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1. Introduction

Control of chromosome architecture is an important challenge cope&8M& (structural
maintenance of chromosomes) proteins and their interaction parin@tsukaryotes. SMC
complexes are necessary for sister chromatid cohesion, condemdattmomatin in nuclear
division, DNA repair (reviewed by Nasmyth and Hearing 2005) anyg #ne involved in
transcription (Lengronne et al. 2004; Bausch et al. 2007; Bernard 2808; Gullerova and
Proudfoot 2008; Parelho et al. 2008; Stedman et al. 2008; Wendt et al. 2008)védise di
functions of SMCs and their interaction partners can be expldiyethe presence of
paralogous genes that evolved during evolution. The wide rangeskd taakes SMC
complexes to an intensively studied field. Especially in plantsldtieyis known about SMC

proteins and their interaction partners.

1.1 SMC complex proteins

Eukaryotes contain three complexes belonging to the evolutionarilyrgeds8MC protein
family: the cohesin, the condensin and the SMC5/6 complex. All three shewalized
functions in a variety of organisms. The three SMC complexes dedetbfferent functions
during evolution. Today’s knowledge is based on studies in budding and fissetn yea
Drosophila melanogaster(Fallén) Caenorhabditis elegangMaupas) Xenopus laevis
(Daudin), chicken, mice, and humans.

Two different SMC subunits form the core of each complex. Theyaaanged as long
intramolecular coiled coils with a globular ATPase ‘head’ at em& and a hinge domain at
the other end (reviewed by Nasmyth and Hearing 2005; Hirano and Hiranoli2B0®&) the
two SMC subunits in each complex (reviewed by Hudson et al. 2009krBation of the
SMC heads requires ATP binding, while ATP hydrolysis drives dagl$ apart (Hirano et al.
2001; Hirano and Hirano 2006) according to studieBanillus subtilisvar. niger (Migula).

In yeast the head of each SMC subunit binds to the N- or C-tdremdaof a kleisin protein,
respectively.

Sister chromatid alignment, mediated mainly by cohesins (redidweMiyazaki and Orr-
Weaver 1994), is defined as “cohesion” by Maguire (1990). After loduirtge SCC2/SCC4
complex during replication, sister chromatid alignment is maiathuntil anaphase (Seitan et
al. 2006; Watrin et al. 2006).



Condensins are mainly responsible for chromosome compaction and deécatehgaing
mitosis (D'Ambrosio et al. 2008a). The SMC5/SMC6 complex is involvesbmatic and
meiotic DNA repair via homologous recombination (Andrews et al. 20@%cEk et al.
2006). Besides SMC5 and SMC6, six non-SMC subunits named NSE1-NSE6 cdmpose
complex in yeast (McDonald et al. 2003; Pebernard et al. 2004, 2006)-Kitisin NSE4
connects both SMC subunits (Sergeant et al. 20094. thalianathe SMC5/SMC6 complex
shows a similar composition as in yeast (Figure 1) but seers tacking the NSE5 and
NSE6 subunits (reviewed by Schubert 2009). Like in yeast, SMC5/SMiiaties double-
strand break repair by sister chromatid recombinatigz thaliana(Watanabe et al. 2009).
The three types of SMC complexes are indispensable for the aboome organization and
function including sister chromatid cohesion, condensation, DNA repair,egg@mession and
development (reviewed by Nasmyth and Hearing 2005; reviewed laynd12006; Dorsett
2007; Onn et al. 2008; Uhlmann 2008).

Paralogous genes are present for various components of the diffdvDt complexes
allowing them to evolve different functions during evolution of higpkants. Interactions
between stalks (coiled coils) of the three SMC complexes aad-lead engangement
between different complexes are not yet proven but theoreticallyibbmsreviewed by
Hirano 2006).

1.1.1 Cohesins

Prokaryotes have no mitotic apparatus but, nevertheless, need ¢égasegtheir circular
chromosome properly to the daughter cells efficiently. Niki et(#991) identified the
proteins which promote this process. By searching for mutants showabgpid segregation
disturbances irEscherichia colithey found theMUK-B gene encoding a 177 kDa protein
essential for the segregation of bacterial chromosomes. Tutuse of this protein is similar
to the SMC proteins found in eukaryotes with globular domains at tle@dNE-terminal ends
and two longa-helices at the central region. The globular domain at the histas was
called Walker A motif and contains an ATP-binding pocket. MUK-B, ltlaeterial SMC,
builds a homodimer and associates with two additional subunits nam&dBvind MUK-F
(Yamanaka et al. 1996). Both dimerise via self-association (Gébyal. 2007). MUK-F
belongs to the kleisin family. Mutations in these genes cause ppesotvith disrupted

nucleoid partition (Yamazoe et al. 1999).
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Fig. 1. A. thaliana SMC protein complexes, according to review by Schubert 2009.
Subunit composition is based on yeast models according to NasmythearidgH2005) and
(Palecek et al. 2006).

a) The cohesin complex consists of SMC1, SMC3, SCC3 and one of the-kbeisin
homologs SYN1-SYN4 iA\. thaliana

b) Subunits of the condensin complex can assemble at least two fArnistaliana
presumably has three alternative SMC4 subunits, two alternat€2Ssubunits, two
different kleisins named CAP-Hy-kleisin) and CAP-H2 [{-kleisin), one putative gene
encoding the CAP-G subunit and two candidate genes encoding CAP-D2 subunits.

c) The SMC5/6 complexes consist of SMC5, one of the two alternatigsSroteins and
four NSE proteins (NSE1-NSE4). NSE4 representsdthéeisin subunits of the SMC5/6
complex inS. pombégPalecek et al. 2006) and has two homologues, NSE4A and NSEAB in
thaliana.

In B. subtilis the SMCs show a similar structure as in eukaryotes with a@ tieaain, a
coiled coil region and a central hinge domain linking the two SMBusits of the
homodimer. SCP-A, a kleisin, and SCP-B are the accessory suburtiie f8MC protein in
this organism. By labelling &CP-A SCP-BandSMCwith YFP, it could be shown, that all
three subunits (SMC, SCP-A and SCP-B) are required for propeiskteah of the SMC
complex but the mechanism is still poorly understood (Mascarenhas 005). One
suggestion is that the coiled coil regions might mediate aswociavith DNA.
Overproduction results in global chromosome compaction reinforcingotaeof SMC in
segregation and packing of DNA (Moriya et al. 1998; Melby et al. 199®alisation studies
revealed that SMC complexes retain in bipolar foci which are esigd as condensation
centres. SMC complexes have defined positions on the nucleoid affeébgnglobal

compaction of the chromosome (Mascarenhas et al. 2002).
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Studies in yeast provided the first insight into the protein coreplewhesin and condensin.
In budding yeast the conserved subunits of cohesin SMC1, SMC3, SCC3 arde#sin
protein called SCC1 compose the cohesin complex (reviewed by NeangtHearing 2005;
Onn et al. 2008). SCC3, belonging also to the kleisin family, is ceeddrom yeast to
human (reviewed by Losada and Hirano 2005; Onn et al. 2008). It contain&Tarkjgeat to
facilitate DNA binding and binds tihe protein complex by associating with the C-terminal
domain ofa-kleisin (Toth et al. 1999).

The two cohesin pools present in yeast are loaded at differerd tdareng the cell cycle.
Loading, moving and removing of cohesins is dynamic throughout theyodd and closely
related to transcription in yeast (Lengronne et al. 2004; Bausah 2007; Bernard et al.
2008; Gullerova and Proudfoot 2008). Dependent on the adherin SCC2/SCC4, the loading
complex for both cohesins and condensins, the first cohesin pool is loaded on centromeres and
along chromosome arms in G1 (Ciosk et al. 2000). This pool is ableve from loading
sites to loci of transcriptional termination (Lengronne et al. 20D4lying pre-anaphase
dislocation of cohesin from centromeres, the so called “centromea¢hbrg”, was observed
(Ocampo-Hafalla et al. 2007). After separating transientljerscentromeres associate again
by new loading of the second cohesin pool. This phenomenon is caused by tEntie
chromosomes during anaphase. The second pool of cohesin is loaded indep&fidaetly
SCC2/SCC4 loading complex (Ocampo-Hafalla et al. 2007). In theoossrte flanking
chromatin domains cohesin is concentrated three times stronger thehramnosome arm
regions (Blat and Kleckner 1999; Tanaka et al. 1999; Weber et al. 260%rB et al. 2001).
Cohesin is enriched around the central spindle forming a cylindestiiketure in mitosis
(Yeh et al. 2008). This is important for the bi-orientation of sist@omatids and the
intramolecular loop formation of pericentric chromatin mediatedhgy cohesin complex.
Yeast chromosome arms bind cohesin mostly in regions betwees (@@h@aya et al. 2000;
Glynn et al. 2004). Beside the single kleisin RAD21 (corresponds to SfoGdgl in D.
melanogaste(Vass et al. 2003; Heidmann et al. 2004), yeast and vertebrateshdordai-
kleisins. SCC1 is mitosis-specific and its counterpart RE@8iaaneiosis (reviewed by Lee
and Orr-Weaver 2001; reviewed by Nasmyth 2001).

In C. elegangPasierbek et al. 2001) aQityza sativel., four a-kleisin genes are present and
show different functions in somatic cells and during meiosis (Mital.e2003; Zhang et al.
2004, 2006; Tao et al. 2007).

In vertebrates, the core components of cohesin complexes are SBCIMC1B, SMC3,
SCC1 (RAD21) and SCC3 (SA). They are regulated by the assddactors PDS5 (PDS5A
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and PDS5B in mammals), establishment of cohesion protein (ECO1PDESQ ESCO?2 in
mammals), the SCC2/SCC4 complex, wings apart-like protein (WA&1d separase
(Skibbens et al. 1999; Hartman et al. 2000; Chen et al. 2002; Kueng2608@). In human,
mutations in cohesin genes or genes encoding associated factoes demgdopmental
abnormalities for instance the Cornelia de Lange syndrome (Qdld3ett 2007; Zhang et
al. 2009).

The presence of SMC complexes in all living organisms showsdhelutionarily conserved
role in many chromatin related tasks, such as architectureegneigation of chromosomes,
DNA repair and gene expression.

In A. thaliang four a-kleisin genes, th&CClhomologuesSYN1, SYN2, SYNBdSYN4are
found besides the single-copy ger&dC1l, SMC3and SCC3(Liu et al. 2002; Lam et al.
2005; Chelysheva et al. 2005). SMC3 may have multiple functions in plisitg antibodies
against SMC3, it could be found at various subcellular compartments gt.al. 2005)The
four a-kleisins have different functions, in somatic and meiotic tissWdsile SYNL1 is
required for cohesion in meiosis (Bai et al. 1999; Bhatt et al. 1989etCal. 2003), SYN2
and SYN3 seem to play a role in mitosis, as they are expressatly in meristematic tissues
(Dong et al. 2001). SYN2 has an additional role in DNA repair dfférand ionizing
radiation (da Costa-Nunes et al. 2006). SYN3 localisation is &isibl the nucleolus
suggesting a putative role in controlling rDNA structure, trapton or rRNA processing
(Jiang et al 2007). SCC3 is essential for sister chromatid ioohésring mitosis and meiosis
(Chelysheva et al. 2005).

Beside the nuclear divisions, sister chromatid cohesion is importanthdmologous
recombination (HR) repair (Palecek et al. 2006). Double-strand b(Bxd3s) are lesions,
which can lead to translocations, if they are not repaired corr&xthubert et al. 2004). In
contrast to yeast and vertebrates, sister chromatids in higimts ple frequently separated
and show no preferential alignment sites along chromosome aheszag sister centromeres
stay mostly aligned-up to an endopolyploidy level of 16@.ithaliana(Schubert et al. 2006,
2007, 2008). Extension of alignment sites along sister chromatid avagable and leads to
the suggestion, that sister chromatid cohesion in higher plants iy kigihmic (Berr et al
2006). After formation of DSBs, cohesins and SMC5/6 complexes angiteecto use the

intact sister chromatid for efficient repair (Palecek et al. 2006).
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1.1.2 Condensins

Prokayotes contain only one SMC complex but eukaryotes need to chasgeithae of the
chromosomes dynamically. Chromosome architecture maintenance moteimportant
problem solved by condensin complexes. Recent studies in yeaalterkv¥ieat condensins
play an important role in recruiting and loading non-histone proteinset@hromosomes.
Condensins change the topology of DNA to make it permissive for assoa proteins.
Chromosomes need to stay condensed from prophase to anaphase onkey attive at the
spindle poles and the new nuclear membrane is formed (reviewedidsoid et al. 2009).
Loading of condensin on yeast chromosomes requires the loading factdt/S&Z
(D'Ambrosio et al. 2008Db).

The existing two forms of condensins were identified in differegaioisms. In condensin |,
the SMC proteins bind to thekleisin chromosome-associated-protein (CAP)-H, which was
first identified inXenopugHirano et al. 1997). The N-terminal end of CAP-H interacts with
SMC2 and the C-terminal end with SMC4, thus bringing the ATPadgs pathe SMC
heterodimer together (reviewed by Hudson et al. 2009).

A third form of condensin has been found onlyGn elegansuntil now. This so called
condensin I-like complex binds specifically to X chromosomes in hermodipbs and
modulates gene expression to realize dosage compensation (Csankovszki et al. 2009).
In vertebrates, the existing forms condensin | and Il consish@fcbiled coil forming
heterodimer SMC2/SMC4 which is connected by two different kleigngorm a V-like
structure (Figure JL(Sutani et al. 1999; Freeman et al. 2000; Schmiesing et al. 2000;&Kimur
et al. 2001; reviewed by Nasmyth and Hearing 2005; reviewed by Hutlabr2609). CAP-
D2, a HEAT repeat-containing protein associates with condensriéyved by Nasmyth and
Hearing 2005). In condensin I, identified in vertebrate cells (Oral.£003; Yeong et al.
2003), the two core subunits SMC2 and SMC4 are connected Pyktbisin CAP-H2. CAP-
G acts as the fifth part to stabilise the complex (Dej.€2@04). In vertebrates, condensin |
localises in the cytoplasm until nuclear envelope breakdown (NEB@am move on and
off the chromosomes, while condensin Il is not mobile and localisé inucleus during the
whole cell cycle (reviewed by Hudson et. al 2009). Chromosome catdeng prophase
requires condensin IlI, as condensin | cannot enter the nucleus untD NieBiewed by
Hudson et. al 2009).

RNAI based depletion of either condensin | or condensin Il resulaphase bridges in
mammalian cell cultures (Ono et al. 2004; Gerlich et al. 2006). @simdeomplexes are

conserved among all eukaryotes.
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In A. thaliang the presence of more than one gene for some of the condensin submngs al
to assemble different condensin complexes (Fujimoto et al. 2003ast two (probably
three) genes encoding SMC4 are foundiirthaliana(SMC4A, SMC4End SMC4Q. Two
genes each encoding SMC2MC2Aand SMC2B and CAP-D2 CAP-D2Aand CAP-D2B
are present in the genome (Figure 1). The subunit variants SMC2AVHDABE; SMC4A and
SMC4B and also the kleisins CAP-H and CAP-H2 are essential cflsomosome
condensation and segregation during mitosis, meiosis and embryo develapettialiana
(Tzafrir et al. 2002; Liu et al. 2002; Siddiqui et al. 2003, 2006). The twsikleariants show
a different localisation during interphase. CAP-H can be found inyttoplasm and in the
nucleus, while CAP-H2 localises in the nucleus only. Only CAP-H shbe/presence of a
kleisin-gamma-middle domain which is responsible for localisationhef protein on the
chromatin (Fujimoto et al. 2005). thalianahasone gene with a partial sequence similarity
to theCAP-Ggene but the function of this protein still needs to be elucidategfunhction of
the SMC4Ccandidate and the twA. thalianaCAP-D2 homologues is unknown so far. In
Drosophila CAP-D2 is required to stabilise the condensin complex and to resshez s

chromatid cohesion (Savvidou et al. 2005).

1.2 Proteins interacting with cohesins and condens

For the different tasks of SMC complexes such as establishmantemance and dissolution
of sister chromatid cohesion, segregation, condensation, transcription, DNA rqpaaticen
and involvement in gene silencing mechanisms a variety of interaction parasmeecassary.
In mammals the transcription regulatory zink finger protein CTCECTC-binding factor)
shows the same binding sites as cohesin. CTCF is a transcriptisnkdtor that can block
promoter enhancer interactions by facilitating formation of chtimmaops (reviewed by
Gause et al. 2008, Wendt and Peters 2009; Parelho et al. 2008; Stedn20@8; Wendt et
al. 2008, McNairn and Gerton 2008).
A. thaliana shows coexpression of cohesild?H2 and REF6, which are homologues of
CTCFE The formation of transcription factories, meaning gene reguléyolong-distance
interactions, seems to be influenced by insulator proteins like CRHE6 and interacting
proteins. These insulators recruit cohesins for transcriptional atnsul and influence
chromatin condensation (Rudnik 2009).
The cohesin and condensin loading complex SCC2/SCC4 is conserved aneuigaglbtes
(Seitan et al. 2006; Watrin et al. 2006). Within Bresophilagenome, cohesin and Nipped-B
(corresponding to the SCC2 subunit of the yeast SCC2/SCC4 loading gpnhuhel
14



consistently to the same sites throughout the entire non-repetititeopahe DNA,
preferentially to introns in actively transcribed regions (Misulogi al. 2008). Loading of
cohesins and condensins is essential for plant viability, which mak¥s2/SCC4
indispensable. The loading complex also plays a role in organisatidhe centromere
(Sebastian et al. 2009). Plants mutateB@C2show early embryo lethality and formation of
giant endosperm nucleRNAiI mediated depletion of AtSCC2 results in sterility due to
disturbed meiotic chromosome organisation. In detail, the plants showivketeamologous
pairing, loss of sister chromatid cohesion, missegregation of chromssmmdechromosome
fragmentatior(Sebastian et al. 20Q9)

Meiotic cohesion requires the protein SWI1, which has a partialasitpito SMC proteins.
SWI1 is required for the establishment of sister chromatid stohein gametes.
Recombination during early male and female meiosis and the tiormaf axial elements
requires SWI1 irA. thaliana In male meiosis, bivalents cannot be formed without SWI1 at
metaphase |. This results in polyads and micronuclei due to prenadsref sister chromatid
cohesion (Cai and Makaroff 2001; Mercier et al. 2001, 2003; Agashe2€02; Boateng and
Makaroff 2004).0. sativaharbers genes homologousS@/I1with putative meiotic function
(www.arabidopsis.org).

In A. thalianaBRUL1 is important for structural and functional stability of chromadt is
involved in chromatin assembly and heterochromatin condensation. BRUlbuatedrito
postreplicative stability of the epigenetic information, thus linkgemnetic and epigenetic
information and the control of developmeBtul mutant plants show a dwarfy phenotype,
developmental abnormalities, a very low seed set, a high sensitvggnotoxic stress, an
accidently release of transcriptional gene silencing (TGS),in@neased homologous
recombination frequency and a disorganised shoot apical meristeno dligturbances in
maintaining stem cell identity in this tissue. In some nucleinnitated plants altered
heterochromatin patters with decondensed centromeric heterochroaratie observed. This
protein may play a role in replication and stabilisation of chransttucture (Takeda et al.
2004).

Recent studies in yeast suggest that various pathways and @aeudif interacting proteins
exist for the dissolution of cohesion (Onn et al. 2008). After cohessoldigon in budding
yeast, the remaining amount of cohesion in cohesin deficient mutepé&nds on the locus
analysed. Only at telomeres a complete loss of cohesion haddugeh Pericentromeres,
rDNA loci and loci on the chromosome arms remain partially atigbecause of catenations
between the sister chromatids (Diaz-Martinez et al. 2008).t $eparase and its inhibitor
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securin are indispensable for the separation of sister chromatidsclear divisions. By
degrading securin, separase cleaves almost all cohesins tmtsephromatids during
anaphase (Uhlmann 2007). Cohesin removal from meiotic chromosomes retipgres
Arabidopsisseparase homolog AESP (Liu and Makaroff 2006).

DNA repair needs dynamic cohesion to facilitate postrepheatomologous recombination-
repair of double-strand breaks (DSBs) by local pairing of a dainglgematid with its intact
sister (reviewed by Strém and Sjogren 2007; Onn et al. 2008). Catzsimulates at DSB
ends, to mediatde novocohesion in yeast (Strom et al. 2004, 2007; Unal et al 2004; Cortes-
Ledesma and Aguilera 2006) and human (Kim et al. 2002). First thesBMOmMplex is
loaded to the breakpoint and recruites cohesin afterwards (Palea€k2€06; Potts et al.
2006; reviewed by Cortes-Ledesma et al. 2007; reviewed by Murraamnd2008). The
positional sister chromatid alignment is increased after athiation when the
AtSMC5/SMC6 complex is intact iA. thaliana (Watanabe et al. 2009).

1.3 Life cell imaging of chromatin in interphase ad during nuclear division

The phenomenon of cell division (mitosis) was first described bighéfaFlemming (1878).
Cell division including nuclear division is of great biological impode to maintain the
chromosomal set. Consequences of mistakes can be dramatic. To awakindprof
chromosomes, sister chromatid cohesion and condensation of chromatquared during
mitosis (reviewed by Miyazaki and Orr-Weaver 1994; reviewed by Cobbe and Hegk 2000
The longstanding argument thatvitro experiments do not directly reflect the situation in a
living organism can be overcome by life cell imaging. This cawige a critical insight into
the fundamental nature of cellular and nuclear functions, espediadlyo the rapid advances
that are currently being withessed in fluorescent protein techynoldwis, live cell imaging
has become a requisite analytical tool in most cell biology(lebsari and Hiei 1996, Levitt
et al. 2009).

Autofluorescence from chlorophyll, lignified cell walls, vacuolanients or callose in case
of stressed tissue turn life cell imaging in plants into a real chall@itge choice of the proper
emission wavelength is important especially for leaf tissue.

Fluorescent tagged recombinant proteins represent a powerful toolmoi studies. Many
variants of coloured fluorescence proteins are available todalislstudy DsRed and YFP
were chosen as markers. DsRed was extracted from theiskailf the reef cordDiscosoma
striata (Matz et al. 1999) and shows a higher stability compared to the wded GFP. The
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DsRed protein was used successfully for expression in mammalian ceiis €Bal. 2002), in
higher plants (Dietrich et al. 2002) and in yeast (Rodrigues €08l). Also in filamentous
ascomycete fungi DsRed was shown to be a good marker (Mikkelsen et al. 2003).

YFP is a synthetic variant of GFP (Chalfie 1994; Sheen et al. T3®&n et al. 1998), which
was derived from the bioluminescent jellyfigtequorea victoria(Murbach and Shearer).
These markers fused to a protein of interest allow tracirgpace and time by fluorescence
microscopy. To analyse the consequences of mutations in nucleangihiieng cell division
and interphase, chromatin labelling is necessary. Therefore, listaoh as H2B are well
established markers for microscopical tracking of nuclei. Inrogr@res, canonical histone
H3 is replaced by the centromere-specific histone H3 (CenH3ghwins first discovered in
human as centromeric protein A (CENP-A) (Palmer et al. 198/@bidopsisCenH3 was
isolated later (Talbert et al. 2002). Tracking of centromeradluorescent proteins can be
done using recombinant CenH3.

Simultaneous transformation with chromatin and centromere spec#dikens provides a
direct insight into two important structures during mitasisvivo. Co-transformation was
shown to be successful on RNA level by using the Northern blot techimgethaliana
(Radchuk et al. 2005) but detailed analysis of single nuclei was not done.

1.4 T-DNA lines ofA. thaliana

Agrobacterium tumefacien®mith and Townsend) allows transformation of plant genomes.
From its Ti plasmid, the genes responsible for tumor induction veam®ved and genes
providing antibiotic resistance and/or markers that are fusedéme of interest are inserted
(Buchholz and Thomashow 1984). This is one reason to mMakimaliana to a model
organism for molecular analyses. An important resource is theettoh of >250 000 T-DNA
insertion lines (http://signal.salk.edu/cgi-bin/tdnaexpress). For >80%6 thalianagenes, a
mutant line can be found in the collection. The T-DNA insertion canecausss of gene
expression allowing reverse genetic approaches (Alonso andn8w@pa003). It is very
likely, to find more than one insertion of T-DNA after transform@tivithin the genome,
especially when hypervirulemgrobacteriumstrains were used (Alonso et al. 2003). In this
case it has to be proven, that the effect of the mutation id eoresequence of an insertion in
the gene of interest and not a side-effect of the second TIB&UA in another gene. Multiple
insertions bear also multiple CaMV 35S promoters, which are aptre T-DNA. This can
cause silencing of other expression constructs, which are inseltiggionally (Daxinger et
al. 2008).
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1.5 Aim of this work

Cohesin and condensin are multi subunit complexes that are well stadiehst and
mammals. In plants detailed analysis is lacking. T-DNA |wese selected, to interrupt the
putative cohesin- and condensin genes, as well as genes encodiactimgeproteins. The
function of the cohesin and condensin subunits and proteins interactingheith was

investigated.

Selection of T-DNA lines

According to sequence similarity to the cohesin and condensin gegeast, the respective
candidate genes were identifiedAnthaliana To apply a reverse genetic approach, T-DNA
insertion lines interrupting the putative cohesin- and condensin gemese&lected from the
SALK, GABI and SAIL collection.

Confirmation of T-DNA lines

First the lines were genotyped, to find out if the mutation is hogmmly lethal. In this case
only heterozygous plants can be selected. PCR fragments usingea amninealing on the left
border of the T-DNA and a gene-specific primer were sequetacednfirm the position of

the T-DNA in the gene of interest. Further confirmation waslegeccording to the mRNA
expression of the respective genes. Homozygous mutant plants wigsedrgy RT PCR for

the presence or absence of the mRNA and for presence of aédit@atscript upstream or
downstream of the T-DNA. For the lines which could only be selecgdwterozygous, real-
time PCR was performed, to measure the exact expression dévide intact allele.

Additionally, the number of the integrated T-DNA loci was identifiey Southern blot

hybridisation using a T-DNA specific probe.

Transformation and life cell imaging to analyse genome stability

Lines with a T-DNA position in the coding region of the respeafjeees were transformed
with Pro35S-H2B-DsRed to visualize the whole chromatin in red and Pi6358-CenH3
to label the centromeres in yellow. After observing very low frequentiespoession of both
constructs within one nucleus, the strategy was changed. The confirDBIA Tines were
transformed only with Pro35S-H2B-YFP to label the chromatin in yellowhe transformed
mutant lines mitotic divisions and interphase chromatin structure arealysed in root tips
vivo and compared to wt. To confirm the results obsemeaavo, seedlings of untransformed
mutant lines and wt as control were incubated with DAPI to viseidhe chromatin. The
importance of the components belonging to the cohesin and condensin ca@ngléxree

interacting proteins for genomic stability in interphase and mitosis wastigated.
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2. Materials & Methods

2.1 Plant Material and Genotyping

The SALK T-DNA insertion lines in ecotype Columbia (Col) backgrowade selected from
the Salk Institute Genomic Analysis Laboratory (http://signi&lsdu/cgi-bin/tdnaexpress)
(Alonso et al. 2003) and provided by the Nottingham Arabidopsis Stock Centre
(http://nasc.nott.ac.uk/). GABI (Genomanalyse im biologischen Syf#enze) T-DNA
mutants (in Col-0) were generated in the context of the GABIgkagram and provided by
Bernd Weisshaar (MPI for Plant Breeding Research, Cologne, &agjnihttp://www.gabi-
kat.de/) (Rosso et al. 2003). One mutant line out of the SAIL (Syadeabidopsis Insertion
Library) collection was kindly provided by Daniel Riggs (Depaminof Botany, Devision of
Life Science, University of Toronto, Canada). The mutant linkcidat in the RNA-
dependent-RNA polymerase 6 (RDR6) was selected out of the SALkctoh
(SALK_001394).

Seeds were germinated on agar and cultivated in soil under shodraigans (8-h-light/16-
h-dark) at 21 °C. Genomic DNA was isolated from rosette leavesised for PCR-based
genotyping to identify hemizygous and homozygous T-DNA insertion mutdhts.PCR
primers used for genotyping are listed on Supplementary Table 1, 4anttfAeir positions
are shown together with the corresponding gene structure (htfjs/gsi.de/ (MAtbB v2.0)
in Figures 4, 7 and 10. PCR using the gene-specific primer sédeiDNA fragments of ~1
kb representing the wild-type alleles. The PCR fragmentsfsgpéar the T-DNA insertion
allele yielded PCR products of ~0.5 kb. The positions of T-DNA iimsertere confirmed by
sequencing the PCR-amplified T-DNA junction fragments obtaineld @dTaq Polymerase
from Promega, Mannhein Germany. (Supplementary Tables 2, 5 and 8) Segud#neCR
products was done by AGOWA GmbH usidBl 3730x| sequencing run with a read length
up to 1000 nt (PHRED20 quality).

Sequences were aligned using ‘MultAlign’ (http://bioinfo.genotoul.frtadui/multalin.html).
The following databases were used for sequence comparisons &f8iTBBasic Local
Alignment Search Tool) analyses: NCBI — http://www.ncbi.nim.nih.gov/BLAST/

TAIR — http://www.arabidopsis.org/Blast/index.jsp
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2.2 mMRNA Expression Analyses

Total RNA was isolated from rosette leaves using the RNe&syit mini kit (QIAGEN)
according to manufacturer’s instructions. Reverse transcriptionpesdsrmed using a First
Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot) andy bf total RNA as starting
material.

Semiquantitative and Real-time PCR primers used to amplifysdrgpts are shown in
Supplementary Table 3, 6 and 9. Real-Time PCR with SYBR® Greemusaakto quantify
the abundance of transcripts withimgl RNA using an iCycler from BIORAD. Initial
denaturation time was 5 min at 95 °C. Then, 40 cycles were rtnl@isec denaturation at
95 °C, 20 sec annealing at 60 °C and 20 sec elongation at 72 °C. Actin2 served as a standard.
For Semiquantitative RT-PCR, the following program was usedalimiénaturation: 2 min at
95 °C, then 40 sec denaturation at 95 °C, 30 sec annealing (depending onspguoences
55 °C - 59 °C), 40 sec elongation for 35 cycles, 5 min final elongation. HEomdactor b
served as a standard.

2.3 Restriction digestion, gel electrophoreses ofegomic DNA and non-

radioactive Southern hybridisation

Southern hybridisation was performed according to Southern (1975). Deteaiis done
using the non-radioactive method described by Accotto (1998). & genomic DNA from
plants with T-DNA insertion and from wt as negative control wegested over night with
the restriction enzymdspnl or Hindlll (Fermentas, St. Leon-Rdpr the SALK lines,Xapl

or Pael (Fermentas, St. Leon-Rot) for GABI lines at 37 °C. The ®@gin enzymes were
selected according to their restriction patterns in the T-DN#Aese enzymes showed a single
restriction side inside of the respective T-DNA and do not oesthe corresponding
hybridisation probe. A second restriction side was found in the surrounding genomiacgeque
resulting in a DNA fragment of an expected size, if the positidghefT-DNA is known. The
digested DNA was size-fractionated by gel electrophoréslé agarose in TBE buffer, 4 h at
80 V). A Digoxigenin-labeled DNA Molecular Weight Marker (Rocheaadhostics,
Penzberg) was used for comparison of the fragment size. The ageldenatured in
denaturation buffer (1.5 M NaCl, 0.5 M NaOH) for 30 min, neutralizedentralization
buffer (1.5 M NaCl, 1 M TrisHCI, pH 7.2, 0.001 M EDTA) 15 min twice, th@otted onto
Hybond-N- membrane (GE Healthcare, Buckinghamshire, UK) by transfer in SB&
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overnight. The DNA was fixed to the membranes by a UV Stndili1800 (Stratagene, La
Jolla, USA). Prehybridisation and hybridisation were performed dicaprto the
manufacturer's instructions using the DIG Easy Hyb Granules (Rd2iagnostics,
Penzberg). Labeling of the PCR probes with Digoxigenin was donele@tRCR DIG Probe
Synthesis Kit (Roche Diagnostics, Penzberg). Washing off the unsp#gibound probes
was done twice 15 min in high stringency washing buffer | (0.5x SSC, 83%) and twice
15 min in high stringency washing buffer Il (0.1x SSC, 0.1% SBS$jore blocking, the
membrane was washed for 5 min in maleic acid buffer (100 mMiereded, 150 mM NacCl,
pH 7.5) containing 0.3 % Tween 20 (Sigma-Aldrich, Steinheim). Blockieagent was used
for nucleic acid hybridisation and detection (Roche Diagnostics, PejzBer detection, the
antibody Anti-Digoxigenin-AP-Fab-Fragments (Roche DiagnostiasnzPerg) was used
according to the manufacturer’s instructions. CSPD ready-toeagemt (a chemiluminescent
substrate for alkaline phosphatise that enables extremely ngenaitd fast detection of
biomolecules by producing visible light) was used for detection {®obDiagnostics,
Penzberg).

Amersham Hyperfill! ECL was used under red-light conditions in the darkroom to
visualize the emitted chemiluminescence according to the nwardes instructions (GE
Healthcare, Buckinghamshire, UK).

According to the different vectors for T-DNA insertions speciiobes were designed for
hybridisation. Insertion lines provided by the GABI collection contaenvector pAC161. A
probe was designed specific for the right border of the T-DNA covering 496 bp.

The SALK institute used the pBIN-pROK vector to create the miitzed. For these lines the
CaMV 35S promoter sequence was used, to design a probe speitific ngth of 374 bp.
Primer sequences for amplification of hybridisation probes dezllia Supplementary Table
10.

The Syngenta mutant line was provided by Dan Riggs (Universifyoadnto, Canada) and
Southern hybridisation was performed in his lab (Siddiqui et al. 2006).

2.4 Transformation of A. thaliana

To transformA. thalianaplants, the simplified “floral dip” method was used according to
Clough and Bent (1998). Siliques and opened flower buds were removed froaririgw
plants, because only closed flower buds can be transform@d toynefaciensThe bacterial

culture was grown for 2 days at 28° C until an OD of 1.7 measur&DGtnm. After
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centrifugation the bacterial pellet was resuspended in atfdtn medium (5 % Sucrose,
0.0187 uM Benzylaminopurin (BAP), pH 5.7) containing 1 % Acetosyringonec@ndary
plant metabolite secreted after wounding, and Silwet 0.05 % L-Hg1Seeds, Round Rock,
USA) to improve cuticular penetration. The flower buds were dippedfet medium and the
plants were stored vertically under wet and dark conditions over nigah the plants were

put into an upright position under long day light conditions. Seeds werestetvand
transformants selected on plates containing MS medium (Murashige and Skoog 196[®) suita
antibiotics or herbicides. Double transformation was done using auneidf two A.
tumefaciensstrains, containing Pro35S-H2B-DsRed and Pro35S-EYFP-CenH3 constructs
respectively (Figure 4). DsRed was fused to the histone H2B &l td CenH3, the
centromeric histone H3. After transformation of the fusion constrtie@svhole chromatin is
marked in red and the centromeres appear as yellow dots in the nuclei of taptesi

The fused Pro35S-EYFP-CenH3 sequence was cloned into the pLH7000 vector and the fusion
sequence Pro35S-H2B-DsRed was cloned into pLH9000 (www.dna-cloningesaeyic
(Figure 2) All cloning experiments were performed by I. Lermontova.

Seeds were surface sterilized and germinated under long day @osdit6 h light at 20 °C, 8

h dark at 18 °C) on selective MS medium (Murashige and Skoog 1962) cogthtijg/ml

PPT for selection of Pro35S-EYFP-CENH3 and/or 50 pg/ml Kan fa39%d42B-DsRed or
Pro35S-H2B-YFP. Effects of mutations on mitoses were analysembirtips of eight to 14

days old plantlets vivoin the T2 generation.

SfiB Spel Xmal BamHI Sall SfiA
CaMV 35S promoter EYFP CenH3 — NOS-T
SfiB Spel BamHI Sall SfiA
CaMV 35S promote H2B NOS-T

Fig. 2: Constructs for the A. thaliana double transformation. EYFP was fused to the
sequence of the centromeric histone CenH3 in a 35S promoter — Nopgaiithas® (NOS)
terminator expression vector; the histone H2B was fused to DsRed into the samé&ypector
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SfiB Spel BamHI Sall SfiA

CaMV 35S promot H2B YFI — NOS-T

s

Fig. 3: Construct structure for the A. thaliana single transformation. The histone H2B

was fused to YFP in a 35S promoter — Nopaline Synthase (NO8nhé&tor expression
vector. This construct was kindly provided by Frédéric Berger (Eumimale supérieure de
Lyon France).

2.5 Fixation and DAPI staining of seedlings

For the confirmation of then vivo results, 3 days old seedlings were fixed and stained with
DAPI to visualize the chromatin. Mitoses were analysed in cotyledons of squasiédgs.
Untransformed seedlings of Col wt and mutants were grown fous dager long day
conditions (16 h light at 21 °C, 8 h dark at 18 °C) on filter paper and fixethanol/acetic
(3:1) acid between 10 and 12 o’clock am, because cell division agsinighest at this time
(Schubert et al. unpublished). Fixation solution was washed out afteri@fubation with
2xSSC (3 times 5 min). Digestion with PCP enzyme mixture (2.peftinase, 2.5 %
cellulase Onozuka R-10, and 2.5 % pectolyase dissolved in MTSB) wasodéhke &t 37 °C,
to soften the tissue. DAPI (1.5 pg/ml in 2xSSC) staining was aptfter 1.5 h incubation at
RT in the dark to avoid bleaching. Then, seedlings were put on a siaejted in 5 pl
Vectashield and covered with a cover slip. 14 individual seedlimge analysed per mutant

line and compared to wt.

2.6 Microscopic evaluation, image processing andagistics

Analysis ofin vivo YFP and DsRed fluorescence signals was performed with arntedve
Axiovert 100 TV epifluorescence microscope (Zeiss, Jena) usingxd.83apochromate
objective and a CV-M300 black and white camera (JAE Corporation,of d&pan), or using
a confocal laser-scanning-microscope LSM 510 META (Zeiss, Jeitla) laser of 488 nm.
The Zeiss Axiovert 100 TV microscope was integrated into a@i@iptical 3D Microscope
system (Schwertner GbR, Jena) to check the signals. Imagesceygtured separately for
each fluorochrome using appropriate excitation emission filters. For detection of DAPI
the filterset F36-513, for YFP F36-720 and for DsRed F36-750 was us&d (A
Analysentechnik, Tubingen). The images were merged using Adobe Photoshoftvéades
(AdobeSystems, San Jose, USA). DAPI stained meristems of fixelisgs were analysed
with an Axiophot epifluorescence microscope (Zeiss, Jena) usit@P®/1.45a plan-fluar
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objective (Zeiss, Jena) and a 3-chip Sony DXC-950P color camera.miibioscope was
integrated into a Digital Optical 3D Microscope system (Satwer GbR, Jena). Differences
in expression after double transformation and single transformateye analysed by
counting of nuclei in freshly cutted root and leaf materialral&PIl staining. YFP and
DsRed fluorescing nuclei were compared with the number of DAd&thest nuclei and
significant differences were calculated using the two-sided Fishead Eest.

The frequencies of anaphase bridges in mutants compared to evtaleulated applying the
two-sided Fisher’s Exact Test. From heterozygous mutants thyseotil seedlings could not
be genotyped after fixation, DAPI staining and squashing the cotyle$ue ton the slight.
Therefore, the anaphase bridge frequencies were grouped acdordismgnificance table for
the expected distribution based on Fisher's exact test. The @&cbinomial confidence
intervals for the corresponding bridge frequencies were cadculaith the QUICKBASIC
program for exact and mid-p confidence interval for a binomial proportion (Fagan T9865).
examples of the mid-p confidence intervals can be found in Supplemdfgure 3,
displaying only heterozygous mutants and wt derived from a heterozygosist pdant.
Supplementary Figure 4 shows the seedling distribution of a heterozSydllpatent plant
segregating in heterozygotes, wts and one homozygous plant. Homozyguigsnplitated in

SWIlwere sterile.

3. Results

All analysedA. thalianagenes encoding subunits of the cohesin complex, the condensin
complex, as well, as the three analysed interacting proten®lavant for correct procedure
of mitosis. Some of these genes seem to be required additionaheimsis and cause sterile
plants in case of homozygosity. But meiosis was not analysed ir orethis study. To
analyse mitosis in mutant plants, life cell imaging allowsl detection of consequences of
the mutations on cellular level.

For the different cohesin and condensin candidate genes altogéthand117 T-DNA
insertion lines were analysed, respectively. The SCC2/SCC4 camebioondensin loading
complex was analysed using two T-DNA insertion lines interruptirgSCC2 gene. As
interacting proteins for cohesin tH&WI1 gene and for condensiBRU1 was analysed.
Presence and position of the T-DNA were confirmed by genotyisend®CR using gene-
specific and T-DNA specific primers. PCR fragments amplifredh the LB of the T-DNA
and the surrounding gene sequence were sequenced. The positions oindrs pre

illustrated in Figure 4, 7 and 10. Primer sequences are listed inetwgghry Tables 1, 4 and
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7. The genotyping PCR products were aligned with the correspondimg gEguence
(Supplementary Tables 2, 5 and 8) and the T-DNA sequence, respeduehtions which
were homozygously lethal could be selected only as heterozygousTiesegregation of
mutants occurred in a non-mendelian segregation value. mMRNA dppre$shomozygous
mutants was analysed by RT PCR to confirm the absence or onut#tithe respective
transcripts. Quantitative real-time RT PCR was used to deterthe expression level in
heterozygous lines. Primers used for amplification of cohesin cDNA lsted in
Supplementary Table 3. Condensin cDNA was amplified using the ngrinsted in
Supplementary Table 6 and the primers for cDNA amplificatibrthe genes encoding
interacting proteins can be found in Table 9.

The confirmed lines, showing no or aberrant transcripts of thespameing genes compared
to wt were double transformed with Pro35S-H2B-DsRed and Pro35S-E¥RR3C The
double transformation strategy was changed into single trangformaith Pro35S-H2B-
YFP after observing very low expression frequencies. Eight omtm@ant lines showed an
increased number of anaphase bridges in the life cell imagipgach. To confirm this
result, untransformed mutant lines were DAPI stained and cotylesthmvged similar bridge
frequencies like root tipim vivo. The lines which showed not enough fluorescence expression
were analysed by DAPI staining. Significant increase in @haphase bridge frequency

compared to wt was observed in 14 out of 21 mutant lines (Table 1).

3.1 Cohesins

For the seven genes encoding the cohesin complex components, 15 ThB&Nwere found.
Two of them were found in introns, twelve in exons and one upstredm obding region of
a gene (Figure 4). Alignments of PCR fragments with theesponding gene can be found in
Supplementary Table 2. The two SMC subunits, as well as SCC3 angl, &l of the four
a-kleisin candidates, are essential for survivaPhothaliana T-DNA lines inserted in these
genes could only be selected as heterozygous. In these lines anatpregfl transcription
of the intact allele was observed (Table 1). Homozygous plauisti@ad inSYN1 the meiotic
a-kleisin were sterile. Analysis of transcription of homozygomnsdivia RT PCR is illustrated
in Figure 5. Expression of Pro35S-H2B-YFP correlates negatively with the n@fiBé&NA
loci found by Southern hybridisation (Figure 6). The number of T-DobAlhad no influence
on the amount of anaphase bridges.
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3.1.1 SMC1 and SMC3 are essential for plant viability

To interrupt theSMC1gene, two T-DNA insertion lines were found, which were both located
in the fifth intron of the gene. Sequencing confirmed the annotateatiopogiven in the
database (http://signal.salk.edu/cgi-bin/tdnaexpress). Southern hytiwidisavealed at least
8 loci of T-DNA in line SALK _017437. The GABI collection provided the et line,
GABI_269E12, which turned out to be a single T-DNA insertion liroaling to Southern
hybridisation. For analysis of the dimerisation partner of SMC1CS8Mhree lines were
found. SALK provided two lines with location in the third (SALK 0153G@8)d eighth
(SALK_087935) exon. Line SALK 015308 showed at least eight loci of T-Dénw
SALK_087935 showed two loci of T-DNA. The third T-DNA insertion line, GA®8B03,
showed a single locus of the T-DNA in the eleventh exon (Figuféathomozygous line for
SMC1 and SMC3 could be selected. All heterozygous plants were fertile and eshaw
obvious habit that differed from wt. Quantitative real-time PC& applied to measure the
transcript levels of the heterozygo®MC1 and SMC3 alleeles. The observed strong
upregulation in order to compensate the mutated allele is in aocerddth the fact that
SMClandSMC3are indispensable for viability &. thaliana Transcription levels reached

from 78 % to 98 % of expression compared to wt (Table 1).

3.1.2 a-kleisin proteins evolved different functions

Two insertion lines were found in the SALK collection mutat8igNlencoding the meiotic
kleisin of the cohesin complex (Bai et al. 1999; Bhatt et al. 1999etCad. 2003). One was
located in the eighth (SALK_137095) and the second in the 15th exon (SALK _006687).
Homozygous mutation inSYN1 caused sterile plants which were smaller than wt.
Homozygotes did not segregate in the expected mendelian 1 : 2t :1h@terozygous :
homozygous) ratio. They were observed more seldomly. The segregaon : 14 : 1 (n =

89 plants).

Southern hybridisation revealed four (SALK 137095) and three (SALK 006687) A-DN
loci. Transcription oSYN1was completely absent in homozygous mutant plants (Figure 5).
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Fig. 4: Structures of cohesin gene®lue boxes represent exons. UTRs are shown as grey
boxes. Confirmed positions of the T-DNA insertions (SALK and GAB&d) are indicated
with the black lines. Homozygous lines are marked with ho and heteresygih he. The
positions of the genotyping primers are shown by the black arravsavabic letters. Primers
used for expression analysis by RT PCR or real-time PCR are marked wath letters.
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Two homozygous lines were confirmed from the SALK collection muja8YN2 Line
SALK 044851 was found in the sixth exon and SALK 015096 was located in thatbleve
exon. Both showed two loci of T-DNA and complete absence oSt¥&2transcript. The
habit of homozygous mutant plants did not differ from wt and fertili&g not influenced by
mutatingSYN2

Gene SYN1 SYN2 SYN3 SYN4 Col
= B ) = ) = B = =
Z |A |R |z |E |R F |R |F‘ Ef
= :4- =N = = =2 — = — Lo
= 5 03 2 3 2 = 73 =
P CoVII ColX | CoXI CoXIII |CoXV [CoXIX CoXXI |CoXIX CoXXI CoXIX CoXXI
rimer
FCoVIII +CoX fCoXII +CoXIV FCoXVIHCoXX +CoX XTI+ CoXX +CoXXIIHCoXX +CoXXII
mENA of
weret |HH HE HE B DO DO ECECI B
13 3PN o [l o [ o [ o ) o Y o B o 1 o B oo ] e B o

Fig. 5: RT PCR of homozygous T-DNA lines mutating thes-kleisin genes of the cohesin
complex. Expression patterns of thekleisin mutantssynl, syn2, syn8nd syn4 only one
representative sample is shown for the wt accession Columbia. Minessynlandsyn2
show complete absence of the transcript. 8 T-DNA insertion is located upstream of the
coding region and shows a wt-like transcript. Elongation facatas kerved as control. The
primer positions are indicated in Figure 4.

To mutate the thirdx-kleisin candidate gene&SYN3 one homozygous line was identified
(SALK_119629). According to sequencing, the T-DNA was located 188bp upsttthe
transcription start point. RT PCR revealed a wt-like transt@ip®YN3in this line (Figure 5).
Probably the T-DNA has no effect on the transcriptionSdfN3 because the promoter
sequence might be located more near to the start codon. The secor@ABIep95A10,
segregated in heterozygous plants only. Homozygous plants from thisdmeenot viable.
This insertion line with a T-DNA location in the sixth exon show&@% of wt transcription,
measured by quantitative real-time RT-PCR. Segregation of mpitamts was observed in a
3.4 : 1 ratio (wt : heterozygous plants; n-115). These heterozygous nmaliantsd a wt-like
habit and were fertile.

For SYN4the SALK collection provided three lines with T-DNA insertions he tleventh
exon. All three homozygous mutants produced a truncated transcriptrdrigated mRNA
was codingSYN4until the T-DNA insertion in exon 11. Southern hybridisation revealat th
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line SALK 076116 had five, SALK 130085 three and SALK_020171 two loci of integrated
T-DNA. Unfortunately, no single T-DNA insertion line could be found &ide effects of T-
DNAs which were not located iSYN4were excluded as all three lines showed similar
behaviour in the analysis of mitosis.

The four differento-kleisin homologs evolved specialized functions during plant evolution.
SYNL1 is essential for meiosis (Bai et al. 1999; Bhatt €1399; Cai et al. 2003), SYN2 plays
an important role in mitosis (Dong et al. 2001) and SYN3 is involved iord@nisation of
rDNA structure (Jiang et al. 2007). The function of SYN4 is unknownrsania elucidated in
this study.
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Fig. 6: Southern hybridisation of cohesin T-DNA linesThree pg of genomic DNA were
digested with Kpnl. U represents undigested genomic DNArepeesentative mutant plant.
The wt Columbia does not contain the target DNA. The T-DNA linre®s SALK contain at
least two up to eight loci of the SALK T-DNA. All three GABhes contain only a single
locus of the T-DNA mutatin@MC1, SMCZ&ndSYN3

30



3.1.3 SCCa3 is essential for plant viability

The HEAT repeat containing subunit SCC3, which is required for st@iidn of the cohesin
complex in yeast (Toth et al. 1999), was analysed with line SALK_021758y
heterozygous mutants could be selected. The mutation iB@@8gene is homozygously
lethal in A. thaliang indicating the essentiality of SCC3 for viability. The T-DN#as
integrated in the sixth exon of the gene. Southern hybridisatv@alexl two loci of T-DNA.
The expression of the inta@CC3allele was upregulated to 83.5% (Table 1). Habit and

fertility of mutant plants were not different from wt.

3.2 Condensin

Out of the nine genes encoding the condensin complex subunits, enbofild be analysed.
Selection of T-DNA insertion lines mutati@MC4B CAP-D2A CAP-D2BandCAP-Gwas
not successful up to now. The lines found 8vIC4B and CAP-D2Arevealed a T-DNA
position outside of the coding region and revealed a wt-like transEoptCAP-D2B and
CAP-Gno T-DNA insertion line was found.

Four T-DNA insertions were found in introns, seven in exons, two limes found upstream
of the respective coding region and three downstream of the codjiog i&f a gene (Figure
7). The positions of primers for genotyping and expression analysisuts#ited genes are
shown also in Figure 7. Alignments of PCR fragments with the @onesng gene sequence
are shown in Supplementary Table 5. Sequences of primers for gendpRT PCR and
real-time PCR are illustrated in Supplementary Tables 4 andsfgectively. Analysis of
expression in homozygous T-DNA insertion lines mutating respectwelensin genes is
shown in Figure 8. The expression values in heterozygous lines measured by yeardéht
time PCR can be found in Table 1. The numbers of T-DNA copies detnirby Southern
hybridisation with respective T-DNA probes are shown in Figure 9.

The presence of at least two homologous genes encoding the SMOnhgrdigisin
components and CAP-D2 subunits of the condensin complex aflotslianato assemble
different condensin complexes. Mutation 8MC2A SMC4A and CAP-H were lethal if

homozygous, pointing out the necessity of these genes for plant viability.
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Fig. 7: Structures of condensin gene®lue boxes represent exons. UTRs are shown as grey
boxes. Confirmed positions of the T-DNA insertions (SALK and SAfed) are indicated
with black lines. Homozygous lines are marked with ho and heterozygitteshe. The
positions of the genotyping primers are shown by the black arravsavabic letters. Primers
used for expression analysis are labelled with roman letters.
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Fig. 8: RT PCR of homozygous T-DNA lines mutating condensin ges. Expression
patterns in leaves of homozygous mutant lines. Only one reprégergample is shown for
the wt accession Columbia (Col). SALK 052322 shows a slight oversikpnesf the
SMC2A gene downstream of the T-DNA insertion due to the 35S promoter.rifaliya
functional truncated mMRNA is also expressed inSMEC2Amutant line SALK _095685. Both
SMCA4AT-DNA insertions are located downstream of the coding regiorshod a wt-like
transcript. TheSMC4BT-DNA insertion is located upstream of the coding region and shows a
wt-like transcript. The line mutatinGAP-H2 shows complete absence of the transcript. The

CAP-D2 T-DNA insertion is located downstream of the coding region and shomitslike
transcript. Elongation factordlis served as control.

3.2.1 SMC2A can compensate the mutation isMC2B but not vice versa

In A. thaliana,two homologous genes encoding SMC2 are present. The nomenSIstGaA
corresponds to At5G62410 an8MC2B corresponds to At3G47460. For both genes
homozygous mutants were selected. NASC provided the line SALK_052322 WHDNA

in the second exon &MC2Aand line SALK_ 095685 is mutated in the 15th exon. Both could
be selected as homozygous mutant lines and showed a truncatedptraimsS8ALK 052322

a slight upregulation of expression downstream of the T-DNA coulabberved. This could

be caused by the 35S promoter in the SALK T-DNA (Daxinger e2@08). Southern
hybridisation revealed two and four loci of T-DNA in line SALK 052322 am |
SALK 095685, respectively. In addition, two heterozygous T-DNA lines wittingle T-
DNA insertion with location in the 10th intron 8MC2Awere selected (SALK_ 101691 and
SALK_101701). Both lines showed upregulation in order to compensate thagrédisie.

The production of truncated transcripts in both homozygous lines (SALK 052322 and
SALK _095685) could explain the heterozygosity of lines SALK 101691 and SALK 101701.

As in both homozygous lines only a small part of the protein isimgisshe truncated
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transcript may be translated into a partial functional proteingtwban close the condensin
ring. SMC2Ais essential and can compens&gIC2B but notvice versa For mutating
SMC2B three lines were found in the SALK collection. Line SALK 101627, &ifi-DNA
position located upstream of the coding region showed a wt-like tijginge second line was
found with a T-DNA in the first exon and selected as homozygousKSR01643). The high
homology (90% at the protein level) (Siddiqui et al. 2003) of IBMC2Aand SMC2Bdid
not allow, to design unique primer pairs annealing only on one gfathes at the region from
exon seven to exon twelve (Supplementary Figure 1). In case of thgomsgte of the
homozygous line SALK 030653, a wt-like transcript was observed. By seggehcias
obvious that the amplified fragment was not frEBMC2Bbut from the homolo§MC2A
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Fig. 9: Southern hybridisation of condensin T-DNA linesThree ug of genomic DNA were
digested with Kpnl. U represents undigested genomic DNArepeesentative mutant plant.
The wt Columbia (Col) does not contain the target DNA. Singledbdi-DNA were found

for one line ofSMC2Aand CAP-H2 respectively. The other lines showed between two and
five loci of SALK T-DNA.
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3.2.2 SMCA4A is essential for plant viability

The Arabidopsisgenome contains at least two homologs ofSMC4gene. A third homolog,
SMCA4QC is not proven to encode a condensin SMC subunit, as it shows homology to the
SMC3component of the cohesin complex as well. Therefore, it was not included in this study.
SMC4Bcan not compensate f&@VIC4A Both genes differ strongly in DNA sequence and
length. SMC4Ashows nearly a doubled size with 3796 bp, wBiMC4Bhas a cDNA length

of 1822 bp (Supplementary Figure 2). To determine the effects ofingu&VIC4A four lines

were analysed. Two of them showed a location of T-DNA downstreaheafoding region.

Both lines SALK 002371 and SALK 002392 were selected as homozygous lines.
Transcription ofSMC4Awas observed like wt showing no alteration in mRNA level in both
lines. For line SALK 002313 only heterozygous plants could be selectedl-DiINA was
located in the last exon &VIC4Aand real-time PCR revealed a transcription level like in wit.
This upregulation of expression of the int&¥C4Aallele indicates the requirement of the
gene for plant viability.

Daniel Riggs (Department of Botany, Devision of Life Science,vémsity of Toronto,
Canada) provided one T-DNA insertion line from Syngenta (SAIL_86Do2pmalysis of
SMCA4A SAIL_86D02 showed a T-DNA insertion at the end of the seventbniratnd could

be selected only as heterozygous. This line showed 85% of the varipatevel of SMC4A
According to Southern hybridisation, which was performed in DaRigh’s laboratory,
SAIL_86D02 contains the T-DNA only in tft@MC4Agene with at least two transgenes in
tandem array (Siddiqui et al. 2006).

For analysis ofSMC4B only one T-DNA insertion line was found. The SALK database
provided this line as homozygous T-DNA insertion line interruptingpitoenoter sequence

but after sequencing it was obvious that the insertion was tb&itébp upstream of the
transcription start point. The line showed a wt-like transcri@@MC4Banalysed by RT PCR
indicating no effect of the T-DNA on transcription 8MC4B Thus, detailed analysis of the
SMC4Bhomolog could not be done.

3.2.3 vy-kleisin Cap-H is essential and can compensate the fction of p-kleisin
Cap-H2

The SMC heterodimer can bind different kleisin proteins. In vertebatedensin | requires
the CAP-H subunit, a-kleisin, and condensin Il requires CAP-H23-&leisin (Hirano et al.
1997; Ono et al. 2003; Yeong et al. 2003). NASC provided two T-DNA insertn@s li
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mutating the CAP-H gene. Both could be selected only as heterozygous mutants.
SALK 017766 showed a T-DNA location in the tenth intron and two loci ofNADLine
SALK 072400 with an insertion in the ninth exon of the gene revealed fausfldecDNA.

Both lines showed transcript levels from 90.8% - 100% ofOAP-H transcription. This
indicates thaCAP-His essential for plant viability.

To mutateCAP-H2 only one mutant line could be found in the SALK collection with a single
insertion in the sixth exon. It could be selected as homozygous Idgsetibn line that
showed ndCAP-H2transcript. The habit and fertility of mutant plants did not diffem wt.

This suggested that CAP-H containing condensin complexes can msestpehe lack of
CAP-H2 containing complexes, but neice versabecause the mutation GAP-H was

homozygously lethal.

3.2.4 A.thaliana contains two candidate genes encoding CAP-D2

Database search revealed two candidate ge@Gé#-D2A At3G57060 andCAP-D2B
At4G15890) encoding CAP-D2 in tife thalianagenome.

Only one insertion line mutating the ger@AP-D2A was found in the database.
SALK_ 077769 showed a position of T-DNA downstream of the coding regi@A&+-D2A
and was selected as homozygous line. The analysis @@AReD2Aexpression in this line
revealed a wt-like transcript. Obviously, it seems that the R’RNthis position has no effect
on the expression cTAP-D2A Analysis of the possible function of this gene could not be
done within this study.

CAP-D2B represents the second homolog encoding this HEAT repeat-containirggn prot
required for stabilisation of the condensin complekimelanogaste(Savvidou et al. 2005).
Unfortunately, no T-DNA insertion line could be selected muta@Ag>-D2B up to now.

Thus, analysis of the function GAP-D2Bin A. thalianacould not be done.

3.3 Proteins interacting with cohesins and condems

For analysis of the three interacting proteins SWI1, SCC2 &ldl1Baltogether four T-DNA
insertion lines were found. In the GABI collection the respeciive for analysis oSWI1
was found. This protein was shown to be involved in the axial elemanation during
meiosis (Mercier et al. 2001, 2003) but mitotic tissue was notnaysed inswil mutant

plants. Two lines mutatin§CC2 a subunit of the cohesin and condensin loading complex,
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were found in the SALK collection. Only one line with insertion in BRU1 gene was
available and selected out of the SALK collection. Homozygous FA-Ies forBRUland
SWilwere analysed regarding the transcription of the respectivelye® PCR (Figure
11). In heterozygous lines mutatisgC2the transcript level was measured by quantitative
real-time PCR (Table 1). The number of T-DNA loci is depicted in Figure 13.
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Fig. 10: Gene structures of cohesin and condensin interacg proteins SWI1, SCC2 and
BRUL. Blue boxes represent exons. UTRs are shown as grey boxes. Confirntethpasd
the T-DNA insertions (SALK- and GABI lines) are indicated hwithe black lines.
Homozygous lines are marked with ho and heterozygotes with he. Theommwf the
genotyping primers are shown by the black arrows with araltierde Primers used for
expression analysis are labelled with roman letters.

Fig. 11: RT PCR of homozygous
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RN Ak - T-DNA. This truncated mRNA did
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EFla g m ; n no BRU1mMRNA was detectable.
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3.3.1 SWI1 is essential for fertility and genome stability

Homozygous plants mutated 8WI1were completely sterile. GABI_206H06, with a single
insertion in the first intron showed an overexpression downstreahe ai-DNA. This could
be due to the 35S promoter in the right border of the T-DNA. This ovessipn did not
prevent the mutant sterility because the truncated mRNA vekingathe first exon and

therefore, obviously an essential domain of the protein.

3.3.2 SCC2 s indispensable for plant viability

The loading complex consisting of SCC2 and SCC4 was analysedDdyATisertion in

SCC2 Two T-DNA lines were found in the SALK collection. The T-DNAsacated in the
eighth (SALK 151609) and 13th exon (SALK_058767). The two lines could onlyldxetesk
as heterozygous and showed an expression level of ~88% of wt transciiuticating the
essentiality of SCC2. Southern hybridisation revealed three aed &aci of T-DNA for line

SALK 151609 and line SALK_058767, respectively.

3.3.3 Plants mutated inBRU1 show developmental abnormalities

BRU1 was shown to be involved in centromere condensation (Taked2@04).therefore it
was included into this study. NASC provided an insertion line to anBIR&&l as interaction
partner for condensin. Line SALK 034207, with a T-DNA insertion in thénsexbn of the
gene, could be selected as homozygous and showed complete absen&Rafthanscript.
Southern hybridisation revealed four loci of T-DNA. Homozygbusl mutants showed an
irregular branching pattern and fasciation in roots, stems, shadtflowers. Organs were
fused resulting in a brush-like structure of siliques. Furthermoaaiplvere smaller than wt

and had a very low seed set (Figure 12).
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Fig. 12: Habit of brul mutants. Col

wt (a) andbrul/brul (b) 6 weeks
after germination under short day
conditions; Col wt (c) antrul/brul

(d) 11 weeks after germination under
long day conditions, flowers
appeared but showed secondary
rosettes and fused flowers.

)

Homozygous as well as
q A\ ) heterozygous mutants showed a very
- : low seed set.

M |u lcoll swizl scc2 lBrui Fig. 13: Southern hybridisation of T-
DNA lines mutating genes coding for
proteins interacting with cohesin and
condensin. Three pg of genomic DNA
were digested with Kpnl. U represents
undigested genomic DNA of a
representative mutant plant. The wt
Columbia (Col) does not contain the target
T : DNA. A single locus of T-DNA was found
o ‘N for GABI_206H06. The lines mutating
i = | SCC2showed three and seven loci of the
SALK T-DNA, respectively. Thebrul
mutant contains four loci of T-DNA.
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3.4 Invivo studies to analyse genome stability

The confirmed mutant lines were transformed with fluorescencedagonstructs encoding
recombinant histones (Pro35S-H2B-DsRed, Pro35S-EYFP-CenH3, Pro35S-H2B&YFP)
visualize mitoses in root tip meristems. The first strategg to label the centromere with
Pro35S-EYFP-CenH3 and the whole chromatin with Pro35S-H2B-DsRed. Untetiyn®

lines expressing both constructs stably could be selected. Theté®nautant lines were
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transformed only with a single construct (Pro35S-H2B-YFP). For sirttes lines it was not
possible to select transformants expressing the Pro35S-H2B-Y Ffrucbrssably. Therefore,
seedlings were fixed and stained with DAPI to analyse theeqoesices of the mutations on
cell divisions. Seedlings derived from heterozygous plants could not beypedoafter
fixation and were classified according to their bridge valugaguthe QUICKBASIC
program for exact and mid-p confidence interval for a binomial propdifiagan 1996). The
classification ofSYN3/syn&ndSWI1/swilmutants is depicted in Supplementary Figure 3 and
4. Furthermore, using untransformed seedlings for DAPI stainingpoitlé be determined
whether the expression of the Pro35S-H2B-YFP conspactsehad an influence on the
frequency of anaphase bridge formation. The Pro35S-H2B-YFP easts@thot affect the
amount of anaphase bridges (Tablel). Plants mutated in cohesin onsiorgknes or genes
encoding one of the interacting proteins SCC2, SWI1 and BRU1l showedceeased
frequency of anaphase bridges. In some mutants, micronuclei séyie s the consequence

of non-disjunction due to anaphase bridges.

3.4.1 Pro35S-EYFP-CenH3 and Pro35942B-DsRed double transformants do

not stably express both constructs simultaneously

SimultaneousAgrobacteriumtransformation with Pro35S-EYFP-CenH3 and Pro35S-H2B-
DsRed constructs provided only 14 out of 80 T1 plants, which expressed bothuasnstr
partially in root and leaf tissue (Figure 14). No double transforimnedstably co-expressing
both fusion constructs in all nuclei could be selected neither fimmsformed wt, nor mutant
plants. Therefore, double transformation was not useful to generdily stgoressing
transgenic mutant lines for analysis of mitotic divisions and interphase nuclei.

Expression frequencies were different between meristematialiffiedentiated tissues, but
similar in differentiated root and leaf tissue of the double toansints (Figure 14 and 15). In
meristematic tissue only 0.4% and 1.4% of the nuclei showed expredgsboth constructs
simultaneously irsyn4mutants and wt plants, respectively. Pro35S-EYFP-CenH3 was mainly
expressed in the root tip, while Pro35S-H2B-DsRed showed high exypress the
differentiated tissue of elongated root. The expression frequancike syn4 mutants were
compared between different tissues and with wt using-test. Significant differences P
0.001) were observed between meristematic and differentiatcegsigelongated root and
leaf). Here, opposite expression frequencies of Pro35S-EYFP-CenH2emmo Pro35S-
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H2B-DsRed were observed. The root tip meristem expressed tl3EYFP-CenH3
construct in 59.0% and 83.2% of nuclei in homozygeys4 mutants and wt, respectively.
Only ~4% of nuclei in the elongated root expressed Pro35S-EHRPHE in mutant and wt
plants. The highest expression in the elongated root was obsetlheraB35S-H2B-DsRed
showing 68.6% and 93.4% of nuclei with expressiosyn4 mutants and wt, respectively.
The two expression cassettes inhibited the expression of eachirottiex different root

tissues.

Pro35S-EYFP-CenH3

Root nuclei

Fig. 14: Expression of Pro35S-EYFP-CenH3 and Pro35S-H2B-DsRed in dua
transformed syn4 mutant line SALK _076116.0ne of the very rare nuclei expressing both
fluorescence constructs simultaneously was found in elongatedsaiat.t The meristematic
tissue showed only 0.4% of the nuclei expressing both constructs together impltated in
SYN4and 1.4% in wt plants.
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Fig. 15: Expression frequencies after double transformation wit Pro35S-EYFP-CenH3
and Pro35S-H2B-DsRed irsyn4 mutant line SALK_076116 and wt.Nuclei were counted
in freshly cut material of root tips, elongated roots and leafdis$ter DAPI incorporation 16
days after germination. n = number of nuclei pooled from anatygisn T2 plants. Double
expression of both constructs is significantly<(f.001) higher in differentiated tissue (leaf
and elongated root), than in root meristem but not significantly diffésetween leaf and
elongated root.

For exact measurement of expression values, quantitative realR{DR was applied to
compare a homozygousyn4 cohesin mutant line (SALK_076116) containing six loci of
SALK T-DNA with wt. Due to the small size @&. thalianaroots, it was not possible to
divide the tissues in meristematic and differentiated root tigsuRNA isolation. Therefore,
RNA was isolated from 15 pooled seedlings 14 days after germinatidrthe expression
difference of transgenes between homozygsys4 mutants and wt was measured. The
highest expression values were obtained after wt single trarsformTransgene transcript
levels were reduced in the double transformed seedlings in cdsompato single
transformants but did not reflect the low degree of co-expressiom /o fluorescence.
After double transformatiosyn4mutants showed only 63% (Pro35S-H2B-DsRed) and 54.7%
(Pro35S-EYFP-CenH3) compared to the transcript level of doublefdraresd wt plants,
respectively. Double transformesyn4 mutant plants showed only 30.1% (Pro35S-EYFP-
CenH3) and 42% (Pro35S-H2B-DsRed) of the transcript levels of stregbsformed wt
plants on mRNA level, respectively. Single transformed mutamtkhowed 70.4% of the
transcript levels compared to wt. It was obvious, fya mutants, which contain six loci of
T-DNAs in addition to the unknown number of fluorescence expressionttessshowed a

reduced expression in comparison to wt after double transformatiaelbas after single
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transformation (Figure 16). The lowest expression was presengé sym4 mutant line after
double transformation. The reduced expression compared to wt can be taken asator iofdi
silencing due to multiple T-DNA insertions in the mutants. SALONA constructs contain
the 35S promoter, which can induce silencing of other expressionteas@datzke et al.
2003; Daxinger et al. 2008). Due to the identical promoter and termirgfions of the two
fluorescence expression constructs, it seems that the two umisstwere prone to
simultaneous silencing. Especially in mutant plants containing sivofo:DNA in addition

to the two fluorescence expression cassettes only very tayglyconstructs were expressed
within one nucleus simultaneously. Assuming a progressive onset lesfcisg, the

observation that older plants (six weeks) showed no fluorescence at all suppadtsathis

100%
90%
80%
70%
60%
50% -
40%
30%
20% -
10%
0%

H2B-DsRed EYFP-CenH3 H2B-DsRed EYFP-CenH3 H2B-YFP H2B-YFP
Col SALK_076116 Col SALK_076116

double transformation single transformation

Fig. 16: Expression after Pro35S-H2B-DsRed and Pro35S-EYFP-CenH3 double
transformation compared to single transformation with Pro35S-H2BYFP in syn4
mutant and wt seedlingsAll values are relative tACTIN2as a housekeeping gene. Pro35S-
H2B-YFP expression in wt was regarded as 100%.

To test, whether Post-Transcriptional-Gene-Silencing (PTGS)esatle silencing in the
double transformants, RNA-Dependent-RNA-Polymerase 6 (RDR6) efiglants were
transformed with the same constructs. RDR6 plays a crucialimotee RNA silencing
response in plants. RDR polymerases participate in natural dedgyadest plant viruses.
Plants mutated iRDR6show stable expression of transgenes (Wassenegger and Krczal 2006;
Diaz-Pendon 2007; Butaye et al. 2004). Tide6 mutant line suppresses PTGS effects.
Around 4000 seeds were surface-sterilized after transformation but only ahgnela on the

selective medium containing two antibiotics (Kan and PPT) reiflgca transformation
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efficiency of only 0.025%. The transformation rate observed in witplwas 2% meaning
one transformant among 50 seeds. The only transformant ofitbdine showed neither
expression of Pro35S-H2B-DsRed, nor of Pro35S-EYFP-CenH3. Maybe tlom andt

mechanisms others than PTGS were responsible for the suppressing of both cdngtonets

single transformant was not conclusive enough.

3.4.2 Single transformation with Pro358H2B-YFP

Due to the low simultaneous fluorescence expression after dowaplsfdrmation, single
transformation with Pro35S-H2B-YFP was applied to allow visuatimatif individual root
tip mitosesin vivo. Strong fluorescence expression was detectable in nearly adi raund
allowed to analyse a high number of divisions. Homozygyngmutants showed 97.5% of
nuclei expressing Pro35S-H2B-YFP in root meristems.

In leaf tissue expression was visible in nearly 90% of nuclentl100% of nuclei expressed
the construct in root tissue (Figure 17). Only very few nuclei (0$8%})ved no expression in
leaf tissue in wt. Significant differences of expression vedrgerved between wt and mutant

in leaf tissue (X 0.01) and in the elongated root<£F.1) using the two-sided Fisher Exact
Test.

@75 (n=596) @ ¢ (n=388) syn4/syn4
% expression of:
HAREYER
10 (n=323) Col G5 (n=389)
Meristem Differentiated tissue Differentiated tissue

Fig. 17: Expression frequencies after single transformation wit Pro35SH2B-YFP in
syn4 mutant line SALK 076116 and wt.No significant differences betweeneristem and
differentiated tissues and between mutant and wt were observed.
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In vivo analysis ofSMC1/smcland SMC3/smc3nutants could be done only in the T-DNA
lines provided by GABI, which showed a single locus of the T-DNA. Prd3%&-YFP
expression was very rare in the lines SALK_ 017437 and SALK_015308, containieast
eight loci of T-DNA construct within the CaMV 35S promoter seqee(feigure 6). The
GABI T-DNA also contained the 35S promoter but the number of T-DMAHhe genome
seemed not to reach the threshold fiansinactivation of the fluorescence expression
cassette. Silencing of the Pro35S-H2B-YFP expression cassetteed to inhibit than vivo
fluorescence in the SALK lines. After six weeks, no Pro35S-H2B-¥kpression could be
observed in any of the transgenic plants, suggesting onset silencing effects.

Transformants of the heterozygo8®C1mutant line GABI_269E12 showed a frequency of
anaphase bridges of 4.4%. This displays no significant differeamopared to wt. Analysis of
mitosis in three days old seedlings of the untransformed mutast devealed a wt-like
frequency of anaphase bridges of 2.4% in SALK 017437 and GABI_269E12, 2.6% in
GABI_498B03 and 2.9% in SALK 015308. Col wt showed on average 2.6% anaphase
bridges.

In heterozygoussYN1mutants no significant increase in the frequency of anaphase $ridge
could be observed in three days old seedlings after DAPI stainimgpmparison to wit.
Homozygous mutants were observed very rarely with a segregationlef : 1 (wt : he : ho)
and therefore, only heterozygous mutants could be analysed after f&iRing. The
frequency of mitotic errors did not differ significantly from uat heterozygous plants. It is
possible that homozygous mutants, which were sterile, would show moree seve
consequences on mitosis. The expression of Pro35S-H2B-YFP was reeiig raeristems,
which severely limited thén vivo analysis. Due to the presence of three to four T-DNAs,
which contain the CaMV 35S promoter, in the SALK line, it is likilgt the Pro35S-H2B-
YFP expression cassette is silenced in these lines. Comptsrce of YFP expression after
Six weeks supports this hypothesis.

The homozygous loss of function ¥ N2results in a frequency of 12.5% anaphase bridges
analysedin vivo in root tips. Untransformed seedlings lacking SYN2 show 9.8% anaphase
bridges after DAPI staining, implicating the necessity u§ tkleisin for proper mitosis.
Maximally two bridges per nuclear division were found.

In vivo analysis of heterozygous plants mutatedSK¥iN3could not be performed. All 21
transformants that were selected on Kanamycin-containing medtemPa035S-H2B-YFP

transformation contained no SALK T-DNA insertion. Hence, it was polysible to analyse
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mitoses in seedlings after DAPI staining. Up to three anapbadges were found per
division in line GABI_095A10. In total 21.9% of anaphases showed chromosome bridges.
Root tips of homozygousyn4 mutants showed a bridge frequency of 13.6% in line
SALK 076116 in vivo. After DAPI staining of seedlings 18.8% bridged anaphase
chromosomes were observed with a maximum of three bridges pesiodiviLine
SALK 130085 showed 10.8% anaphase bridges and up to five bridges in one (Ritpgis
18). In line SALK_ 020171 15.3% bridges were observed, showing not more thdmitlges

per division. All three lines display a significant increase of bridge frequssmopared to wit.
HeterozygousSCC3mutants showed 15.9% anaphase bridges with a maximum number of
two bridges per division in three days old seedlings (Figure 1&ct&®1 of proper lines after
transformation with Pro35S-H2B-YFP was not successful. Only two lgréw on the
selective marker medium, which were confirmed as wt after PCR genotyping.

b) SCC3/5¢c3 Fig. 18: Representative examples for
disturbed mitoses in cohesin mutants.
a) Col wt anaphase without bridges after
DAPI staining of cotyledon tissudo)
Anaphase ofSCC3/scc3mutant with
one anaphase bridge in DAPI stained
cotyledons. C) Pro35S-H2B-YFP
transformedsyn4 mutant. Up to five
anaphase bridges were observed within
one cell in root tips. Micronuclei were
the consequence of non-disjunction
(left).

Also condensin mutants revealed an increased occurrence of anapthgae inrroot tips and
cotyledons of three days old seedlings leading to genomic instaldiRepresentative
condensin mutants for the ger@8IC2Aand SMC2B, SMC44And both kleisin€AP-H and
CAP-H2display a significant increase in anaphase bridge frequanopot tips as well as in
cotyledons of three days old seedlings compared to wt. SMC2Assteebhe very important
for mitotic divisions. Pro35S-H2B-YFP expressing root tips of lind 64052322 revealed
22.6% anaphase bridges and in cotyledons of fixed seedlings 15.6% of asagit@sed
bridges. In addition to the increased amount of anaphase britigeaAmutants showed 18%
of meristematic nuclei with abnormal shapes (Figure 19). lhsdbkat the daughter nuclei
stay connected after mitosis due to the high amount of anaphasesbritte truncated
transcript detected in this line can not code for a functionalipratel the homolog SMC2B

can not compensate completely the truncated SMC2A protein. Ndesghéomozygous
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mutants for botfSMC2homologs are viable indicating that at least a partial casgi®n
mechanism or the present truncat8¥iIC2A mRNA provides some minimal function.
Analysis of mitoses ismc2Bmutants revealed an appearance of anaphase bridges of 11.6%
in the line SALK_101643 in fixed seedlings and 15.6% in Pro35S-H2B-YFP ssipgeroot

tips with a maximum of two bridges in one anaphase.

Also SMCA4A is required for genome stabilisation. 14.5% anaphase bridfjred seedlings

and 11.5% in root meristems vivo shows that even a slight reduction (~15%) in the
transcript level o6MC4Bresults in mitotic disturbances.

Analysis of mitoses in plants mutated @AP-H revealed a significant increase in bridge
frequency of 14.9% in line SALK_ 017766 and of 14.7% bridges in SALK 072400 in three
days old seedlings. Bottap-H mutants showed up to three bridges per division. Even a slight
decrease (~10%) iICAP-H expression resulted in disturbed mitoses visible as anaphase
bridges and micronuclei (Figure 19). Mutants of the second kleisididate of condensin,
CAP-H2 (SALK_059304) could be selected as homozygous. The consequencas-ia2
mutation were not as severe as ¢thp-H mutations on divisions. Chromosome bridges in the
cap-H2mutant line (SALK_059304) were observed in 10.5% of anaphases in fizxdithgs.

In vivo 9.8% of anaphases showed chromosome bridgescdpi2 mutants showed not

more than two chromosome bridges per anaphase.

¢) CAP-H/cap-H Fig. 19: Representative examples for
disturbed anaphases and interphases in
root tips of condensin mutants. Plants
were transformed with Pro35S-H2B-YFP.
a) Anaphase in wt without bridges. b)
Interphase structure of meristematic wt
nuclei. c) CAP-H/cap-H mutant
(SALK_017766) shows one anaphase
bridge and a micronucleus as the
consequence of non-disjunction. e) Nuclei
of smc2Amutant line SALK_052322 with
abnormal shapes.

In addition to cohesins and condensins also the proteins interactm¢hesh were analysed
regarding the occurrence of anaphase bridges. SWI1, esdentidle formation of axial
elements during meiosis (Mercier et al. 2001, 2003) is also necessary fosnMitesPro35S-

H2B-YFP transformed mutant line showed an anaphase bridge frgqgoe2&.7% in root
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tips. DAPI stained seedlings revealed 21.0% anaphase bridgesemzygbus plants and
even 43.8% in one single putative homozygous plant. Because of stdrtlity homozygous
plants, seedlings were derived from a heterozygous plant andfiethgsicording to their
bridge values (Supplementary Figure 4). Up to three chromosome drigge found in one
division.

Mutation in the cohesin and condensin loading complex were lethal if lygoez SCC2
expression in heterozygous plants was upregulated up to ~88%. Nevsrthélags of this
reduction inNSCC2mRNA impaired mitoses. No mutant line expressing Pro35S-H2BiFP
meristems could be selected. Thus, analysis of mitoses could foemEst only in DAPI
stained seedlings. A bridge frequency of 22.9% was observed showtngwg bridges per
division.

Due to the strongly reduced seed set in homozygous plants mut&BdJih transformation
with Pro35S-H2B-YFP could not be performed. Analysis of mitosesdeas using three
days old seedlings, which showed a frequency of 20.0% anaphase brittgeetuwnore than
two bridges in one anaphase.

The Pro35S-H2B-YFP transformation does not influence the anaphase fsadgency,
because there are no differences between the Pro35S-H2B-YFPsexgprestant lines and

the mutant lines after DAPI-staining without the Pro35S-H2B-YFP expresassette.

4. Discussion

Sister chromatid cohesion and chromosome condensation are indispensahlevival of

eukaryotes. Efficient repair of double-strand breaks (DSBs) & edsential to maintain
genome stability. Correct DSB repair via Homologous recombinatiti®) petween sister
chromatids requires cohesin complexes to use the intact sistanatid for repair of the
damaged one in addition to the SMC5/6 complex in yeast, mammals atsl (3grgen and
Nasmyth 2001; Unal et al 2004; Potts et al. 2006; Watanabe et al. HRYFigure 20) is

required for maintenance of the genome integrity (Pacher 20@r). In this study, a line of
evidence is provided that the cohesin complex is required for effi@pair of DSBs by HR
in A. thaliana

Furthermore, DSBs can be repaired by non-homologous end-joining Nid&atic cells of
eukaryotes (Figure 21). Homologous sequence information does not pprarote in this

process of DSB rejoining. A few nucleotides of homology are enoughhérannealing
reaction (Puchta 2005). This process can lead to translocations andlesibes. Both
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mechanisms share common steps and combinations between HR and NHEJ aeseahsanpr
plants (Puchta 2005). DSB repair can start with the HR pathwagsafiolal rejoining process
NHEJ can be used (Gorbunova and Levy 1999).

Phosphorylation of the histone H2A at serine 129 recruites the natwraplex to DSB sites
and is necessary for repair by HR and NHEJ in yeast!(&tnal 2004; Pacher et al. 2007).
Cohesin mutations impair efficient HR because of insufficieriersishromatid alignment.
Misrepair due to separated sister chromatids because of mutdtedirc genes or genes
encoding interacting proteins may result into dicentric and acestiromatids (Figure 22).
DSBs and misrepair can arise between different chromosomes.efibady only 50% of
reciprocal chromatid translocations are visible as chromosome $ridigrause only
asymmetric translocations result in dicentric and acentric fragments.

The condensin complex is required for chromosome contraction from prophamstaphase
and to resolve associations between sister chromatids bytirggrcinromatin remodelling
proteins such as Topoisomerase Il (Top II) (reviewed by Hudson. &0@9). Top Il is
necessary for resolution of catenations between sister chronpaiiols to segregation
(Pasierbek et al. 2003). An important function of condensin is, to reginat non-histone
proteins associate correctly with chromatin (reviewed by Hudsah €009). In condensin
mutants the anaphase bridges may arise due to non-disjunction ofckrsteratids which
failed the in resolution of associations like catenations and entanglemeie (£3).

In addition, proteins interacting with cohesin and condensin are redairedrrect nuclear
divisions or processes which are required prior to segregation fanaesDSB repair. SWI1
was shown to be involved in axial element formation in meiosis anbeirfarmation of
RAD51 foci (Mercier et al. 2003) indicating interaction with cohesam&l mediating
alignment of chromosomes and DSB repair by HR. The loading of tatlesin and
condensin is dependent on the SCC2/SCC4 loading complex in yed3tamaghila (Seitan
et al. 2006; Watrin et al. 2006). K. thalianathe loading complex is essential for plant
viability possibly by mediating sister chromatid cohesion via logdof cohesins and
chromosome condensation by loading of condensins. Furthermore, BRU1 ssamgcir
centromere condensation and control of the epigenetic informatign thaliana Plants
mutated inBRU1show a high sensitivity to genotoxic stress (Takeda et al. 2b@djaction
of BRU1 with the condensin complex seems to be important for devehdgie®ntrol in
plant growth. Condensation of chromatin needs to be regulated at thet tioneeand locus.

It is possible that BRU1 is involved in this regulation by inteosctwith condensin
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complexes and thus, mediating chromatin condensation of heterochromatinstimce

centromeric repeats.

Homologous recombination

conversion ‘cross over*

Fig. 20: DSB repair via HR in somatic plant cells (accordingd Puchta 2004) After DSB
induction (a), breaks can be closed via synthesis dependent strandngn(®25A) (left).
An exonuclease catalyzes 3'-single strand overhangs atedb88 (b). At the homologous
double-strand e.g. the sister chromatid (orange), a D-loop isbuittvasion of a free 3° end
(c). After repair synthesis (d) at the template of the homologtrasd the ends are ligated
together again resulting in a gene conversion (e). A speciahkiéhanism is the allelic HR
(right). A double holliday-junction is formed (c), either between blogous chromosomes-
resulting in a cross over or between sister chromatids-resuitmgister chromatid exchange
(SCE). Gaps are filled by DNA synthesis (d). The originblgken sister chromatid (green)
is ligated to the homologous chromosome or sister chromatid (orange) (e).
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4.1 Disturbed cohesion and misrepair cause somatimaphase bridges

The cohesion of sister chromatid centromeres is required in prophasiosis for correct
chromosome segregation and for the correct repair of double-straakks via HR during G2
phase of the cell cycle. In addition to cohesin, also SMC5/6 and condengiteges, as well
as the replication- and transcription machinery seems to be iovaivaister chromatid
cohesion. In repetitive chromatin regions with specialized functiomstrfomeres, telomeres
and rDNA loci) distinct mechanisms for sister chromatid camesian be found like
catenations or entanglements (reviewed by Losada 2007). It was idditatiein human cells
telomere cohesion of sister chromatids is mediated by an assoncbetween the cohesin

subunit SCC3 and components of telomeric chromatin (Canudas et al. 2007).

Non-homologous end-joining via SSA  Fig. 21: DSB repair in somatic plant cells via
single strand annealing (SSA) (according to

i e — Puchta 2004).SSA belongs to the NHEJ repair
pathway. A DSB is induced (a). Exonuclease

P — produces 3'-single strand overhangs at DSB ends

D — — (b). If complementary sequences are present they
P can anneal and produce a chimeric DNA-

c —— — molecule (c). Overhanging ends are restricted

7/ resulting in deletions. In case that there are no

complementary sequences present, homology of

1 S — only three nucleotides is enough for the annealing

reaction (d) and putative single-stranded regions

are filled by DNA synthesis.

After semi-conservative replication, DNA molecules are catehand therewith aligned
without need for cohesin (Diaz-Martinez et al. 2008), but during replicailso cohesin
mediated cohesion is established after cohesin loading via SCC2/8€iGg G1. ETG1 and
CTF18 are evolutionary conserved replisome factors required for ionhestablishment
during this process (Takahashi et al. 2009 submitted). Furthermoreinsoles required for
correct repair of DSBs by HR (Unal et al 2004; Pacher et al. 2007). Gistenatid exchange
(SCE) was shown to be the preferred pathway for accurater iepgeast and mammals
(Kadyk and Hartwell 1992; Johnson and Jasin 2000; Gonzalez-Barrdr&2@03). Cohesin
complexes are essential for repair of DSBs by SCE.icerevisea€éCortes-Ledesma and
Aguilera 2006). If no or not enough functional cohesin is present inutleus to align sister

chromatids sufficiently, DSBs might be misrepaired by usirtdEBl or HR of ectopic
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homologous sequences instead of HR between allelic sequaéndeslianasister chromatids
show 30% separation along chromosome arms (Schubert et al. 2006). Thus)scalhes
required to align sequences of sister chromatids for effioggratir of DSBs by HR during G2
phase. Ligation of different DSBs at non-allelic positions via NHEJ may ¢etrdrislocations
between chromosome arms resulting in di- and acentric chran{Réather et al. 2007), when
ligations are asymmetric. Only 50% of reciprocal translocatimt®me visible as anaphase
bridges when asymmetric ligation of chromatids occured. Duringsiaithe two centromeres
of dicentric chromatids can be pulled towards different cell p@ewning chromosome
bridges during anaphase. Pulling forces of the mitotic spindleeonéw cell wall cuts the
bridged chromosome into two pieces. Acentric chromosome fragnmemtsr between the
daughter nuclei forming micronuclei at telophase. A DSB, if fatarg with replication may
result in a fusion between sister chromatids forming a chrdniaidge during the next
mitosis similar to the break-fusion-break cycle first desdribg McClintock (1953). Three
and more bridges in one anaphase may represent a misrepair ®bBS®Ren sister and non-
sister chromatids during G2.

Lines containing a mutation smclor smc3showed no significant increase of chromosome
bridges. These mutations were homozygously lethal and could only betedelas
heterozygotes. The allele of the respective gene without mutéiRiC{ or SMC3 was
upregulated to a level comparable to wt. Analysis of alignmeetjuEncies along
chromosome arms by fluorescengesitu hybridisation (FISH) showed ismcland smc3
mutants no significant differences in comparison to wt (Schubeait 2009). Consequently,
also the anaphase bridge frequency did not differ significantly fndmTo reduce the
expression level dBMCZlor SMC3 RNAI lines might be helpful for further analysis.

In yeast and metazoa two differamkleisins evolved, one for mitosis and one for meiosis
(reviewed by Lee and Orr-Weaver 2001; reviewed by Nasmyth 2001% gher plantsA.
thaliana and rice) contain foun-kleisins. These four paralogs developed organ-specific
functions, but can compensate each other partially (reviewed by Schubert 2009).

The homozygous mutation in the meiotiekleisin subunit SYN1 causes sterility .
thaliana (Bai et al. 1999; Bhatt et al. 1999; Cai et al. 2003). Analysis of hpgoos synl
mutants could not be done due to the very low number of homozygotes. Tegasien of
mutants was 7 : 14 : 1 (wt : he : ho). Mitotic disturbances did ffet dignificantly from wt

in heterozygous mutants but to draw final conclusions on the role ofl S&ilysis of

homozygous mutants would be necessary. Plants mutat8¥Niishowed increased sister
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chromatid separation after X-irradiation compared to wt indicatingequirement of cohesin
complexes for correct DSB repair (Watanabe et al. 2009).

Plants mutated i8YN2showed varying alignment values along sister arms indicating a locus-
specific impact if thisa-kleisin (Schubert et al. 2009). The elevated amounts of anaphase
bridges insyn2mutant lines indicate the necessity of this cohesin subunit faatagpair of
DSBs.

SYN3 represents an-kleisin with a specialized role in maintenance and transcnpof
rDNA structure and processing of rRNA (Jiang et al. 2007). A noutah this gene was
homozygously lethal and the expression of the intact allele irroagtgous mutants was
upregulated to ~77% indicating the importance of this gene. Thistieadliic the amount of
SYNS3 resulted in ~23% of mitoses with anaphase bridges. Reduced anh@NiN3 might
change the rDNA structure and cause elevated amounts of indd88ctepair resulting in
translocations. TheArabidopsis genome contains two chromosome domains encoding
ribosomal proteins. These nucleolus organisator regions (NORB)cated on chromosome
two and four. If the rDNA structure cannot be maintained due to a8k dI3, DSBs which
arise during G2 might be misrepaired. Asymmetric translocatieag result into dicentric
chromatids and anaphase bridges in these mutants.

DSBs in G2

— e—— ——
a b c

Fig. 22: Misrepair between chromosomes in G2 phase (accongj to Traut 1991). Repair
of DSBs in chromosomes in G2 resultajpthe restoration of original chromosomasin a
symmetric reciprocal exchange between chromosome @ymsa dicentric and an acentric
chromatid via asymmetric exchange. Dicentrc chromatids can leslgalvards different cell
poles in anaphase and become visible as anaphase bridge. Theprettall50% of
asymmetric and reciprocal translocations become visible as asaphdges. Centromeres
are shown as black balls.
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SYN4 is required for chromosome arm and centromere cohesion (da-Nloges et al.
2006). Centromere cohesion is very important prior to anaphase. SY#oised in
centromere- and arm cohesion as the separation frequencieglesated insyn4 mutants
(Schubert et al. 2009). Centromere separation is a drastic conseqtiemasatedSYN4 The
truncated transcript present syn4 mutants might not produce a completely functional
protein, as an anaphase bridge frequency of ~11-19% was observed.

The SCC3 protein is essential and mutations are homozygously iletAalthaliana The
number of anaphase bridges was significantly increased to 14.5% reohtpawt inscc3
mutants. Similar results were observed after RNAI depletid®Cs3 resulting in mitotic and
meiotic anaphase bridge formationGn elegangPasierbek et al. 2003). SCC3 is involved in
sister chromatid arm alignment (Schubert et al. 2009) and mighetessary for correct
repair of DSBs as well.

The genomic instability found in several cohesin mutants provides new aspectfuofction

of cohesin not only in sister chromatid cohesion but also in facilifatouble-strand break
repair. Misrepair of double-strand breaks due to reduced availafildghesin might be the
phenomenon causing the chromosome bridges. itihalianacohesin mutants. In future, the
cohesin mutant lines can be analysed for sensitivity to genotaesses, such as X-ray
irradiation (Watanabe et al. 2009) or DSB inducing chemicals. Thght reveal the
involvement of cohesins in DSB repair via HR by mediating sister chromatidioahe
Immunolocalisation studies identified SMC proteins also in the dgop Mammalian
centrosomes contain SMC1 (Austin et al. 2009). SMC3 was found in tii@asm and along
the spindle from metaphase to telophasA.ithalianaduring mitosis and meiosis (Lam et al.
2005).This suggests also non-chromatin related functions of cohesin.

In yeast,Drosophilaand mammals cohesin together with CTCF insulator proteinsas/ed

in the regulation of gene expression and development by interactiormbiancer sequences
(reviewed by Gause et al. 2008, Uhlmann 2008; Wendt and Peters 20A8ggbidopsistwo
candidate genes encode insulator proteins with homology to CT2H2 and REF6 are
homologues of CTCF, which show co-expression with cohesin genes dweiraglthcycle
(Rudnik 2009) but the involvement in gene expression needs further confirniatidn

thaliana
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4.2 Condensins are required for correct chromosomgegregation

As condensin is involved in proper spindle-kinetochore attachment and bipelatatdn of
S. cereviseaehromosomes via realization of inter chromatid release and obkomne
contraction (Yong-Gonzalez et al. 2007), mutations in condensin coding gesds in
genome instability. In vertebrate condensin mutants it was showrthéhanner centromeric
chromatin structure is decondensed, affecting the stiffness afetiteomere (Ribeiro et al.
2009).
The A. thalianagenome contains several putative genes for the different comparfights
condensin complex. This allows a combination of various complexes, whichieatize
specialized functions during the cell cycle (reviewed by Schud@®9). The condensin
complex was called “architect of mitotic chromosomes” by Hudsaad. (2009). The proper
loading of proteins onto the chromosomes requires a permissive DNA tgpahoch might
be created by the condensin complex (reviewed by Hudson et al. 20B9EMGi complex is
necessary for the formation of higher order chromatin and playsmportant role in
recruiting proteins required for the formation of compact chromosorispecially the
recruitment of Top Il is important prior to anaphase. This enzynmenw@isgles interwined
sister chromatids, which can not be separated in anaphase ifateestill catenated or
entangled. In case of incomplete condensation, sister chromaith$ twist around each
other, inhibiting correct chromosome segregation (Pasierbek et al..2B08hermore,
condensin is required for complete cohesin removal and for the resabditimomosome
associations prior to segregation (Hirota et al. 2004). Chromatin bridggnaphase are the
consequence of mutations in condensin subunits (Hirano 2005).
Also loss-of-function mutants, incomplete transcripts or reduced ®sipre of condensin
genes impair mitosis iA. thalianaas shown in this work. As the homozygous mutation in
SMC2Ainhibits the formation of a correct condensin complex, remaining cohesion might hold
the sister chromatids together and result in high amounts of chrombsiolges in anaphase.
Similar effects were observed in RNAI studies using manamabell cultures. Either
condensin | or condensin Il deficiency resulted in chromosome bridyes ¢t al. 2004,
Gerlich et al. 2006). In vertebrates it was shown that depletid@M€2 results in a high
frequency (~20%) of anaphase bridges (Vagnarelli et al. 2006)st Yewtaphase
chromosomes lacking condensin showed dramatic differences in the drelwdvithe
kinetochores. Sister kinetochore movements were uncoordinated, due to timbedis
morphology of the inner centromere chromatin and not the protein s&udfurthe
kinetochore itself (Gerlich et al. 2006).
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Fig. 23: Failure in resolution of
entanglements and cohesion in
condensin mutants during the mitotic
cell cycle leading to two chromosome
bridges (according to Pasierbek et al.
2003). In G1 only one chromatid is
present and cohesins (red ovals) are
loaded. During replication in S-phase
sister chromatid cohesion is established.
Sister chromatids become entangled and
catenated in G2 (thin green line between
chromatids). Microtubuli (blue arrows)
try to separate the sister chromatids in
anaphase by pulling the centromeres
(black balls) apart. Resolution of
cohesion, entanglements and catenations
prior to segregation fails in condensin

| . | mutants. Thus, sister chromatids cannot

be separated and become visible as

I_._I anaphase bridges. In telophase the cell

wall (brown line) cuts the bridged
chromatids and creates DSBs (red

asterisks).

G1

G2

Anaphase

Telophase

In yeast cells lacking condensin, the Cell Untimely Torn (Cpfienotype was visible after
defective chromosome segregation. This prevented the completiono&inegis and was
first described in fission yeast (Hirano et al. 1986). Thescgtiowing a CUT phenotype
cannot complete cytokinesis and stay connected after cell dividiomthaliana mutants
deficient in SMC2A showed a similar phenotype in root tip cdfigure 19) indicating
incomplete cytokinesis.

The two homologs encoding SMC2 show different compensation effS84€2A can
compensate the mutation i8MC2B but not vice versa The mutation inSMC2A is
homozygously lethal buBMC2Bis dispensable for plant viability. The high homology at the
protein level (Siddiqui et al. 2003) indicates a duplication event tltair@d recently during
the evolution ofA. thalianabut SMC2B is not a completely functional protein as SMC2A.
SMC2Bshows at the cDNA level nearly 50 bp less ti®MC2Aat the start point of the
coding region indicating a specialized domain which is only presentSMC2A
(Supplementary Figure 1).

A similar situation is true for the tw®MC4homologs. SMC4A is essential for plant viability
but SMC4B seems to be dispensable. The selection of additional THp&RAwith mutated
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smc4Brevealed also homozygous mutants (data not shown) indicating a roieasfrthe
SMC4Bhomolog in comparison t8MC4A The sequence similarity of tt8MC4homologs is
low at the cDNA level. Also the lengths of the transcriptsdifferent. SMC4Ashows nearly
doubled the length comparedS®MC4B(Supplementary Figure 2).

The two kleisins CAP-H and CAP-H2 show different effects aftertation. They-kleisin
CAP-H is essential for plant viability and can partially compémnghe mutation in thg-
kleisin CAP-H2. This could be due to the unique kleismiddle domain in CAP-H. Through
this domain CAP-H is able to localise at different compartmientie cell. In interphase it
localises in the cytoplasm while CAP-H2 shows always lodaisan the nucleus (Fujimoto
et al. 2005). This suggests that both kleisins and especially CAP-H evolved diftererdris
during evolution. InDrosophila cap-H2 mutants the formation of interphase chromosome
territories is intermingled (Hartl et al. 200&). thalianachromosomes are organizd in well
defined chromosome territories in interphase (Pecinka et al. 2004)arswhat has been
found in mammals (Manuelidis 1985; Cremer et al. 1988) and other plamsjeeitch et
al. 1990). If the chromosomes are intermingled and cannot occupytelisti@ear regions
due to the lack of CAP-H2, DSB repair via HR can be disturbed atileetlarge distance
between sister chromatids preventing correct alignment requireepf@ir.r

Unfortunately, no T-DNA mutants for the condensin subunits SMC4B and ¥ and
CAP-D2B could be selected up to now.

4.3 Correct cell division requires the proteins SW1, BRU1 and the cohesin

and condensin loading complex SCC2/SCC4

The dynamic chromosome architecture cannot be mediated only byatimis SMC
complexes. Additional proteins interact with the cohesin and the condensin complexes.
The protein SWIL is essential for axial element formation ifosmein A. thaliana During
male meiosiswil mutants show a precocious loss of sister chromatid cohesion, sugges
role of SWI1 in cohesion maintenance. SWIL1 is required for platititie{Mercier et al.
2001, 2003).

Also mitosis or processes prior to mitosis require SWI1 as showdifferent tissues oA.
thaliana mutants. Cotyledons deficient in SWI1 cannot perform mitosis ctyrantd show
increased numbers of chromosome bridges in anaphases. In rooackpsy|SWI1 the
number of defective anaphases was even higher. Furthermore, iS\MMolved in sister
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chromatid arm alignment analysed by FISH (Schubert et al. 2088)disturbed alignment
impairs proper repair of DSBs.

SWIL is expressed in G1 and S phase (Mercier et al. 2001, 2003).sAtintlkei point the
loading and establishment of sister chromatid cohesion is done. lroad&%I1 was shown
to be essential for axial element formation in meiosis, medigiant fertility. It is possible
that SWI1 is involved also in the establishment of sister chidmahesion prior to mitosis.
How SWI1 interacts with cohesin is not elucidated up to now. Furthermtants mutated in
SWI1 impair the formation of RAD51 foci indicating recombination defectsmeiosis
(Mercier et al. 2003). May be SWI1 is involved also in HR repad®Bs by interacting with
cohesins and mediating sister chromatid cohesion.

A second gene similar t8WI1lis present in thé. thalianagenome (At5G23610). It has not
yet been analysed functionally (reviewed by Schubert 2009). The sff@ogs (sterility and
elevated number of anaphase bridges) of &WI1 mutation suggest that At5G23610
obviously can not compensate the mutation irS¥Aéd1gene.

The biological importance of cohesin- and condensin interacting psoteialso obvious in
human diseases. Patients with Cornelia de Lange syndrome hav®mnsuita cohesin genes
or genes encoding the cohesin and condensin loading complex SCC2/SCC4. atenmut
causes developmental problems and mental retardation (Dorsett 2007; Barb20@#)al

The loading and distribution of both cohesin and condensin along chromasaea&ed by
the SCC2/SCC4 complex in yeast dhbsophila(Seitan et al. 2006; Watrin et al. 2006). By
mutating theSCC2gene ofA. thaliang it was obvious that this mutation was homozygously
lethal and even a slight reduction in the transcript lev&8@C2(~88% of wt level) resulted
in mitotic disturbances in heterozygous mutants. The genomic instahilthese mutants
pointed out the importance of the correct expression level of thesicoland condensin
loading complexes. Reduced availability of SCC2 results in an tetevisequency of
anaphase bridges. thalianacentromere cohesion and organisation is also affected by the
loading complex (Schubert et al. 2009; Sebastian et al. 2009). Depét®8@C2by RNAI
results in disturbed meiotic chromosome organisation and steriigiplesr as defective
homologous pairing, loss of sister chromatid cohesion, missegregéteimomosomes and
chromosome fragmentatidi®ebastian et al. 2009), supporting the impact of SCC2 on cell
divisions

Structural and functional stability of chromatin requires BRU1 auttang with the condensin
complex inA. thaliana Stability of the epigenetic information after replication is culigd

by BRU1l. By loosing of developmental contrdyul mutants are dwarfy and show
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developmental abnormalities (Takeda et al. 2004). Chromosome bridgesphases were
visible in one out of five mitoses. This indicates an importantfasl8RUL in segregation of
mitotic chromosomes or prior to segregation. By controlling epigendbemation, BRU1
might be necessary for stability of heterochromatic regiong ddntromeric chromatin
appears decondensed bnul mutants (Takeda et al. 2004). The centromere represents an
important structural part of the nuclear division. Due to the losghef centromere
condensation chromosomes might have problems to form a stabléurgtruchibiting
appropriate disjunction in anaphase. Similar as in condensin mutants, ttisomabrul
plants might twist around each other due to lack of condensatione En&snglements may

result into anaphase bridges when the chromatids should be separated.

4.4 Life cell imaging allows visualization of celtlivisionsin vivo

Visualization of growth in real time and single cell tragkiis used to understand the
spatiotemporal dynamics in the cell. The different techniquesnéor-invasive protein
labelling and/or interaction studies in different tissues open aziagfield to cell biologists.
Fluorescence labelling opens the possibility to detect singleeaules due to its high
sensitivity (Levitt et al. 2009Reddy and Roy-Chowdhu009.

In living roots YFP and DsRed can serve as molecular markershvdain be visualized
dynamically. Fluorescent tagginf of recombinant proteins, suchisienes, allows direct
insight into processes in the plant cell (Chen and Li 2005). Histone &2Bne of the core
histones, is a useful marker for chromatin localisation.

In this present work the initial approach was to label two diffecendmatin domains (the
centromere and the chromosome arms) by simultaneous expressiiffereitially labelled
histone variants. This strategy failed as expression of both maikely occurred and was
visible only in few nuclei indicating silencing caused by a higimber of T-DNAs
containing 35S promoters present in mutant lines after double transtorm@an excess of
MRNAs produced by overexpression due to the strong 35S promoter can RNéece
mediated silencing pathways leading to histone methylation aedobbromatic silencing in
Arabidopsis(Zilberman et al. 2003). The length of short interfering RNARNgs) mediates
the pathway of silencing. 21-22 nucleotide (nt) siRNAs suppress @emession post-
transcriptionally by mediating mRNA degradation. Longer siRNAR4-Z6 nt) lead to
homologous DNA methylation (Hamilton et al. 2002). Transcriptional gdeecsig (TGS)
can be the result of RNA-directed DNA methylation (RdADM) ibmppter sequences are
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targeted by homologous RNA molecules (Mette et al. 1999, 2000) (Figuré&lipresence
of the 35S promoter sequences in T-DNA insertion lines can le&a@rtsinactivation of
other 35S promoter-controlled expression cassettes elsewheressexpreassettes in the
genome (Daxinger et al. 2008). The absence of robust reporter gemsston indicated
silencing in the SALK mutant lines containing more than one T-Dhgerit especially after
double transformation with Pro35S-H2B-DsRed and Pro35S-EYFP-CenH3 consirhist
made the analysis of mitoses with double labelled chromatin (ds@mme arms and
centromere) impossible. Especially in homozygsysAdmutant plants it was obvious that the
expression of both fluorescence constructs was reduced in comparison ® tdandfiormed
wt plants. Therefore, single transformation with Pro35S-H2B-YFPB peaformed to reduce
the number of transgenes present in the plant genome after tnaaiséor. 100% of wt nuclei
of wt nuclei expressed the construct in root tissue. Plaotsted inSYN4showed a slight
reduction in expression compared to wt. In leaf nuclei 90% displaykrmr@gcence signal,
indicating that more than one T-DNA insertion strongly enhancegrtiebility of silencing.
After six weeks under short day conditions no Pro35S-H2B-YFP fluorescanell was
detectable any more in these single transformants, further lumntgrthe hypothesis of a
silencing process. In the lines containing more than six T-DNApression of the Pro35S-
H2B-YFP cassette was reduced to a level that the analysis of mitageswas inhibited.
Simultaneous expression of transgenes can be present as shotie Biorthern blot
technique inA. thalianaafter double and triple-transformation (Radchuk et al. 2005). But
expression frequencies of single nuclei cannot be compared witttiadimethod based on
homogenized tissue. Also in this study, expression of the two trarssgesepresent after
double transformation in homogenized seedling tissue measured by ajuentieal-time
PCR. Unfortunately, the two constructs Pro35S-H2B-DsRed and Pro35S-E&fiH3 were
expressed in different tissues. The Pro35S-EYFP-CenH3 expresstomestacted to the
meristematic cells in the root tip while the Pro35S-H2B-ER@orescence expression was
mainly visible in the elongated root. One construct seems to itinbéxpression of the other
may be due to the similarity of promoter and terminator sequancesth cassettes. In
contrast, the use of the native promoters for recombinant protein sxpregth different
fluorescence tags was more successfill.ithaliana(Reddy and Roy-Chowdhu2009). Co-
expression of fluorescence tagged proteins in multiple colours aliovesalyse protein
interaction or developmental studies for any organism if the nator@oters are used (Levitt
et al. 2009). In tobacco BY-2 cells simultaneous expression of feemesagged CenH3
under the control of the strong constitutive 35S promoter ando=EBudlin with the native
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promoter was visible within one cell (Kurihara et al. 2008). This slibatsco-expression of

recombinant proteins can be successful if different promoters are used.

Nucleus cHy .\
i DNA

l chromatin remodeling

excess
Cytoplasm . AAAAA
m@ L1 Anana of
r AMAAR mRNA

LT SiRNAs ’ Dicer (RNaselll)
1 mRNA degradation

degradation of complementary strand

functional strand + RISC
A Y -

i
complex formation

Fig. 24: RNA-mediated silencing pathways in plant developmentgcoring to Verdel et
al. 2009; Ellendorff et al. 2008; Kuhlmann et al. 2006)Large amounts of mMRNAs
produced due to overexpression by the strong constitutive 35S promateca@grized by the
RDR6-polymerase. RDR6 transcribes double-stranded RNA (dsRNA) uedeout of the
excess of MRNA. The RNaselll activity termed dicer cleaves thBAsSRo short interfering
RNAs (siRNAs) with 3"-overhangs. RISC is activated, degradescomplementary strand
and forms a complex with the functional strand of the siRNAs lgadirmRNA degradation
by target recognition (binding to the complementary mRNA strami)foa chromatin
remodelling of the respective promoter sequence (DNA metbglatihe protein expression
is suppressed.

The observed tissue-specific differences in expression of tr@nsgarker constructs and the
“switching off” after a few weeks of life time suggestsitencing effects. To test, whether
Post Transcriptional Gene Silencing (PTGS) was responsibilémicing of the constructs,
homozygous mutant plants deficient in the RNA-Dependent-RNA-Polg@meta(RDR6)

61



(Wassenegger and Krczal 2006; Diaz-Pendon 2007; Li et al. 2005) wieidtnawn to be
impaired in PTGS (Butaye et al. 2004) were transformed witlsdh®e constructs (Pro35S-
H2B-DsRed and Pro35S-EYFP-CenH3). Due to the very low transformatiernobserved
with of this mutant line, only one single transformant could bectezle This plant showed no
fluorescence expression. May be mechanisms other than PTG&spansible for the
silencing of both constructs but only one transformant is not suifi¢ee conclude. The
suggestion that Transcriptional-Gene-Silencing (TGS) is thmnssble mechanism requires

further analysis.

4.5 T-DNA insertion lines are a powerful tool for everse genetics but
require detailed determination of T-DNA position, ®py number, and effect

on expression of the interrupted gene

The availability of T-DNA lines for nearly any gene of irgst of A. thaliana allows the
application of reverse genetics. Nevertheless, these lines ofteot @how a complete loss-
of-function of the gene. Insertions can be located in introns and migégliced out during
the RNA processing pathway. For optimal "knocking out™ the geneterest, the T-DNA
should be located in the middle of the coding region. Otherwise tedht@nscripts could
disturb the analysis by producing a partial functional protein. The 35S promotefTHDINA
of SALK and GABI lines can cause overexpression of the respgutbtein downstream of
the T-DNA. Due to this, insertions at the transcription staghinresult in opposite effects
than loss-of-function of the respective gene (Rosso et al. 2003jtidnseupstream of the
coding region can have an effect on the transcription, if they aatetben a promoter or
enhancer. Downstream of the coding region locates the terminatoh whn effect the
transcription as well if interrupted by a T-DNA. Untranslatedions (UTRs) are important
for mRNA processing. T-DNA insertions in these domains mightdishe production of a
functional protein (Ulker et al. 2008). To conclude on the functiongsree of interest, it is
important to select more than one mutant line per gene if availfilen the mutant lines
show similar effects, side effects from other integrated T-DNAs can lhecisd)
Among the 35 lines analysed, only eight lines were confirmedcasalete loss-of-function
of the respective genes. Four lines showed a truncated trangustptam of the T-DNA. In
two lines an overexpression was found downstream of the T-DNA. On@radisied from
GABI and one from SALK. This can be explained by the strong c¢atigé 35S promoter
included in the T-DNAs which might enhance the endogenous expressidnofetiee
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respective gene. The pAC161 vector in GABI-kat lines was origigatherated for activation
tagging and overexpression @&f thaliana genes (Rosso et al. 2003). However, not all
potentials of these activation tagged lines were used. Transgenexpressors are an
interesting tool iNA. thaliang as many genes are too large for easy cloning. The unknown
function of a protein might be elucitated by it's overexpressitimeisame way as by its loss-
of-function. But if the researcher’s purpose is the loss-of-fundfi@angene, side-effects can

make the analysis difficult.

5. Summary

Sister chromatid cohesion, chromosome condensation, DNA repair, recooibirgaid
transcription are indispensable processes for all eukaryotes. StkiCtijral maintenance of
chromosome) protein complexes and proteins interacting with thenessential for these
tasks (reviewed by Nasmyth and Hearing 2005.)

First studies in yeast showed, that cohesin complexes consist stibunits SMC1, SMC3,
SCC3 and the-kleisin SCC1 to close the ring (reviewed by Nasmyth and RHg&005). In
A. thalianafour a-kleisins were found and named SYN1-SYN4. SYN1 represents tin¢icne
a-kleisin (Bai et al. 1999; Bhatt et al. 1999; Cai et al. 2003). Cohasandy facilitate sister
chromatid cohesion (Liu et al. 2002; Lam et al. 2005; Chelyshevia 20@b5). Condensins
with the subunits SMC2, SMC4, CAP-D2, CAP-G and fiHdeisin CAP-H2 or ther-kleisin
CAP-H are responsible for chromosome condensation and segregatidonsis rand meiosis
(Hirano and Hirano 2006).

Interaction partner for cohesin and condensin is the SCC2/SCC4 loamdex (Seitan et
al. 2006; Watrin et al. 2006). SWITCH1 (SWI1) is required for meistater chromatid
cohesion (Mercier et al. 2001, 2003) and was therefore included inutis #ts interaction
partner of condensin BRUSHY1 (BRU1) was analysed, as it nasrsto be required for
heterochromatin condensation (Takeda et al. 2004).

This study was focussed on the two SMC complexes cohesin and condedsomoteins
interacting with them i\rabidopsis thaliangL.) Heynh.

T-DNA insertion mutants for the putative cohesin- and condensin genesselected and
analysed regarding their habit, fertility, mMRNA expression and capyber of T-DNAS. In
addition, three cohesin and condensin interacting proteins were ana§sledtion of
homozygous mutant lines was only possible fordHdeisin genesSYN1 SYN2and SYN4
belonging to the cohesin complex, and for two of the condensin GWMER and CAP-H2
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because there are two paralogs for each of therA. ithaliana Mutation in the genes
encoding proteins interacting with cohesin (SWI1) and condensin (BRtldld also be
selected as homozygous. F&MC1l, SMC3, SCC3, SCC2, SM@ad CAP-H only
heterozygotes could be selected showing between 75-100% of wt fpariseel. These
proteins are essential for plant viabilityAP-D2 and CAP-G mutants could not be analysed,
as there were no suitable T-DNA lines available mutating these genes.

The confirmed mutant lines were transformed simultaneously waB53-H2B-DsRed and
Pro35S-EYFP-CenH3 to visualize the chromatin and the centromeresy duitosis and
interphase, respectively. Very low expression frequencies of hadhe$cence constructs
were observed. The expression correlated negatively with the nurhBeDNAs in the
genome. Both fluorescence expression cassettes are identicaimioter and terminator,
which leads to the suggestion that post-transcriptional gene-steocoured. Afterwards the
mutant lines were transformed only with Pro35S-H2B-YFP. The mutaete studied
regarding the occurrence of disturbances in mitotic divisionsi@tedphase in a life cell
imaging approach. For further confirmation DAPI staining of unfoanted seedlings was
done to exclude an influence of the Pro35S-H2B-YFP transformation Ibrdigisions.
Observations were similar after DAPI staining and Pro35S-H2B-Y FBftanation.
Mutations in cohesin gen&YN2, SYN3, SYN#dSCC3resulted in an increased number of
anaphase bridges, emphasizing the importance of these genesréat ooclear division.
Chromatid bridges in anaphase are the result of non-disjunction. Thisoccay if the
homologous recombination (HR) repair mechanism is disturbed due tacthe@fl cohesin.
After formation of double-strand breaks (DSBs), non-homologous end-joisingad for
repair, which can lead to translocations. Asymmetric translocatesdt in dicentric and
acentric fragments. Dicentric chromatids can be pulled towards oppades by the mitotic
spindle and become visible as anaphase bridges.

Micronuclei were the result of disturbed mitosesyn2andsyn4mutants. The heterozygous
SMC1land SMC3mutants showed nearly wt transcript level and did not differ fecgunitly
from wt in the occurrence of mitotic errors. Heterozyg@¥N1 mutants showed no
significant increase in the frequency of anaphase bridges but hoowszygutants were
sterile, confirming the meiotic function of SYN1.

Similar effects were observed in condensin mutants. Increased nofméeaphase bridges
were visible insmc2, smc4/SMC4, cap-H/CAP-H and cap4id@dtants. Condensin mutants
impair the resolution of attatchments such as catenations betiaesrister chromatids prior
to segregation. The complete cohesin removal from chromosomes ancriiement of
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Topoisomerase 1l (Top Il) require condensins (reviewed by Hudsoh €0@9). Top Il
resolves catenations which impair correct segregation. Furthermsister chromatids in
condensin mutants might twist around each other due to their incongaetiensation
inhibiting correct disjunction in anaphase.

Plants mutated in genes encoding proteins interacting with cohealll)@nd condensin
(BRU1) and in the cohesin and condensin loading complex (SCC2/SCC4) sheverd
disturbances in mitoses with anaphase bridge frequencies redabimg?0% prul) and
~23% SCC2/sccRup to ~44% in one single homozygous plant mutatégMifil The results
indicate the necessity of every subunit of the cohesin and condengptegoamd also the
interacting proteins SWI1, BRU1 and SCC2 for nuclear divisions and plant viability.
With the 35 T-DNA lines analysed in this study, an overview isrgafeout the possibilities
to apply cytogenetic methods. But also the side-effects whitloceur and may disturb the
analysis like the silencing of fluorescence expression in T-DNA lines aleserved.

6. Zusammenfassung

Schwesterchromatidenkohasion, Chromosomenkondensation, DNA-Reparatur,
Rekombination und Transkription sind unentbehrliche Prozesse fir alle EwkargiviC
(Structural Maintenance of Chromosomes) Eiweil3-Komplexe und Protdi@enmit ihnen
interagieren, sind essentiell fir diese Aufgaben (Nasmyth andnige2005.) Diese Arbeit
befasst sich mit den zwei SMC-Komplexen Kohasin und Kondensin und erihgrgrenden
Proteinen inArabidopsis thaliana

T-DNS Insertionsmutanten fir alle putativen Koh&asin- und Kondensingemervheziglich
Habitus, Fruchtbarkeit, mMRNA Expression und der Anzahl der T-DNSeKopntersucht.
Zusatzlich wurden drei Proteine, die mit dem Kohasin- und/oder denddfsinkomplex
interagieren, analysiert.

Kohasinkomplexe bestehen aus den Untereinheiten SMC1, SMC3, SCC3 unddeine
Kleisine SYN1-SYN4. SYNL1 reprasentiert das Meiose-spezifisekieisin (Bai et al. 1999;
Bhatt et al. 1999; Cai et al. 2003). Kohasinkomplexe realisieren insbesowmik
Schwesterchromatidenkohasion. Kondensine mit den Untereinheiten SMC2, 8ME-D2,
CAP-G und denf-Kleisin CAP-H2 oder dem-Kleisin CAP-H sind fir die Kondensation der
Chromosomen und deren Segregation in Mitose und Meiose verantwortlich yiRasnal
Hearing 2005; Hirano und Hirano 2006).
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Interaktionspartner fir Kohasine und Kondensine ist der SCC2/SCC4 Ladekof8pltan et

al. 2006; Watrin et al. 2006). SWITCH1 (SWI1) wird fur die meaies
Schwesterchromatidenkohasion bendtigt (Mercier et al. 2001, 2003) und destalb in
diese Studie mit einbezogen. Als Interaktionspartner fir KondensindewBRUSHY1
(BRU1) analysiert, da es an der Heterochromatinkondensation detsili(Takeda et al.
2004).

Die Selektion homozygoter Mutantenlinien war nur fur @i€leisin GeneSYN1 SYN2und
SYN4der Kohasinkomplexe mdglich. Mutationen in den entsprechenden Kondensingenen
brachten homozygote Linien fi8BMC2 hervor, da inA. thalianazwei homologe Gene fir
SMC2 kodieren. Homozygote Mutationslinien konnten ebenfallsCiéP-H2 SWI1 und
BRUL1 selektiert werden. FIBMC1 SMC3 SCC3 SCC2 SMC4und CAP-H konnten nur
heterozygote Linien selektiert werden, welche 75-100% der Wildtyp-Esipre zeigten.
Diese Gene sind essentiell fur das Uberleben der Pfl@#e-D2 und CAP-G Mutationen
konnten nicht analysiert werden, da zum Zeitpunkt der Selektion keisprechenden T-
DNA Insertionslinien erhaltlich waren.

Die bestatigten Mutantionslinien wurden gleichzeitig mit Pro32849sRed und Pro35S-
EYFP-CenH3 transformiert, um das Chromatin und die Zentromere wahend der Mitose und i
der Interphase sichtbar zu machen. Es waren nur sehr geringgp€s$tonsfrequenzen
beider Konstrukte zu beobachten. Die Expression korrellierte neguttider Anzahl im
Genom vorhandener T-DNAs. Da die Konstrukte der beiden Fluoreszenz-
Expressionskassetten in Promoter und Terminator identisch sinddikeyermutung nahe,
dass Post-transkriptionelle Gen-Stillegung vorliegt. Die T-DMNfien wurden anschliessend
nur mit einem Chromatin-markierendem Konstrukt (Pro35S-H2B-YFmisfamiert. Die
mutierten Pflanzen wurden in einem Lebend-Zell-Beobachtung Verbeeliglich des
Auftretens von Stérungen in mitotischen Teilungen und in der Interplvasesucht. Zur
weiteren Bestatigung der Ergebnisse wurden untransformiertelina@ der T-DNS
Insertionslinien einer DAPI-Farbung unterzogen, um einen Einflus§ @@sformation mit
Pro35S-H2B-YFP auf die Zellteilungen auszuschliessen. Die Bealvayeht nach der DAPI-
Farbung waren nahezu identisch mit denen nach der Transformation.

Die Folge der Mutationen in den Kohéasingen8®MN2, SYN3, SYNdnd SCC3 waren
fehlerhafte Mitosen mit Anaphasebriicken. Dies zeigt die Bedeutigsgr Gene fur eine
korrekte Kernteilung. Chromatidenbricken in der Zellteilung sind dige-einer Nicht-
Trennung der Schwesterchromatiden. Dies kann auf Grund eines gestorte
Reparaturmechanismus bei der homologen Rekombination durch das Felakterint
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Kohasinkomplexe auftreten. Nachdem Doppelstrangbriche entstanden suoheh diese mit
Hilfe der nicht-homologen End-Verknipfung geschlossen, was zu Translokafidmrem
kann. Asymmetrische Translokationen resultieren in dizentrische @miriazhe Fragmente,
welche zu beiden entgegengesetzten Polen der mitotischen Spindel gezodpm ké@nen
und als Anaphasebriicken sichtbar werden.

Mikrokerne waren das Ergebnis der gestdrten Mitosen insgieBund syn4 Mutanten. Die
heterozygotenSMC1 und SMC3 Mutanten zeigten nahezu das Expressions-Niveau der
Wildtyppflanzen und zeigten entsprechend keine signifikanten UntedecimeAuftreten von
mitotischen Fehlern. Heterozygds N1Mutanten zeigten keinen signifikanten Anstieg der
Anaphasebrickenfrequenz, aber homozygote Mutanten waren steril, avasedtische
Funktion von SYN1 bestéatigt.

In Kondensin Mutanten wurden &hnliche Effekte beobachtet. Eine erhdhte Avaahl
Anaphasebricken war smc2, smc4/SMC4, cap-H/CAPu#d cap-H2 Mutanten sichtbar.
Das Auftreten von Chromatidenbrticken in den Kondensin Mutanten ist vematlf eine
fehlende Auflosung von Verbindungen wie z. B. Verkettungen zwischen den
Schwesterchromatiden zurtickzufihren. Kondensin wird fur die Rekrutierumg de
Topoisomerase |l und anderer Nicht-Histon-Proteine benétigt (Hudsoral. e2009).
Desweiteren konnen sich die Schwesterchromatiden auf Grund der témaitien
Kondensation in Mutanten ineinander verdrehen,so dass ihre korrekte Tgeimmuder
Anaphase verhindert wird.

Fehlerhafte Mitosen wurden ausserdem in Pflanzen beobachtet, welderte Gene
aufwiesen, die fur Kohasin (SWI1) und Kondensin (BRUL1) interagierenateine kodieren,
sowie fur den Kohasin- und Kondensin Ladekomplex (SCC2/SCC4). Digsbriisse zeigen
die Notwendigkeit jeder einzelnen Untereinheit der Koh&sin- und Komddf@mmplexe,
sowie der interagierenden Proteine SWI1, BRU1 und SCC2 fir Kermgeth und die
Entwicklung der Pflanze.

Mit den 35 analysierten T-DNA Linien in dieser Studie wird éiberblick tUber die
Moglichkeiten der Anwendung zytogenetischer Methoden gegeben. Aberoeteinden
Nebeneffekte verdeutlicht, welche auftreten und die Analyse nstéignen, wie die

Verminderung der Fluoreszenz Expression in den T-DNS Linien.
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8. Appendix

Gene| Locus T-DNA Primer Sequence (5" - 3)
insertion line
SALK LBbl| TGGTTCACGTAGTGGGCCATCG
GABI_LB CCCATTTGGACGTGAATGTAGACAC
SALK 017437 Col TCTTCTTGCTTGAGTTTTTGTGGTG
Co2 AAAGTTCTCCCTGGTGAGGTGC
SMC1| AT3GO4670 = B 560E12 | Co3 GGACGTGGTAGAGTCTAAGGC
Co4 CAGGCAAGGAGAGATTGAAAC
SALK 015308 Co5 TTTCAATTTGTATAGCACCCAAG
Cob6 GCTACTGAGGAGTTTAGCAACAAAG
SMc3| AT2G27170 GABI_498B03 Co7 GGTCAGCCAATTAAATTAGGC
Co8 TCCAATATGCATCACTCCAAAC
SALK 087935 Co9 TGCCTTAGTTCGTGCAACTTC
Col0 TCTTTGCCATTGCCCTATTTC
SALK 137095 Coll TCTGCTCTGTTCACGAAGCTC
SYN1 | AT5G05490 Col2 TGACGTGTAACCTATGGGCTG
SALK 006687 Col3 ACCAGCGAAAAAGAGAGCAAG
Col4 AGGCATGGATCTCACATCATC
SALK 015096 Col5 TTCACCTGCTGAAGCAGAAAC
SYN2 | AT5G40840 Col6 AGATTCGTCTGCAGAGTTCCG
SALK 044851 Col7 AAAACTTCGAAAAGGATTGGC
Col8 GATGACATTCTTCTGGAACCG
SALK 119629 Col9 TCCTTGATCTCATGGATTTGC
SYN3 | AT3G59550 Co20 TGGATCAAAAAGCGAAAATTG
GABI_095A10 Co21 CAGATCAAATTCCTACTGGCATTG
Co22 CTAGGGATAGTGGGTTCCTTCTCA
SALK 076116 Co23 ACCCAAATGATTGTGAGGAGC
Co24 GCACTAGCAGCATCTCGTATCC
SYN4 | AT5G16270| SALK_130085 Co23 ACCCAAATGATTGTGAGGAGC
Co24 GCACTAGCAGCATCTCGTATCC
SALK 020171 Co25 ATGATTGTGAGGAGCAACCTG
Co26 AACCATTGAGAAATCATCGGG
SCC3| AT2G47980| SALK 021769 Co27 AGACTCTCCCAGCCTTGCTAC
Co28 CAAATGCCCAGAGACTGAATG

Supplementary Table 1:PCR primers used to identify the T-DNA insertion allels of the
cohesin complexSALK lines were genotyped with left border primer LBb1l and Giids
with the respective left border primer from GABI.
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Gene T-DNA Sequence (5" - 3)

Locus insertion line

SMC1 SALK 017437 | TCTAAGCGTCAATTTGGAATTAGAAGACTCTATTTTATTC

AT3G54670 | GABI 269E12 | ACCACAATATATCCTGCAACTTCAGGTTCTAAGCTCTCAC
SMC3 SALK 015308 | GCAGTGAAGATAGGCATGCATTACTTTAATATTCAGGATTTA

AT2G27170 | GABI_498B03 | TAGATTTCCCGGACATGAAATACAGAATGATGCACTTGAGC
SALK_ 087935 | TCTGCTAAAAGAGATAGACGCTTAGACAACTTAATAACACA

SYN1 SALK_ 137095 | GCTGATGCCGAGAATATTGTGGTGTAAACAAATTGACGCTT
AT5G05490 | SALK_ 006687 | ATGATGTGAGTCCATGCCACATTGCAGCCGTTCGTCTGTTT
SYN2 SALK_ 015096 | ATCAAGCTTAAAAACTGGGCAATTACTAACAAGTTAATAA
AT5G40840 | SALK_ 044851 | CTGGTTCCAGAGACTTGCAATTGACAATGTGATATTGTGGT
SYN3 GABI_095A10 | GAGAAATTGATGTTGAAACGGCTTCATGTCCGGGAAATCTACA
AT3G59550 | SALK 119629 | AAAACGTCCGCAATGTGTTCITCCTCTCTCCAAAAGCACACAA
SYN4 SALK_076116 | ATGTGTTATAAGCGTCAGTTGGAGGCGTCTATGCAGATGGA

AT5G16270 | SALK_ 130085 | ATTAAGTTGTCTAAGCGTCAGTTGGAGGCG TGCATTACATG
SALK 020171 | GTCAATTTGTCTCCAATGTGTRATGGAGAGCATACTTCTCGT

SCC3 SALK_021769 | AAGTTGTCTAAGCGAATGTGBACTAGTCACATCTTTCATTT
AT2G47980

Supplementary Table 2:Sequences of the left border junctions of the T-DNA sertion
lines of the cohesin gened.he red letters represent the sequence derived from the T-DNA
and their position in each of the sequences reflects the orientation of the insbitid T

Gene | Locus T-DNA PCR method Primer Sequence (5" - 3)
insertion line
SMC1| AT3G54670| SALK_017437 | Real-time Col GAAGGCGGTTCTCTATGCTG
GABI_269E12 Coll TTCCACCACTTGTACCACCA
SALK_015308 | Real-time Colll ACTCCATGAAGGTGCTGGTC
SMC3| AT2G27170 ColVv TCATCCTTCTTCAGGCCAAC
GABI_498B03, | Real-time CoV CCGAGATAAATGGCTCAGGA
SALK_087935 CoViI GCTCATCACGCTCTGTCAAG
SALK_137095 | Semiquantitative| CoVII TGTTCCGGATCCCACTTTAC
SYN1 | AT5G05490 RT CoVill GGTGGTGATGGGATGAGAGT
SALK_006687 | Semiquantitative| ColX CAGCGATGGATTATGAGCAA
RT CoX TCCAGAATAGAATGGCGTGA
SALK_044851 | Semiquantitative| CoXI CATCCGTCAGAGTCGTTGAA
SYN2 | AT5G40840 RT CoxXIl CCATTTCCGCTTCATTATGG
SALK_015096 | Semiquantitative| CoXIll GTTCTCGATCATCCCTACGC
RT CoXIV AGAGCAGCAGCCTGAGGAGT
SALK_ 119629 | Semiquantitative| CoXV ACATACGCTTTTGGCTCGAA
SYN3 | AT3G59550 RT CoXVI TCATGAGCCGTTTCAACATC
GABI_095A10 | Real-time CoXVIl | GAACGCACTGAGTCATTGGA
CoXVIll | GCACGTTCTTCCTCAGAACC
SALK_076116 | Semiquantitative | CoXIX GGAGCGGTGGAAGATAATGA
SYN4 | AT5G16270| SALK_130085 | RT CoXX GTCCATCTCATTGAAAATGGG
SALK_020171 | Semiquantitative | CoXXI AGAAAACGGATGCATCAGCT
RT CoXXll | CGAGAAGACCATCCACTGTTT
SCC3 | AT2G47980| SALK_021769| Real-time CoXXll| TGGATGGACGTAATGACA
CoXXIV | CAACATCATCAGCCATCTCG

Supplementary Table 3:Semiquantitative and Real-time PCR primers used to amphf
transcripts of the cohesin genesThe positions of the primers are indicated in Figure 2.
Homozygous lines were tested for the respective transcri@eiyquantitative RT PCR and
heterozygous lines by quantitative real-time PCR. All thr&NR lines mutatingSY N4were
analysed for transcripts upstream and downstream of the T-DNA.
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Gene Locus T-DNA Primer Sequence (5" - 3)
insertion line
SALK LBbl | TGGTTCACGTAGTGGGCCATCG
SALK LB1.3 | ATTTTGCCGATTTCGGAAC
SAIL_LB3 AGCATCTGAATTTCATAACCAATC
TCGATACAC
SALK 052322 | Cdil TCTGGTTTCGATCCACATTTC
Cd2 TCTCTTTTTCTCCCAGAAGGG
SALK 103691 | Cd3 CCTTGAGTTTATTCCCACTGTC
SMC2A AT5G62410 Cd4 TAAATCTTTGGAAGCTGCCTG
SALK 103701 | Cd5 CCTTGAGTTTATTCCCACTGTC
Cd6 TTTTTGTCATGGTCTTTGATGG
SALK 095685 | Cd7 GTTCTAGTTTTGCCATGGTGC
Cds TTATGCTGTTCTTGCACTTCG
SALK 101627 | Cd9 AATTCCGCATTACCATTAGCC
Cd10 CTACCAAATCTCAGAAGGCCC
SMC2B AT3G47460 | SALK_101643 | Cdi11 TCCGATATTTCACCCTGTGTC
Cd12 GATACTTCCGTCTGGGTTTCC
SALK 030653 | Cdi13 TCCTCTCACTCATGAGCTGTG
Cd14 CTATGGCGCCTAATTCAGTTG
SAIL 86 D02 | Cdl5 AGAAGCTGCCAGGGTAACAAG
Cd16 CAAATGGTGAAATTAGCGGAG
SALK 002313 | Cd17 AAGACCTCCCAAGAAGAGCTG
SMC4A AT5G08010 Cd18 TAACCGAAGGGAAGTACACCC
SALK 002371 | Cd19 GTAGACTCGCTGGACCCTTTC
Cd20 TGAGACGGCTTACGAAAATAC
SALK 002392 | Cd21 GTAGACTCGCTGGACCCTTTC
Cd22 TGAGACGGCTTACGAAAATAC
SMC4B AT5G48600 | SALK 105826 | Cd23 AAACAAAGCCTAGAAATTGAGGG
Cd24 ATACATTTCGCAAATGCTTGG
SALK 017766 | Cd25 TGGAGGTTGATGAGATTCCTG
CAP-H AT2G32590 Cd26 TCGAAAAACAAAAGGTATGCG
SALK 072400 | Cd27 TGGAGGTTGATGAGATTCCTG
Cd28 TCGAAAAACAAAAGGTATGCG
CAP-H2 | AT3G16730 | SALK 059304 | Cd29 TTTCCGCTCTCTTCAACAGTC
Cd30 AAAAAGATTGGATGGAGCATTAC
CAP-D2A | AT3G57060 | SALK 077796 | Cd31 AGATTGCTCTTCCTCGGACTC
Cd32 TCTGCATCCTCATCAATCTCC

Supplementary Table 4:PCR primers used to identify the T-DNA insertion allels of the
condensin complexSALK lines were genotyped with left border primer LBbl and 1.B

and the SAIL line with the left border primer SAIL_LB3.
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Gene T-DNA Sequence (5" - 3)

Locus insertion line

SMC2A SALK 052322 TGTTTACACCACAATATATCCTGAAATATTGCCGGCTCTCGAGA

AT5G62410| SALK 095685| TGAAACCTATATTATATTGTCGCTTAGACAACTTTGACGC
SALK 103691| CGTTGTCTCTGGTTCGTCAGGGCGGTGAGGGCATCAGCTGT
SALK 103701 CGTTGTCTCTGGTTCGTCARGTGGTGATTTTGTGCCGAGC

SMC2B SALK 101643| GGGGATTGATGGTACTTAGCCE&TGGGTTTCCATTTCTAGGGTT

AT3G47460| SALK 101627| AGAGTCCCCCGTGTTCTAACAACCGAAATGAACCGATCCAAA
SALK 030653| ACAAGTTTAGATCAGAATTATGGAAGTCGCAGGAGAATCATTA

SMC4A SALK 002313| TAGATTGGTGGGAATCTAGCTGCCTGTATCGAGTGGTGAT

AT5G08010| SAIL 86 D02 | CAAAGAAATTATATAAACTCAGCTGCCTGTATCGAGTGGTG
SALK 002371 TATTTTCGTAAGCCGTTCTTTAAAATCGGCAAAATCCCTTAT
SALK 002392 ACACCACAATATATCCTGCTTAGTCTACCAAATGGCATCTCTAC

SMC4B SALK 105826 ATTTAATTATGCAATTTGTCGAAGCCTTTTTCTGTGTTTC

AT5G48600

CAP-H SALK 017766 TGGGAGGAAAAAGACAACACAACTCAAGCTTTAGGTCAAC

AT2G32590| SALK 072400] AACACTTCCAGTCATTAAGATAATAACAAATTGCGGACGTTTT

CAP-H2 SALK 059304 TAAAGACGAGAAGACATCCCTTATTACGAGAAGGTCTGTGTTT

AT3G16730

CAP-D2A SALK_077796| CGGTATATAACAATTTCTAAAAT AGTGGTGTAAACAAATTGTG

AT3G57060

Supplementary Table 5:Sequences of the left border junctions of the T-DNA sertion

lines mutating condensin geneslhe red letters represent the sequence derived from the T-
DNA and their position in each of the sequences reflects ibatation of the inserted T-
DNA.
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Gene Locus T-DNA PCR Primer | Sequence (5’ - 3’)

insertion line method
SALK 052322 | Semiquantit Cdl CCGGAGATATTGTCCATGCT
ative RT Cdll TTTTCTCCCAGAAGGGTGTC
SMC2A | AT5G62410 | SALK_103691, | Real-time Cdlll CCATCAAAGCTCAAATGCAG
SALK 103701 Cdlv TTGCTTCTTCCTCCATCACA
SALK 095685 | Semiquantit CdV AGTCTCTTGCCGAGCTCAAG
ative RT Cdvi CGATATCAGAGCATTGTATTCATC
SALK 101627, | Semiquantit | CdVII GTTTTGACCCGCATTTCAAC

SMC2B | AT3G47460 | SALK_101643 | ative RT Cdvilll GGATGCCTGAATACGAGCTT
SALK_030653 | Real-time CdIX TGCGGCTAAGGAAGTAGCAT

CdX CTCGGCCAGATCATGAAGTT
SAIL_86_D02 Real-time CdXI GAACAGAGAGACAGCTTGCAGA
CdXll CATCCATTTTCACTCGCTCA
SMC4A | AT5G08010 | SALK_002313 | Real-time CdXill GCTCAGTTCATTATCATCAG

CdXIv TGCAAAACTTCCAGGATTGA
SALK_002371 | Semiquantit | CdXV ATCACTCTGGGAGGTGATGC
SALK_002392 | ative RT CdXVi TTTTCTGACAAACTGCAAAACT

SMC4B | AT5G48600 | SALK_105826 | Semiquantit CdXVIl | TTTTGATGAAACCGTGTCCA
ative RT CdXVIll | TTTATGGCTCCAAGGTGAGC

SALK_017766 | Real-time CdXIX CTATTGGCTAGCTTCCCAGA
CAP-H | AT2G32590 CdXX AGGCTGAGATTGTGCTCGTT
SALK_072400 | Real-time CdXXI CACGCCAGGTCAACAAAAT
CdXXIl | TCCTGAAGACACTCCCAAAGA

CAP-H2 | AT3G16730 | SALK_059304 | Semiquantit | CdXXIll | GAAACCAACCTTGTGGTGCT
ative RT CdXXIV | ACTGGAGAAGCGCAGAGAAG

CAP- Semiquantit | CAXXV | AGCGGAGTCACAGGTATGCT
D2A AT3G57060 | SALK_077796 | ative RT CdXXVI | CTGAGGACAGCAAGGGATTC

Supplementary Table 6:Semiquantitative and Real-time PCR primers used to amphf
transcripts of condensin T-DNA lines.Homozygous lines were tested for the respective
transcripts by semiquantitative RT PCR and heterozygous lipeguantitative real-time
PCR.

Gene | Locus T-DNA insertion line| Primer | Sequence (5’ - 3’)
SWI1 | AT5G51330| GABI_206H06 IP29 TCTTCCCCATAAGCTCTCTGC
IP30 AGCCATCACATGACTCTCGTC
SCC2| AT5G15540 IP31 CGAATAATGGCCATTGAGTTG
SALK_058767 IP32 ACTAACCTGTCATGGCCAATG
SALK_151609 IP33 GACACAGACGGATATTCAGGAAG
IP34 ATGTAAGCGCAAAAATTGTGC
BRUL1| AT3G18730| SALK 034207 IP35 GCACATTTTGCATTTTCAATC
IP36 ACGACGACCAGTTGTTTCAAC

Supplementary Table 7:PCR primers used to identify the T-DNA insertion allels of
cohesin and condensin interacting proteins.
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Gene T-DNA Sequence (5" - 3)

Locus insertion line

SWI1 GABI_206H06 | ACATAGTTCTGAATATAAAAA TTGGGTTTGTTCTTACAGTTG
AT5G51330

SCC2 SALK 058767 | AAGTCAATGTGTTATTAATTTGTTTACTTCGTTCTTGCTATC
AT5G15540 | SALK 151609 | TCAAGGACCTGGGAAATTGAGCTTAGACAACTATTGCGG
BRU1 SALK 034207 | TTAAGTTGTCTAAGCGTCAAACTTAGATCAGAACGGTTAGCA
AT3G18730

Supplementary Table 8:Sequences of the left border junctions of the T-DNA sertion
lines of cohesin and condensin interacting proteind’he red letters represent the sequence
derived from the T-DNA and their position in each of the sequeedlests the orientation of
the inserted T-DNA. Annotated positions in the database were nayaleorrect. Some
insertions were shifted to the neighbouring intron or exon.

Gene Locus T-DNA PCR method Primer Sequence (5" - 3)
insertion line
SWI1 | AT5G51330 | GABI_206H06 | Semiquantitative | IPXXV GAAGCAAGGAAGCTGATTGG
RT IPXXVI CATCCCATGTCTTCCTCCAT
Semiquantitative | IPXXVIl | CGATGTTCGTGAAACGGAAT
RT IPXXVII CATGAGGTGCGATTCTTCTG
|
SCC2 | AT5G15540 | SALK 151609 | Real-time IPXXIX | GCACCAAATGATGGCTGTTA
IPXXX CATCACCTTCAAATGCCAAA
SALK_058767 Real-time IPXXXI CATTGCCAGACTGAAAGCAA
IPXXXII | TCCAAGGGCTAAAGTAATCTGC
BRU1 | AT3G18730 | SALK_034207 Semiquantitative | IPXXIX ACCGAATATGAGCTGGGATG
RT IPXXX ATGATGAATGATCGGCAACA

Supplementary Table 9:Semiquantitative and Real-time PCR primers used to amphf
transcripts of proteins interacting with cohesin or condens. Homozygous lines were
tested for the respective transcripts by Semiquantitative ® &d heterozygous lines by
guantitative real-time PCR.

Vector Primer Sequence (5" - 3) Product size

pBIN-pROK2 (SALK) | 35Spromoter forward GGTCTTGCGAAGGATAGTGG 374 bp
35Spromoter reverse GGTGGAGCACGACACACTT

pAC161 (GABI) Right border forward GCAGAGCGAGGTATGTAGGC 496 bp
Right border reverse AAGCCCTCCCGTATCGTAGT

Supplementary Table 10:Primers to amplify the Southern hybridisation probe. Probes
were amplified from genomic DNA of corresponding mutant plants.
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Vector Primer Sequence (5" - 3)) Product size

pLH7000 | EYFP forward TATATCATGGCCGACAAGCA 96 bp
EYFP reverse GTTGTGGCGGATCTTGAAGT

pLH9000 | YFP forward GGTGATGTTAATGGGCACAA 92 bp
YFP reverse TCACCTTCACCCTCTCCACT

pLH9000 | DsRed forward GCGTGATGAACTTCGAGGAC 95 bp
DsRed reverse GCCGATGAACTTCACCTTGT

Supplementary Table 11: Primers used to amplify the EYFP, YFP and DsRed
transcripts for Real-time PCR. Transcript standards were amplified from plasmid DNA.
Transcripts were amplified from pooled seedlings of corresponding mutant plants.
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Supplementary Figure 1: cDNA alignment ofSMC2 homologs of the condensin complex.
SMC2Aand-B show a high homology (>90% on cDNA level).

87



1 18 20 30 & s = 0 BO an s 110 120 130

SHCAR  TCAGRTTTTET TTATT CTEGARCTCCGAGAET T TACATARARGAGET TGTCHTGAGARAC

Lo —— PO — sesrrmsresssesreras sy

1H 1ed0 20 230 240 250 260
SHCAN  TTORFIRTO CHEETCCTT TCCACARGRETTTT TIGTATT
Shiam
DOMBBIBUE  wosramsnssssnastssnsesns asarissnsntassasnsasnssrsnsssasssassssnsss I
gﬁ.l 20 B 290 ko 300 E= FI0 340 ) £ I L 39?
ShCal  ARCRGRTBLGGL T TCRGRGE TART TCRECRACT
SHCAE
COMTEMBUES v samasa s sm st sa s st m s s e s m s s a s e s e aea o a s aneE e
an 400 g asi 430 e s
ﬁ-ﬂ? TCCTHEARGCRATT TCATEATTAC TORGET TECA TCTTCOAAGTATTATATE
=3
HENGUS .. -
s 30 san S50 SE0 540 S w0 00 B10 620 &I a0 50
SHCAR  ARCRACCETETCTTGATTCTTL ARATATCAC TCATGARGE CGARAGEACARGETCCCTA TTTETTERATRCCTL ] 5
SteCan
&51 EED 70 =0 690 F00 10 0 730 Fan 750 60 770 Fan

SHCSN  AGARGHTRGH | GRATTEAATRARSCAGLT T BARRCLS | CRITEARIGLLERT C TEEAGT 16 TECRARTES TGRIAT TRGECHEAGHARGAARGREACART T TRGAGEGT T IEARGGHTEAGGOAERGRCT TR
SNCAE  RTGGATCTATGRT TARTC-—~GCAGE Iu'racl‘n.rmmsﬁa'mrnﬁacrmn T-TGCGRAATE '!mmmim":rlnmmmr ichmimmtmﬁ‘rm:cc‘mln

2naGH] agH T Gan T alas. . GG T acaancel L aatighHabipacanc Coatinal T, 11
il Fa0 B0 Eo a2 B30 o940 L 860 870 a0 a0 Eled 10
SHCA  COTGETGRIAGAGY TATERCHTCTTRNAT GRCRGAMIIGEE TACHIART GECHTHT SARGAT GEAGRATT
SHEAE T T6m=GiCTRGTRATE Tmmnmmmm e .tmusnmm—cmmmnm-nsmmnmn ATCTHIATG~ARTBTROCRRTOCHTT G-~
Commensun  Colh, GaaiEanatal . ..o ses s Hia o, . .ERaRalIRGH Tafiahiafl. . 1Tal:1 gAflaabobaatlane 1 TG caanastiphil
a1 sEn [30 a4 asn 360 ar i as0 L0 1010 L 1030 2040
SHCAR  CORETCARAATGGATERGHGTIAT GGG T1GRETC TGTGCAT -GRARARCAT ARGRAAGAGACRAGISGT TCTTGATARTGARC T TAGRG=C
ShCan -'ﬂﬂl-!m1HITMWWTWWTITWTMMIQWN-#T U‘T"tﬂﬁ'-'"l:?l'l!mﬁmﬁf'ﬂﬂlmlmlhTﬂ'm!’mTTTNL“Tlﬂ—l‘ﬂl
Conpensus . GAGTGafllal afialeofifaTHAT GRaBiGrasssasaii | al bilera ThatasT .6 Saa. . il
a1 1ome 106 107 1080 1080 1100 1110 1120 1330 1190 1150 1160 11
SHEAT  ARGHERGBACE | RARG=mmn CR T EGRGRGGHC | IBARGO 56 THARGCHRIARH | CRAGRRRL T CHABGHTRAAL RRGGHT TCATCCAARAYTCO6 TGRT AT GRCRARGEAG TC TERSGHE TERAG
ShEan: T mm:mlcm|r.4mmmﬁculmmnncmmcncrcmrcns: Immtcna‘nsnmmunmmmmmm
Conzensis: Gt afiaal .l DTG, Glafiafafaflaran.
1171 1180 1130 1208 1210 1z20 1230 1zan 1250 1260 1270 1280 1250 1300
SHCAR  CRATCTARTACCRARACT T ARGAEANCATACCAREIGE | TEASHAGETCTT 60 TRGTTCANAL TCARGS T TRCDRCT CTEABCTTAC
SHEAN  CGomNTLTCRIMGRT TC TGTTABCENBEow eI T T T BNIT GoCBBENT TOLTCAGE T TGO TGAA<TET T CACTTC T TG 1NSGBOBAGT T HGIGR e mEiiat
Conaensug  Cilflg, ARTEC chalaa T TCahigailaaiilga, , B T TG , Cophal soal cllbeagialiiial Thaka, asal [Hasglgalf me.“cmmrr.un.rg..Lcu..mrn
w130 1320 133 1240 1350 1360 1200 1380 1390 1400 1410 1420 1430
SHCAN  ARANTTTCGTGL TS TTAGANCT T TSGGANFRAGETLC TAAT TEIGCACRGECGRARGLT IEATE T GCATCATCOARIGTGAACTET T CACCIAGANRGLATCARGE TECTC TCAIAGCCTICACAGAT
SUCAD 6 TRGHR=~GATCTGETRRTGEHAL TBSAT CRAATGATCCHGT s‘r:-—-—n.rr.:mml'raenmnmr TR THAT G TCRTLATTTGTRGL 11380 =L CEARC {RARCRARG LAGALCA
Consensus  aaflofla, ,Sagl TGkasnsbanal T gGagalilabi T cllaTggT . . + +Aftal cGaal Tafflacasg TCHCAGa
1431 1440 1450 1460 1470 1480 1430 1500 1510 1520 1530 1540 1550 1560
SHCAN  GCTCAGRRACAGE TCTCTGATATATCARCGASIARINAAGARTAGE TECAGCAIG TACE TET 1 GHARIGE THA THT ARIGAAGARGIARCAGGAAGD CHGRIAGTGEAMGNEGARTCAC
S o BGTCUMSEICHLIBGHAT T -~ CLSMPPLICT TR B AN ACACLHIGE RO 16T ORT CABARGAE NG P AT 1 AGEA. 1 TATARCT ARART TERAA
... il wd i fcaaliCaaca fog | BafiflaCat . Tal afobiRofsasrati . .iGaio TCaoko, TEpaaffitT safflgafofa. . . .
!..'56: 1570 Ana 4590 1600 1610 A6 ABI0 1640 1B EEE) 1670 1680 163?

SRCal  TTAREIGART RRGHARCRC TCET LR AAGARCAGGL AR CASHGRARANGT |ﬁ;f\‘iﬁ,1tﬁﬁ|mfﬂﬁ'! TL T GRGHAGAL T LAGAR TGRSETTT T GRAGH WTT TTM‘UWM
SHOAE  ———CAGHRL T TGRS —— mi!m—mc?mnw‘rm‘n 1oL TEAGACRAAL TCTCRBRTETC T —T TG —C TRENGCL oA —CLRAGTAGAR
AREARL aGHFAL an i Bl . ElRaaffcaTEal gact sm....clmma CHRREEAGHR

1 1700 1710 arFen 1730 1ran 1350 17E0 170 17ran 10 1800 1810 1820

SHCAR  CRARTCRAAT TGARGEAATAT ATECARGEA TEEEGEACT TRGGTGCCAT T GATSCRRRATACGAT G TCECCATATUARE FEDG TGCECCGEOCT TGATTRCAT TGT TG T TEARACARC TICT | CRGEACAA
S TTTGLECRGEE TR ———T GHGRGHT ltWTtma? T=T IGATGHARCCGT -~ ARG~ R TRGCAR T lcmmtlmltm'lmmnﬁm'l-cﬂcti
P EaTl albasaffanlfa, , . GelasfiolAscanlh, GalicabicaaT Toanchlal paaToapbARAC ARl s Lag 1. CACas

W21 1830 1040 1850 1HED 1870 1860 A1B90 1900 1910 1920 1930 1940 1950

SHCH!  ECATETGT TERGE TRE TGCGGAG GRARATL T TG T T TECRRCAT 1 T AT AT TRGrRNAC AR AGATCA TR AR TRANC | GRACGAGARALT SRR ACCRGRGLA TR TRCCICGEL TCTTTE
SNCAB  ~C6 TERGTTARGE T — PG TCT L T TGGAGT TATCA-AT TCATGE TAT == TARARGRAC | TG T~ TTHLARGISHG TLRGRGSARRG TRERGCAG
Domsansiss  +CaTBaGT1aGET . . TECGgaaE, o s,  CTT ST Tacsh HTTCATGATAT ., GRARRET S8, _ » .« o< IAflashRETg. ..

951 1960 157 1500 1950 2000 2010 2000 2030 2040 2050 2060 2070 2080
SHCAA ATCTTETCHGIGT rmrammu TG ITETRTWTIMHETET :nrmm&nnn ETCALGEARCPCE THT THRCHTATGET GGARCAGAGART T TCHARGHET
SHCAE  —~L 1G] CRERGRF TR ———CHTTE 1 TGEGARAL CCf—~ T GARGRGATERART AT RIGAGLEGC TCRRATCC TCCRGT TTCTG T-AIGCTEA-TR BSAGANGARR
= Tl Chight i .. mnet aliac] TGl . L 115 g e Tl Pl ecH . af1
BOHL B0 2100 2110 120 230 2140 2150 F1BD 2170 FAEH Z150 200 ZELY
ShCaf EGTHCTLTIGRTWI\ 'I'l:'l'l TGARNARTC THGTACCAT GRG T GHAGHGHGRG! WIH1WIIWETCTHI YWW!EGWWE‘BWG’WC‘MMR
SHCA  CHTRE=TCL T GOAGR=GH] e CRCCTE TGG T TRTGACTT FAGARGEGGRAGCRL T TRIRCGERT FCRRTHART = e | ICGRGGHEN TGATGGHT A T e THACGRC THT Ttml
Comaensus  Calaa,TCclGaatia, I‘)arl afflaalCT66T axcaacag T alfiatE66RaBC Ragpoht hoay FoafabAinT , .‘CT...rumaﬂcmarasau‘i_.unu.uulm

Z211 2EE0 2230 Zzan e 2260 = zan 220 300 2310 2320 Az 340

SHCAR  GRRRSTGAGC ] CTCCHRART 16T TGRCATGT TAARCH T 1 TGAIGACAG A TOGGE GARGTE TE THECCTAGALA TGEAAL T GELGRARAGLCRIR
ShCAE . GROGHT-———1 THERTETG LA TG TG TR ——LTT TTEGHGE FIM-HTMWIT'ICTTM-
Consensus  GRasfil, .. ToalaflanagiGall O sdnaernal = - -Laglanl GARC aaafiGansfil caabipagt . . CalAafGA T paafcassciRasagcCin

= T 2360 2370 380 2390 a0 2410 2420 2q30 2480 250 PAED 2470
SHCAH  GRAGRGAT TERARAGTLTCHAT TCRGAGEATARTTATL |GGRRNRRCRAT TRGE T TCCETRGRAGLCGCRTCTCIRCCAARGRCRGAT SRGRT TORCAGGL T TRARGRGL | CARGRRARTRATC TC I HRGH
SHCSE  GIRCT TCRGAGERTAT GART 1T TLCRT B———C T GCARGATE TAC T 166 T——C 1 LA GRS ARG AGATGAGAAGAT GISATCGAGARGE ATCT ——GR TRARGCAGH T—— TGITERGH
Conzwnsun  GHasgacalifaaslcl cART L slacEAla. . . . .CThciHaHaCas TaticT . . 1 haaaballs . GaTaHRGARaNT . . TeTashil
2471 2480 2490 2500 2510 2E20 2530 2540 5O 2HE 2570 250 s 2EO0
Shian THRARACL T T TERGA-LTER
SHCAH mﬁmi——-{ TTCTECYAT ol TARAT L C-Cht LTATTLLT HRCCHRRTL === FHETERAAT DG TCATCAT T
i THaakonta., Cabif, , .. ._n.-lr.cw-.cca.-cn'rnma_..._... Gmaanfafiicciiifiac e ifatEia, . . TTasgalal] Tiach . Cops
2601 2610 2620 2630 2640 2E50 2HED 2670 25RO 2690 2700 2710 2720 2730
SHCAR T AT DG TG TAR- T4 TCARTRGRARC G T ARAGHIAGT THAL

St I Tl nurmmn RI.RLSTC TETRET THETG I6TG 1L IRGRTRT E:m'! I'lﬁ“"l‘l!ﬁt ITH TCTTETCRT Ffﬂ:m TR
Consensiss afififlacfial ACRcagal Cafl, Toal TG Taa, TETachakT achificAsaccatafifn TRATdsabosaT agaCRilfiGan RETRAGR . . .oy vessnsesssarsssssnsnssrsssasas
Z7aL z7an 2750 EFED 27 2ran Z7an Zmin a0 EnEn 20w ZHan el Zo60
mz GGIRAT T IGCRTGTEACT T TCRARGAT A TRRCGCRGRAAGCAT | CHAGHTCCRAGAGRCG TATIAGIRNACACAGCRGT TEAT TGAT GIGCACARAGICG TG T TG TGEAGCRARAGT OCGAT TATGR
COMBONBUE o orvaranans i A S A 2R S
PREL  2BI0 2960 2970 980 2990

SHUAH  GRACC TGARRAAGTCTGTGEATERE T TEGARGED A TCTHGEET RGH TECAGHAT ICHRAGT CCRAGHT AT GHARARGRAR TACRATGART TAGARATGAGAGHEARGES | TRCARGARGRARC TCARTGAC

L S A B i i s L S R S B e Tl S i S A S S S e e e B L
2991 3000 oA El 2020 2040 2050 3060 FT0 080 IO 300 1o 20
Sneal  TTGCAGATTGCAT L T TETT T T TETGATE €1
SnLat
L T T T T T T
3121 TN a0 EiL LB TP FE0 390 200 azn - F230 280 3250
SHCAT  FTGCCET TCRGE TGIATCCRRATCT TGRC T TARC TCTGTGRAL
SHCAR
COMBOMEUE  cooiarostniotntssanssiosardnsstatsrassotatssnasiantssnt B B PP P P PP PR RS
F2s1 3760 k=) a0 FeH0 AF00 FaLe FEE0 FaH0 k=20 k=) k) T F3a0
i EATGARTT TTAT T T

3|1 3390 EL EL ) Fa20 3430 3490 EL P60 3470 3480 3490 500 3510
ShCaf  CTGGTRSALTCECTESRCCL TTICTCHGRRGET 6 TEGETATEL TCLE ATTECARACTTETL RCTCAGCTCACTCSCACTRGTCTITG

%: CRCTCCATCAC TRCAAGECT RCTCCRCTT TRCGTCAT GETELTCTCGACTT TCAATERT TRERCRTTAC TCAGTTCATTATCAT
DOMEBOBUL  osrassasnsonsntssnsssme rasssesssessstssntesms s es e sesetestssesssrs tettosssetsstisrssses eessoessssststrisssataertoenrssrant s
3641 IEHO R I FEBO IBan FP0ely are 720 3730 F20 arse 3760 arm
SECat  CHGTT TGTT TGl T GRS TIBCAGTTT THETET
ShCal
NNV IR |70 o o T e o S B R S e R e A e R
?”i 780 I L 390?
ShCAR  ACCRARTGECATCTCTACAT TRACCACT TACTARTTE
SHCA

Comzensus .

Supplementary Figure 2:cDNA alignment of SMC2 homologs of the condensin complex.
SMC4AandSMC4Bare different in sequence and length.
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Supplementary Figure 3: A representative example for distbution of anaphase bridges
in a plant population derived from a heterozygousyn3 mutant plant. Plants number 8, 1,
6, 3, 10 and 13 deviate significantly from wt, indicating heterozygdsitythese plants.
Values were calculated with help of the two-sided Fisher’s Exact Test.
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Supplementary Figure 4: A representative example for distbution of anaphase bridges
in a plant population derived from a heterozygouswil mutant plant. Homozygousswil
mutants were sterile. Thus, propagation of the line was done vi@ahgietes. Plants number
7, 3, 5, 12, 8 and 14 deviate significantly from wt. Plant number 14 displgy#ative
homozygous mutant. Values were calculated with help of the two-sided FishactsTExst.
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