed the
same growth stageof mtnl-Imtn2-1 plants was their defectivéeaf cuticle. Thidrait was
assayedusingthe rapid visualization method described by Tanaka le{2004). In this simple
method, leaves with cuticle defects l@ue purplewhen stained with TBO which is excluded by
the waxy surface of WT leaves (Figure S3@) AJsing this test, e mtnl-1mtn2-1 mutant
adaxial rosette leaf surface stained purpleg(re S3.4Bsimilaty to that of a mutant with
previoudy documented cuticle defectdiddlehead fdh-13; Fig S3.4CThe mtnl-1mtn2-1 was
classified as having a patchy cuticle defect (class Il) based on the sdeeeieped by dnaka

et al. (2004). As exgcted WTdid notexhibitan evident staining patterrFjgure S3 A).

As the plants matured into the vegetative phaske mtnl-1mtn2-1 mutants generated an
increased number of thick, longarrow brittle-textured dark green rosette leaves compared to
the leaves of the WT plant&igure 3.3FigureS3.D, B. Boththe mtnl-1mtn2-1 and the WT
plants developed five juvenilevegetative phase rosette leaves with round margiasd

trichomes oty on their adaxial surface Next vegetative leaves developed witerrated
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margins and trichomes present on both surfaces. Wtal-Imtn2-1 plantsgrew 7 = 1 adult
vegetative phase rosette leaves as compared ttte 4 + 1 vegetative phase rosette leaves

produced bythe WT.

\."._‘mtn1'4._,": - e » "‘-.,_mtn‘f-Z'_.""
mtn2-5 7 Smtn2-1 ¢
=1 B }—{ & }—&5] (&6 ] &} [ & I
A mtn2-2>,

Figure3.2: Gene structure of MTN genes

Gene structure of MTN1 (top) and MTN2 (bottom) showing thBNA insertions for-1,
1-2, 1-4, 2-1, 2-2 and 2-5.
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=== ami 5.3
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Figure3.3: Total number of rosette leags of MTN-deficient lines.
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Themtnl1-Imtn2-1 plants produced 12 + 1 adult rosette leaves without petioles compared to
the WT production of 2 £ 1 at bolting. Both adu#igetative phase rosette leaves and adult
reproductivephase rosette leaves contribaitto the overall increased number of leaves evident
in the mtn1-1mtn2-1 mutant. As described in Chapter 2, thesgnl-1mtn2-1 rosette leaves
have an increased vasculature, with thickeid veins due to the increased xylem proliferation.
(N = 58).

In the reproductive phase, 1days after germination50 % of theWT population reached
growth stage 5.10 (Boyest al, 2001) which occursvhen the first flower buds are visible
(bolting). It is notable thatformation of the frst flower buds was delayed in thetnl-1mtn2-1
mutant by six days and that, because of individual variation, six weeks were required for the
entire population to transito the flowering stageKigure 3.4, B). Compared to the WT plants,
the mature mtn1l-1mtn2-1 plants were shorter and bu$ier with enhanced shot branching
(Figure 3.3, . The mutant plantsemainedshorter than theWT ones at each developmental
time point up to 40 days after sowings indicated by the height of the primanmyflorescence
(Figure 3.4A). However, since tineutant plants contiued to increase in height and show
delayed senescence, they reached a final height ot28cm versus the 24 cm height of the WT
plants at maturity(Figure 3.5A, B)

Arabidopsis has two types of nodes that produce foter branche: cauline nodes, located
on the primary inflorescence stem, and rosette nodes, located on the hypocotyl.urhieen of
cauline nodesvas 3 * 1 foboth mtn1l-1mtn2-1 and the WT plants, with a similaumber of
first-order branchesarising from the primary inflorescencestem. On the other hand, the
number of firstorder branchesproducedfrom the rosette nodeswas greater in the mtnl-
1mtn2-1 plants than in the WT plants (Figure 3.6Bpreover, in themtnl-1mtn2-1 plants an

increased number of secorarder krancheswere also producedfrom the firstorder rosette
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branches. Theoverall increase imumber ofbranchesproduced a bushy shoot architecture in
the mtn1l-1mtn2-1 mutant (Figure 3.5D)At times, two or more cauline leavesoge from the
same cauline nodand two ormore firstorder branches grew out from the same cauline node
which are indicions of abnormal phyllotaxy. The firstder cauline branches or the secend
order rosette branches ahe mtnl-1mtn2-1 mutant were most commonly fascinatedith the
axillary cauline leave&igue 3.6G). Occasionally, the branches of these1-1mtn2-1 mutants
became extremely thick and flattened (Figure 3.8Mhen compared to WT inflorescenciée
mtnl-1mtn2-1 inflorescences also had altered phyllotaxy witteformed flowers. These
mutants were also sterile due to poor ovule development and irregular microsporogenesis,

resulting in reduced fertilization efficiencglfapter 2.

In keeping with the delay in many of the developmental stages, the time to senes(stage
9.0 in Boyes et al. (2001) was also delayed. On average, 50 % of thami&Treached this

stage 43 days after germination whereas then1l-1mtn2-1 plantstook 48.5 days to senesce.

One phenotypeexhibited inboth the vegetative and reproductive stagegas organtwisting.
This was observed iamost all organs omtnl-1mtn2-1 plants whichwere twisted to some
extent (Figure S3.5)the hypocotyl, reette leaves, stems, flower parts (pedicels, stigmas,
anther filaments), siliques (stage6), and roots. The twistingbservedwasvery subtlein the
vegetative phase but bame more pronouncedipon thetransition tothe reproductive phase.

In each organthe twiding occured at random locationswith an unfixed handedess For
example, alonghe length ofthe anther filamentshown in Figure S3.5Nhe epidermal cell files
are arrangd in both right and lefthanded directions: towards the anther, the céles were
twisted in a righthandeddirection while towards the lament base the files/ere arranged in a

left-handed direction.
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Figure3.4: Delayed bolting phenotype oMTN-deficient plants

(A) Primary inflorescencstems at 20 days after germation

(B) Percentage bolted over a period of six weeks (N = 15 for WT and ami2.8; N = 30 for all
other genotypes.

(C) Number of leaves at the time of boltingDifferent letters indicate the tatistically
significant variations. Means were compared using an independent samjibstt
Average = SD. (N =8).
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The pleiotropic developmental defects in th&nl-Imtn2-1 mutant arebelieved to be dudo

the binding of accumulated MTA to Spd synthase, Tspm syntmashown in the present work
(Chapter 2. Similarly, MTA binding is also repoted for NA synthase (Herbik et al., 1997) and
possibly ACC synthaddyodo and Tanakd 986. Thus, MTA binding of these enzymes inhibit
their activities. Some of the traits observed in this mutant are ntyeaecondary effects. To
determine the fundamental primary target affected by MTA deficiency, phenotypes that could
be traced back to a specific enzyme activity that is affected by WM& examined in less
severe MTN-deficient mutants. The following repsentative phenotypes were investigated:
embryo lethality and bolting time, which were interpreted Spedeficient phenotypes; stem
vasculature defects, which were attributed to Tspieficient phenotypes; interveinal chlorosis
and limited seedproduction, which were considered to be Ndeficient phenotypes; and

delayed senescence, an ethyledeficientphenotype.
3.4.3 Variations in the PAelated phenotypes and the degree ®fiTN-deficiency

3.4.3.1 Embryo development

Spd is essential for emhyydevelopment (Imai et 3120041, so the progenies of three different
F2populationsthat segregatedor onemtn allele (i.e., heterozygous famtnl and homozygous
for mtn2, or vice versg were genotyped by PCR. Aletseedsf the individual siliques were
germinated on 2 M$ ard the F2 progeny were genotyped. Thatnl-4mtn2-1 and
mtnl-1mtn2-5 double mutants were recovered froie corresponding Fpopulationwith an
expected frequency of 1/4™ (Table 3.1) However mtnl-1mtn2-1 double mutants were
recovered at a lower than expel frequency of 1/f (Table 3.1). In the Fprogeny of
mtnl-1mtn1-1/MTN2mtn2-1, 25 % of the seedlings werexpectedto be double mutants, but
only 14 %of theseseedlings wereonfirmed to be mtn1-1mtnl-1 and 6%did not germinate(N

= 3 siliques from Blants) The frequency othis mtn1-1mtn2-1 double
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mtn1-1mtn2-5 | Fmtng-1mtn2-1

e

Figure3.5: The mature phenotype oMTN-deficient lines.

(A)The WT, (Bntnl-4mtn2-1, and (C) ami2.8 senesced earlier than the (Dthl-1mtn2-

5, (E)ami53, and (Fntnl-1mtn2-1. The fully matured green siliques were observed in all
lines exceptmtnl-1mtn2-1. The close up images of primary inflorescences show the
relative abundance and lengths of the siliquesmtnl-1mtn2-5 and ami5.3 compared to
those of he WT andntnl-1mtn2-1.
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mutant recoverywas significantly different from the 1/ that was expected based on chi
square analysis {=5.9; df = 2 P = 0.05)Themtn1-2mtn2-2 mutant with FDNA insertions in
exons of bothMTN genes was not identified even after > 100 F2 seedlings were genotyped.
Thus, we concluded tham the lines tested, embryo development is reducedninl-1mtn2-1,

whereasmtnl1-2mtn2-2 is embryo lethal

Themorphology ofthe seeds produced from the sgtiollinated MTN1mtnl/mtn2mtn2plants
was analyzedisingmicroscopic observation of dissected stage {3myth etal., 1990 siliques.
In agreementwith the expectal double mutant recoveryrom the segregation analysighe

MTN1mtnt4/mtn2-1mtn2-1 and MTN1mtnt1l/mtn2-5mtn2-5 siliques containedarge green
seedssimilar tothose in theWT siliques(Figure 3.7A)The MTN1mtntl/mtn2-1mtn2-1 siliques
contained 8 % (N 8&-10 siliques from each of 4 plants) aborted ovules along withiX¢seeds

(Figure 3.7A).

Table3.1: Segregation anabis ofthe MTN1mtnl/mtn2mtn2 T-DNA alleles

Chisquared values were calculated for thexpected segregation ratio Satistically

significant deviation (P > 0.05) frothis ratio is indicated byan asterisk(*).

Total Homo Het Homo Non¢ L2
(/-) (+/-) (+/+) germinated  'hypothesis)
seeds

MTNImtn1-4/ 420 115 199 106 0 1.54
mtn2-1mtn2-1 (1:21); N=9
MTNImtn1-1/ 252 65 129 58 0 0.53(1:2:1)
mtn2-5mtn2-5 N=6
MTNImtn1-1/ 69 10 33 26 8 7.55*
mtn2-1mtn2-1 (2:2:1) N=3
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Figure3.6: Shoot architecture of the mature plant or architecture of theature plant shoots

(A) Height of the primary inflorescence over a period of eight weeks

(B) Number of first and second order lateral branches arising from rosette nodéshe
cessation of flower productionafter 4546 days after germination for WT andtar 84
days after germination formtnl-1mtn2-1 (N = 3Q Error bars represent Standard
deviation).

(C)Diagram of primary and secondary rosette branches.

(D-E) Rosette branches of th€éD) WTcompared to those of the(E) mtnl-1mtn2-1. The
first-order rosette branches (double arrowheads) that arise from the rosette nodes
subsequently give rise to many secowndder rosette branchesgingle arrowheadgin
the mtnl-1mtn2-1 mutant.

(FH) Representative branches of WT amttn1-1mtn2-1 shoots. In the (F) WT plantshe
first-order rosette branch axil with a single cauline leaf gives rise to a single lateral
branchwhereas in the (Gintnl-1mtn2-1 mutant an axil may have many cauline leaves
(asterisks)and gives rise to many lateral brancheshich areindicative of alered
phyllotaxy. The cauline leaves of thetnl-1mtn2-1 are often fasciated to the rosette
branches(double arrowhead); occasionally, (H) stems are fasciated and generate flat
structures.
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To determine whether the embryos in the WiKe seeds in theMTNImtn1-1/MTN2-1mtn2-1
siliqueshad developmental defects, all of the seeds from 10 stage 16 and 17b siliques were
cleared and observed. In the WT plants, seeds devslophronously within each siligue
resulting in similar stage embryos within an individadilque (i.e., stage 17b siliques contain
100 % mature embryos (Figure 3.7B, D).

However, in theMTN1mtn11/MTN2mtn2-1 plants, embryos at different stages (i.e., stage 17 b
siliques contained topedstage embryos among the majority of matugebryos Figure 3.7C]

or developmentdly delayed samatage embryos [Figure 3.7E{gere observedThe proportion

of defective embryosvas in agreementvith the expected doublenutant frequency(1/16™) of

the total seedsin each silique. However, based on the segregaanalysis, the 6 % (Table 3.1)

of seeds that did not germinate suggest that some of these embryos were arrested and unable

to develop into a seedling.

In summary, the F2 populations of MTNImtnl1-4/mtn2-1mtn2-1 and MTNImtn1-1/
mtn2-5mtn2-5 (or mtn1l-1mtn1-1/MTN2mtn25) segregate in the expected Mendelian ratios
whereas F2 populations ohtnl-1mtn1-1/MTN2mtn21 segregate fewer homozygous double
mutants than expected. Detailed analysis of the seeds and embrybsIdfl-1mtnl-1/mtn2-
1mtn2-1 suggest that mostikely these heterozygous plants have fertilization defects similar to
thosedescribed fomtn1-1mtn2-1 (Chapter2), but to a lesser degree. In contrastttee general
observation that 100 % of the ovulesnmnl-1mtn2-1 are unfertilized, only ~8 %, (Table S3.4)
of the ovules in these plants are unfertilized. In a group of fertilized ovules that gave rise to
developmentally delayed embryos, ~ 6 % did not germinate mtol-1mtn2-1 seedlings. Of

the MTN-deficient lines tested, only F2 populations of thTNImtnl/mtn2mtn2lines have

developmental defects in the embryo.
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MTN1Imtn1-4 MTNImtn1-1 MTNImtnl-1
/mtn2-1mtn2-1 /mtn2-5mtn2-5 /mtn2-1mtn2-1

MTNImtnl-1
/MTN2mtn2-%--

MTNImtn1-1
/MTN2mtn2-1

Figure3.7: Leaf vein pattern and pollen tube growth of mtrlmtn2-1 compared to WT.

(A) Images showing normal seeds of the WMTN1Imtnk4/mtn2-1mtn2-1, and
MTNImtnt1l/mtn2-5mtn2-5 LJt I yGa | yR | 02 NIMIRImhHAxinE-2 0 mo
Imtn2-1.

(B-E) Embryos within cleared seed¢B, C)stage 17b siligues an{D, E)stage 16 siliques
of (B, D)the WT and (C, E) thMTNImtn:1l/MTN2mtn21 plants. In WT siliques
only one stage of embryos were pbserved: mature embryos at silique stage 17b and
heart stage embryos at silique stage 16. On the other hand the some of the
embryos of MTN1Imtn:1/MTN2mtn21 were delayedas indicated by asterisks (*).
Scale bars = 25 pm
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3.4.3.2 Delayed bolting

The next step was to determine the effect on bolting of the MiIgficient mutants. The first
floral buds were visible at the rosette apex 16 days after germination (DAG) in the WT, 18 DAG
in both mtn1-4mtn2-1 and ami2.8, and 21 DAG mtn1-1mtn2-5, mtn1-1mtn2-1, and ami5.3.
Inflorescence stems emerged in 100 % of the Wiahtp at 21 DAG, while the ami2.&tnl-
4Amtn2-1, andmtn1-1mtn2-5 reached 100% seven days later (28 DAGY the mtnl-1mtn2-1
population reached 100 % at 59 DAG. At that time, only 70 % of the ami5.3 had bolted. All
MTNdeficient lines thus showed delayemmergence oinflorescencestems compared to the

WT. In generah tight correlation exists between the time to flower and the total number of
leaves (Koornneef et al., 1991and thereforeit was important to determine whether a
correlation could be obseed between the number of leaves produced and the onset of
flowering in the MTNdeficient plants. At the point of transition to flowering the WT plants had

11 + 1 rosette leaves while all the other M-Oificient mutants had a v&ble number of leaves
(Figure 3.4C). The number of the leaves witn1-4mtn2-1, ami2.8, andntn1l-1mtn2-5 did not

differ significantlyamong each othebut were significantly different from those of thatn1-
Imtn2-1 (24 £ 2) and ami5.3 (29 + 3). The time for the inflorescenem ¢b emerge, a
common traitacross all the MTHeficient lines, was correlated directly with the number of

rosette leavesas expectedwith a correlation coefficient of 0.97.

3.4.3.3 Vascular defects

Tspmdeficient mutants tkv/acl5) have very thin stems with seveyelincreased xylem
proliferation (Hanazawa et al., 2000; Clay and Nelson, 2005). Increased xylem proliferation has
also been documented in the stems of th@nl1l-1mtn2-1 mutant (Chapter 2 compared to the

WT, but less severehhan in thetkv. The stem vasculature of theITN-deficient lines was
therefore analyzed in order to determine how the vascular defects vaifegu(e 3.8-0. A

closer comparison of the vascular bundles showed thitl-1mtn2-5 andami5.3had
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mtnl-4mtn2-1

mtnl-1mtn2-5

B WT  mtnl-4mtn2-1 ami 2.8 mtnl-1mtn2-5 ami5.3  mtnl-1mtn2-1

Number of Vascular bundes cm?

\/\',rT mini-4 ami28 mint-1 ami53  mini-1
min2-1 min2-5 min2-1

Figure3.8 Vascular phenotype oMTN-deficient mutants/lines.

(A) Representative stem crossections of inflorescence stems taken-32m above the
base from all six lines two weeks after boltingcale bars 50 m

(B) The most poliferated vascular bundle of each stem secti¢white boxes in Awas
enlarged to enable comparison of the vascular tissues between the lines. The yellow
dotted line indicates the location of the cambium, which generates phloem (ph)

toward the stem epidemis and xylem (xy) toward the stel&cale bars 150 pm

(C) The number of vascular bundles per unit area was calculated from esestonal
images that were magnified 15 fold. Theame letters indicate the significant
differences (P < 0.05). Valueseamean + SD. (N =4&).
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higher levels ofxylem proliferation than the WT (Figure 3.8B but lower levels than
mtnl-1mtn2-1. In contrast, the extent of xylem proliferation imtnl-4mtn2-1 and ami2.8

remained comparable to that of the WT (Figure 3.8B).

In addition to their increased xylem, the stems of the Md#&ficient lines also differed in
thickness, and the number and the asymmetrical arrangement of vascular bufaiesg

3.8A). With respect to stem thickness, tmetnl-4mtn2-1 and ami2.8 were comparéb to the

WT whereas thentn1-1mtn2-5, ami5.3, andntn1-1mtn2-1 had ~ 1.5fold thicker stems

(Table S3.5). Compared to the 7 + 1 vascular bundles of the WT andrilkd mtn1-4, all other

lines had an increased number of vascular bundles (Table S3.8etdionine whether the
increased number of vascular bundles in the mutant is the result of an increase in the size of
the shoot apical meristem, the number of vascular bundles per unit area was calculated. This
ratio was expected to be unchanged if the mase in the vascular bundle number was the
result of a proportional increase in the size of the shoot apical meristem size. On the other
hand, if the increased number of vascular bundles was independent of the size of the meristem,
an altered ratio would b expected. A significant difference was observed when rtiel-
Amtn2-1 and ami2.8 were compared tothe WT (P<0.05;Figure 3.&) These discrepancies
indicate that the number of vascular bundles did not change proportionally with the increase in
stem thickess in these lines. Moreover, this ratio was the sametinl-1mtn2-5, ami5.3, and
mtnl-1mtn2-1, when compared tothe WT. In these cases, the number of vascular bundles
increased proportionally to stem thickness. Both the increased number of vasculalebypet

unit area and the xylem proliferation defects were together confined to the sevevidlix

deficient linesmtnl-1mtn2-5, ami5.3, andntnl1-1mtn2-1.

The xylem proliferation related to Tspm deficiencyati5is suppressed by several mutations,

all of which affect the expression &AC51hat encodes @HLHtranscriptionfactor thought to
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affect the timing of xylem differentiation. The strongest suppressor is a dominant mutation
designatedsac51d(Imai et al., 2006). To test the hypothesis that theeryldefects ofmtn1-
1mtn2-1 relate to Tspm deficiency, the triple mutanitnl-1mtn2-1sac51ldwvas generated. This
plant is indistinguishable frormtn1-1mtn2-1 with respect to the seed set and the number of
leaves and branchd§igure S3.7). Tis, the introduction of the sac51dmutation into theMTN
deficient mutantdid not restore any ofts phenotypes, including the stem vasculature of the

mtnl-1mtn2-1, as was observed in thecl5mutant.
3.4.4 Alteration of NArelated phenotypes ofMTN-deficient mutants

3.4.4.1 Interveimal chlorosis

As described i€hapter 2 the mtn1-1mtn2-1 mutant displays prominent interveinal chlorosms

its first true leaves. However, none of the othfTNlinesdisplay this trait. The ami5.3 had an
occasional slight chlorosis in its first true leavThe chlorosis persisted less than 24 h, less time
than with the typical chlorosis observed between the first true leaf veins ohitrel-1mtn2-1

mutants.

3.4.4.2 Seed development

Apart frommtnl-1mtn2-1, all the MTNdeficient mutants examined were fertild=gure 3.5).

The mtn1-4mtn2-1 and ami2.8lines were fertile, with WTlike silique and seed development
(Figure 3.3-C).Unlike themtn1-1mtn2-1 siliqueswhich did not develop seedkroughout their

life cycle Figure 3.5, J),mtn1-1mtn2-5 and ami5.3 develogd siliques with seed$-(gure 3.D

- J) at a later stage of their life cycles. At maturity, the fertility of thtnl-Imtn2-5 is
indistinguishable from that of the WT whereas ami5.3 had relatively low seed production.
Interestingly, both the interveinathlorosis and seed production, which can possibly be

interpreted as NArelated phenotypes, were restricted to thratn1-1mtn2-1 mutants.
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3.4.5 Ethylenerelated alterations of the phenotype oMTN-deficient mutants

The MTN-deficient mutant lines were examinefdr the time to senesaece The initiation of
senescence was recorded as the time at which the leaf blade of any leaf of the rosette first
beganto turn yellow (Figure 3.9 Since the plants in all of the populations did not reach
senescence synchronously, thatiation of senescence was recorded over two we€ekie
number ofdays taken for25 % of the population(N = 8) to initiate senescenaeas 42 DAG
(WT), 44DAG(mtn1-4mtn2-1), 45DAG (ami2.8), 4BAG (ami5.3), 4DAG(mtnl-1mtn2-5), and

48 DAG(mtn1l-1mtn2-1). On the other handthe number of daydor all eight plants in each
population to show signs of senescence wd8DAG(ami2.8), 52 DAG (WT52 DAG(mtn1-
4mtn2-1), 52 DAG(mtn1-1mtn2-5), and 54 DAGmMtn1l-1mtn2-1) and 56 DAG (ami5.3). Taken
together, these results show that ami2.8mtnl-4mtn2-1, and mtnl-1mtn2-5 initiate
senescence at the same time as the WT, whereasritmd-1mtn2-1 plants reach this stagtwo

dayslater and the ami5.3 plantour days after the WT, respectively.

In summary, the MTNdeficient lines exhibited variable behavior in terms of embryo
development, the appearance of first buds, stem xylem proliferation and number of vascular
bundles, and senescence. Since ténl-4mtn2-1 mutants and the ami2.8 plants showed

phenotypes similato those of the WT, these lines were excluded from further analysis.

3.4.6 Variable MTN activity in dferent allelic combinations and amiRNKnes

Usinga colorimetric assafleeet al., 2005)for MTN activity mtn1-1mtn2-5, ami5.3 and mtn1-
1mtn2-1 MTN acivity was determined in order to correlate phenotypeswith MTN activity
Based on this assayhé mtn1-1mtn2-5 mutant was found to have only 28 8 WTMTN activity
whereasthe ami5.3 andntnl-1mtn2-1 mutants have 16 % and 14.9 %idesl
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Figure3.9: Time taken for the leaf edges to become yellow (senescence).
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activities, respectively (Figure 3.10; N = 5). The MTN activity in each line was significantly
reduced compared to that evident in the WT (P < 0.05), butsigmificant difference was
observed between the activity in the ami5.3 and th&nl-Imtn2-1. Next we examined

whether the phenotypes observed correlated with the content of Metated metabolites.

3.4.7 Variable MTAcontent in the leavesof MTN-deficient mutarns

It was expected that the MTA content of the mutants would correlate inversely with the
amount of residual MTN activity determined in crude bud extrgEigure 3.1Q)However, this
expected trend was found only in the case of the MTA content of rodettees: all lines were
significantly different from one another (P< 0.@%gure 3.11A The MTA content of thentn1-
1mtn2-1 (2.2 + 0.1 pmol mg FW, which had 14.9 9MTN activity olWT, was 2.4old greater
than that in the WT (0.9+ 0.2 pmol mg Fyard the ami5.3, with 16 % of the MTN activity an
MTA content only 1.7 fold greater, resulting from increased MTA content (1.5 + 0.2 pmol mg
FWH. In contrast, the MTA content of thratn1-1mtn2-5 was0.6 + 0.1 pmol mg FW(0.7 fold
changecompared to WY with 28 % of the MTN activity. In the inflorescences, a statistically
significant increase in MTA was observed only inrftal-1mtn2-1 compared to the level in
the WT, (P< 0.05igure 3.1B). The MTA content of the other two lines was indistinguishable

both from the level of the other line and from that of the WT.

3.4.8 NA content iInMTN-deficient lines

The NA content of both the rosette leaves and the inflorescences was decreadé@dNn
deficient lines compared to the levels in the WT, except in the amiaakeFigure 3.12, B).
The NA content of thentn1-1mtn2-1 rosette leaves was significantly reduced compared to that
in the WT leavefP<0.05Figure 3.1A). Significant differences were also observed between the
mtnl-1mtn2-5 and themtnl-1mtn2-1 rosette kaves (P<0.Q9-igure 3.11A)However, as with

the MTA content, only thentn1-1mtn2-1 inflorescences showed a
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Figure3.10: MTN activity of MTNdeficient plants.
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significant reduction in NA when compared to the WT inflorescence8.(B) (Figure 3.12B).
The anomalous NA content of the ami5.3 leaves most likely refleeféicient or variable

silencing in the leaves.

3.5 Discussion

3.5.1 MTN activity and phenotypes of th&1TN-deficient lines

This studyhascompared the phenotypes and Metlated metabolites of two groups of plants
relativeto WT: threedouble mutants with reducedVITN activitydue to T-DNA insertios and a

line created by artificial microRNA expression. mtal-4mtn2-1 and mtn1-1mtn2-5 exhibited
phenotypes that werdess complexhan those ofmtnl-1mtn2-1. mtnl-1mtn2-1 contains two
insertion mutations, one in théird intron of MTN1(mtn1-1) and another in the fourth exon of
MTN2(mtn2-1), and has a severe pleiotropic phenoty@i(stenbinderet al.,2010 Chapter 2
Themtnl-1 and mtn2-1 alleles were combined with weaker alleles [imin1-4, which has a-T
DNAA y & S NJi A 2 yhtraksjatedirég®n(UFR) oMTN1, and mtn2-5, which has a “DNA
insertion in the promoter oMTNZ to generate plants with moderate MTN deficiencig$ie
observations of their phenotypes are agreement withthe findings from a survegf 136 F
DNA insertionmutants (Wang et al., 2008)which revealed that insertions in either the
LINRY2GSNI 2N pQ !¢w NP fSaa STFSOGAGS Ay 3ISyS
exons or introns. When the-DNA is inserted before the starbdon, the translation of the
gene is often weakly reduced, resulting in a leaky phenofy#@gang et al., 2008)SinceMTN1
contributes80 % of thetotal MTNactivity in the leavegBurstenbinderet al.,2010), combining

a weak allele foMTN1with the knockout mtn2-1 resulted in a plantrotn1-4mtn2-1) with a 98

% MTN level of activity. Surprisingly, this modest MTN deficiency resulted in-datgvdelay in

the formation of the first flower buds. On the other hand, plants containing the weak allele for
MTN2along with the somewhat leakytnl-1 mutation (mtnl-1mtn2-5) showed only 28 % of

the MTN activity of the WT and exhibited a phenotype closer to that ofnitel-1mtn2-1,
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including delayed formation of the first flower buds and increased xylem proliferafiba final
observation is thaimtnl-2mtn2-2 plants containing knockut insertions in the sixth exon of
MTN1 (mtn1-2) and the fourth exon oMTN2 (mtn2-2) were apparently lethal; this double
mutant was not recovered from repeated screenings of F2 poprat{N = 3; > than 100 F2
seedlings)The combination of mutant alleles that affect cis elements with those located within
exons or introns thus enabled the generation of mutants with moderate MTN activity and

variable phenotypes compared to thoserafnl-1mtn2-1.

Artificial microRNA silencing MTNproved to be difficult. Attempts to simultaneously reduce
both MTN1andMTN2by one amiRNA (two different designs) or two individual amiRNAs failed:
the T1 plants resulting from these transformations appeardentical to the WT, with no
evidence of MTN silencing. It was concluded that the silenced plants were lethal and that only
plants that did not express the amiRNA effectively had been recovéraking the approach of
reducing MTN2 expression (the lesscive MTN gene)in an mtnl-1 background led to the
generation ofmultiple amMTN ines, although substantial variation was observed among the
progeny of the more silenced lines. Thmi5.3 line was the most strongly affected and had
three distinct progenyhenotypes: WHlike, mtnl-1mtn2-1-like andtkv-like (Figure $8). Since

the degree of silencing in @amiRNA line corresponds to the levels of expression oathiRNA
(Schwalet al., 2006) we assume that the phenotypic and metabolic variation of ampadts
reflects fluctuations in silencing that contribute to variations in the biochemical inhibition

caused by MTA.

3.5.2 Effect of MTN-deficiencyon the embryo and seed development of MTFN
deficient mutants
A correlation was discovered between MTN activity aseéd production in the plant lines

studied. Themtnl-Imtn2-1, with 14.9 % MTN activity, did not produce seadd ami5.3 with
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16 % activity developed seeds only sparsely. Thetnl-Imtn2-5 with 28 % MTN activity
showed normal seed production. It is highlglikely that the 1 % difference of MTN activity
between mtnl-1mtn2-1 and ami5.3 could have an effect on seed production. However, the
variable silencing of ami5.3 in the later development stages could be a possible explanation for

this difference.

Many pocesses occur during seed development, which begins with double fertilization and
ends with the production of dormant seeds that become the next generation (Raghavan, 2006).
These processes include embryo differentiation (Gehring et al.,, 2004; Huh €208B),
endosperm formation (Braybrook, 2008), and seed coat development (Haughn and Chaudhury,
2005).

Analysis of the seeds within the siliquesMTNImtnl-1/mtn2-1mtn2-1 plants resulted in ~8 %

(N = 810 siliques each of four plants) of the ovules lgeidentified as unfertilized, a result
consistent with the reduced fertilization efficiency previously noted in this (Cleapter 2. In
addition, 14 % (N = 3 siliques from 3 plants) of the progenyBN1mtntl/mtn2-1mtn2-1

plants were mtnl-1mtn2-1 homozgotes that had completed embryo differentiation,
endosperm formation, and seed coat development. On the other hand, 6 % (N = 3 siliques from
3 plants) of the seeds with a developed seed coat did not germinate to produce seedlings; these

embryos most likel arrested at some point during embryo development.

Several factors might cause the Mificient embryos to become lethal: (1) Spd is required for
embryogenesis (Imai et al., 2004b), and given thenl-1mtn2-1 plants have reduced 8p
content, their emloyos may beaffected similar to spddeficient mutants either because of
MTA inhibitionof PA synthesisr because ofower production of Spd conjugates (Luo et al.,

2009); (2)the nutrient supply to the embryo from the maternal tissues may be disruptéteei
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due to the reduced NAnediated transport of essential metals, or as a result of vascular
development defects that hinder the nutrient transfer between the maternal tissue and the

embryo. At this point, there are no data to distinguish between thesssjlities.

3.5.3 Correlation of the variable level of MTN activity with altered xylem
proliferation

The MTN-deficient mutants exhibited an array of vascular stem defects including an increased
number of asymmetrically arranged vascular bundles and an ovdifguetion of xylem within

the vascular bundles. Of these traits, xylem proliferation and the symmetry of the bundle
arrangement were inversely correlated with residual MTN activittn1-1mtn2-5, ami5.3, and
mtnl-1mtn2-1 with a 28 %, 16 %, and 14.9 % Madivity, respectively, exhibited an increased
degree of xylem proliferatiorHgure 3.8). In contrast, the number of vascular bundles per unit
area was not significantly different amomgtn1-1mtn2-5, ami5.3, andntnl-1mtn2-1 (Figure
3.8C). The vasculahgnotype that most strongly correlates with MTN activity is an increase in
xylem proliferation. The Tspibeficient mutantsacl5 and tkv (Hanazawa et al., 1997; Clay and
Nelson, 2005) have similar xylem proliferation abnormalities. In the cazel®this phenotype

was suppressed by a mutation in an upstream of a bHLH gsaé&1d mutation; Imai et al.,
2006). Based on the model proposed by Imai et al. (20886%1d suppression of theacl5
phenotype is the result of the Tspmediated activation oSAC51ranslation. In WT plants, one

of the short upstream open reading frames (UORFs)SAfC5lencodesa 53 amino acid
polypeptide. This peptide represses the translation of the main open reading frame (MORF) of
SAC51ACLS5 (Tspm synthase) expression leadspgmBynthesis, which inhibits repression by
the UORF peptide, thereby allowing the synthesiSALC51Theacl5 mutant, which is thought

to produce essentially no Tspm, has low or no SAC51 productiorsafbibd point mutation in

the fourth uORF oBAC51eads to the premature termination of the uUORF peptide, resulting in
the synthesis of a-&mino-acid polypeptide rather than th83-amino-acid polypeptide. This-3
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amino-acid polypeptide is incapable of repressing mORF expression and thus Sh@sL

production in the absence of Tsp(imai et al., 2006)

Thesad1d mutation did not suppressany of the abnormal traitof the mtnl-1mtn2-1 plants.
Again, several factors may have contributed to this outcome. Sdebldmutation is in the
Landsberg erect@ackgound while the MTN mutants are the Columbia ecotype. It is possible
that the differences in their genotypes affect the efficiencysat51dsuppression. A possible
factor is that Tspm is not the only basis of thén1-1mtn2-1 mutant phenotypeswhich means
that even if thesac5ldsuppressedthe Tspm defects, the plant would not restore the WT
phenotypes. The effect of the constitutive owvexpression ofSAC51on the restoration of

mtnl-1mtn2-1 morphology tothe WTis currently under investigation.

3.5.4 Possiblereduction inethylene biosynthesigsesulting from MTN deficiency

Both mtnl-1mtn2-1 and ami5.3 plants have low MTN activity (< 16 %) and delayed leaf
senescence. These observations suggest that this phenotype may correlate with MTN
deficiency. These mutastsilenced lines may possess low ethylene legatsilar tothose in
octuple ACS mutast(Tsuchisakat al., 2009. However, many other factors, including other
phytohormones, interact in a complex manner to determine the onset of senescefext @l.,

2001; van der Graaff et al., 20P6his could also be a result of delay on seed production.

this point,the exact nature of the cause of senescence inrital-1mtn2-1isnot known

3.5.5 Delayed emergence of inflorescenstems inMTN-deficient plants

The dgree of delay in the emergence of inflorescence stems in MiEN-deficient ines
correlates with their increased number of leaves. In addition, an increased number of
primary/secondary branches, flowers, and buds (data not shown) were evidemtinitr1mtn2-
1 mutants. These changes in lateral organ arrangement are known to correspond closely to the

internal architectue of the vascular system (Dengl@006). The main vascular bundles and
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their divergence to leaf traces therefore determine the number of u&scbundles in a stem.
Based on this logic, the increased number of vascular bundles in the stemsMT tiideficient

mutants develops as a result of the increased number of leaves.

The plant hormones auxin and Iseinosteroids (BR) are essential foetinitiation of vascular
tissues and for their differentiation (Fukuda, 1997; Berleth et al., 2001). Mutation in the auxin
transport efflux carrier PIN1 or the chemical inhibition of the auxin transport with
naphthylphthalamic acigNPA;Mattssonet al., 1999 leads to increased xylem differentiation.
Interestingly, as witimtn1-1mtn2-1, plants treated with NPA also have mrctreased number of
vascular bundles. According to fizsaet al. (2009)the directed auxin maxima of the polar
auxin transport deterrmes the space between the vascular bundles whereas BR promotes
early procambial division in order to control the number of vascular bundlesinémeased
number of vascular bundles ithe stems is therefore a combined effeof altered auxin
maxima and ioreased BRignalling.lt has already been reported thantnl-1mtn2-1 mutant
stems show altered auxin maxinf@hapter 2, but changes in responses to BR have yet to be

examined in this mutant

From another perspective, the enlarged meristem of thim1-1mtn2-1 mutant may have given

rise to its larger number of vascular bundles and thicker stems as compared to the WT. Since a
balance between cell division and cell differentiation is essential for determining the size of the
meristem, any change in the auwxi and cytokininmediated communication between
CLAVATA3 and WUS would contribute to changes in the-déTiblent mutants(Su et al.,

2011) Ultimately the PIN protehdirected increase in the number of auxin maxima may initiate
increased number of leafrpmordia giving rise to a increased number of leaves (Dengler 2006

This increaseg@roduction of leaves may delay the transition of the shoot apical meristem to the

inflorescence apical meristem, thus causing a delay in the emergence of the inflorestemce
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3.5.6 Correlation of the MTN activity and the metabolite levels of thdTN-
deficient lines with their phenotypes

Detailed analysis of the phenotypeslected that could be traced back tathways affected by
MTA contentenabled the determination of therimary developmental defects caused by MTN
deficiency. MTN activity and the severity of the traits correlated well acrossitild-deficient

mutants.

The MTA content correlated inversely with residual MTN activity. The levels of accumulated
MTA were lowst in the leaves ofmtnl-Imtn2-5 which had a 28 % level of MTN activity,
whereas the highest were imtnl-1mtn2-1, which had awith 14.9 % level of MTN activity
(Figure 311A). In ami5.3 the MTA levels were intermediate, as was the MTN activity. In the
leaves, increased MTA levels were associated with decreased MTN activity. The vegetative trait
interveinal chlorosis was evident only in thetnl-1mtn2-1 mutant whereas increased xylem
proliferation and an increased number of vascular bundles per unit area eddent inmtn1-
1mtn2-5, ami5.3 andntnl-1mtn2-1. Surprisingly the delayed emergence dhe inflorescence

stem was exhibited by all of the MId¢ficient lines including mtn1-4mtn2-1. Thisdelayed

emergencecorrespond to the level oMTN activity

Snce intervenal chlorosis is a result of NA deficier{@akahashi et al., 2003} was expected
that NA levels wouldbe low only in themtnl-1mtn2-1, which displays this phenotype.
However, low NA levels were observed in botin1l-1mtn2-5 and ami5.3 in ddition to the

expectedmtnl-1mtn2-1. mtn1-1mtn2-5 had slight but significantly higher
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NA levels which could be adequate forthese mutants not to show the interveinal chlorosis
phenotype.However the mcreased NAlevelsin the ami5.3 could only be due to insufficientt
variableproduction of amiMTN2s to silence tihdTN2gene product in the leavest two weeks

after bolting. Increased MTA content was detected only in tén1-1mtn2-1 inflorescences,
whereasthe MTA levels imtnl-1mtn2-5 and ami5.3 were not significantly different from
those in the WT Kigure 3.11B Consistent with this accumulation pattern, the altered
reproductive abnormalities, in embryo development and in seed development were observed
only in mtnl-1mtn2-1. Moreover, NA levels irthe inflorescences were also significantly
decreased only in thentn1-1mtn2-1, whichis sterile with no seed development: an N&#ated

phenotype Takahashet al., 2003 Klatteet al,, 2009).

Taken togetherthese findings lead to the conclusidhat NA synthase activity is sufficiently
inhibited when the MTN activity is ~148bthat in the WT . The followingsummaryis proposed
as a means of incorporatiniipese observations and those repodéan the literature (Figure
3.12: when plants have 28%of the WTMTN activity they have increasxylem proliferation
defects related to Tspm deficien@s well asdelayed emergence dhe inflorescence stem
related to possible auxin defects. When the MTN actisgtyeduced further to ~16% delayed
senescence related to ethylene inhibition beca@pparent inthese plantsAt ~14% ofMTN
activity, these plants have interveinal chlorosis atie inability to produce seedswvhich are
NA-deficient phenotypesWhen the MTNlevelsare very low probably closer to 8 embryo
lethality resuling from low Spd occursExperimentsare currentlyunderwayto measure Spd
and Tspm levels of these MIdéficient linesn orderto confirm this proposed model. Although
MTA and NA data wereonsisteh among thefive replicates another independent metabolite

analysis will also be conduct@dorderto confirm these results.
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3.6 Conclusion

Xylem proliferation defects and delayed bolting are the primary key defegtaptoms)caused
by of MTN ddatiency. However, it is possible that the auxin defects that cause a delay in bolting

in allMTN-deficient lines, includingitn1-4mtn2-1, underlie all of these traits.

3.7 Technical assistance by others

Ishari Waduwaralayabahulesigned and conducted thelpi experiments and executed all of

the experiments described in this chapter, with the technical assistancHatdsha Peer

ZacharyT. Hull, Andy Kong, Yong Li, Olga Kazberova, and Roba Neatasha Peehelped

monitor the growth metrics in the mutanlines and performed some of the PCR segregation
analysisZacharyrl. Hull conducted the MTN assays. Andy Kong created ami MTN transformants
inthemtn1-16  O1 ANRBdzyR ¢gAGK |, 2y3 [AQa G(GSOKZM f 3 dzA
lines to identify ami2.&nd ami5.3. Olga Kazberova carried out the earlier attempts to create
amiMTN lines. Sarah Schoor conducted some of the SEM anBgsigis Wirtz(University of

Heidelberg Germany measured the MTA and NA content of plants grown at the University of

Wateroo.

134



3.8 Supplemental naterial

A mtn1-4 R/ F mtn1-4 R/ LBb1.3
mtn1-4 mtn1-4
WT mtn2-1 WT mtn2-1

1000bp
300bp
B mtn2-1 R/ F mtn2-1R/ LBb1.3
mtn1-4 mitn1-4
wi mtn2-1 WT mtn2-1
950bp
. 528bp
C mtn1-1 R/ F mtn1-1 R/ LBb1.3
mtn1-1 mtn1-1
dl mtn2-1 WT mtn2-1
947bp
© 495bp
mtn2-1 R/ F min2-1 R/ LBb1.3
D mtn1-1 mtni1-1
) mitn2-1 WT mitn2-1
950bp
. 528bp
E min1-1 R/ F mtn1-1 R/LBb1.3
mtn1-1 mtn1-1
Wi mtn2-5 WT mtn2-5
947bp
. 495bp
mtn2-5 R/ F mtn2-5 R/ LBb1.3
F mtn1-1 mtn1-1

WT WT

mitn2-5 mitn2-5

1100bp

600bp

Figure S.1: Gel images confirming the genotypes of ti¥TN-deficient mutants

Flanking and left border reactions fontn1l-4 mtn2-1, mtnl-1mtn2-1, and mtnl-1mtn2-5.
Homozygaws plants were identified when the left border reaction (gespecific reverse
and DNA border primer) gave bands along with no bands with flanking reactions {gene
specific reverse and forward).
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Figure 8.2 Root characteristics oM TN-deficient mutants

(A) Time taken for radicle emergenda MTN-deficient lines(N = 9)

(B) Root lengths ofmtnl-1mtn2-1 compared tothose of the WT. (N = 10; Error bars
indicate +SD)
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Figure S.4: Cuticle defects and number of leaves imtn1-1mtn2-1 compared to those in the
WT.

)

(A-C)uticle defects of seedlings observed based on staining with TBO. (A) WT appeared
unstained while (B)mtnl-1mtn2-1 and (C)fiddlehead appeared patchystained in
the first true leaves.Scale bars = 2.5mm.

(D-E) Number of leaes in (D) WT compared to those in(E) mtnl-1mtn2-1 the 28 days
after sowing. The leaves were separated into three categories based on the
appearance of the margins and presence of trichomes: (1) juvenile vegetatiase
rosette leaves, (2) adult vegetat-phase rosette leaves, and (3) adult reproductive
phase rosette leaves.
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Figure 3.5: Organs oimtn1-1mtn2-1 mutants that were twisted.

(B, D, F, H, J, Dhe twisted organsf mtn1-1mtn2-1 mutants @ompared to regular organs of
the (A, C, E, G, I, K) WT: (A, B) twisted pet@spP) anther filaments; (E, F) carize (G,
H) leaves; (I, J) trichomesand (K, L) stems. Most of thesemtnl-1mtn2-1 organs are
twisted in left and right handed diretions, as shown in the young (Manther filament.
Scale bars: A, B = 0.3mm; C, .22mm; E, F = 0.19mnG, H= 1mmj, J= 60um; K, L=
100pum; M=60pmDIJM image courtesy of Sarah Schoor
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Figure 8.6: Twisted stem and crossections along the stem showing the altered vascular
arrangement.

Consecutive freéhand sections (AF) obtained at0.5 cmintervals along a prominently
twisted mtnl-1mtn2-1 stem segment. The oientation of the stem sections was
maintained by marking a nick along one side of the segment (red line). Inset shows the
aligned sections with altered vascular bundle arrangement along the twisted.are
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