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Udržení genomové stability je důležité pro přežití všech organismů. Komplex strukturní 
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Ačkoliv je SMC5/6 komplex zapojen do oprav ďvouřetězcových zlomů D N A indukovaných 
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1. LITERATURE OVERVIEW 

1.1 General principles of chromosome organization in the cell nucleus 

The genetic information, encoded by DNA, is compacted into chromatin to fit the cell 

nucleus (Figure 1). Chromatin is a highly organized complex formed by D N A and proteins. It 

is a primary component of the nucleus in eukaryotic cells. The fundamental unit of chromatin 

is the nucleosome, which was first observed as a particle by Don and Ada Olins under the 

electron microscope (Olins and Olins, 1974). The nucleosome is composed by 147 bp of D N A 

wrapped around a set of eight histone proteins, known as a histone octamer (Luger et al., 1997). 

Every histone octamer is formed by two copies of the histone proteins H2A, H2B, H3, and H4 

(Kornberg and Lorch, 1999; Pfluger and Wagner, 2007). Further, the repeating nucleosomes 

are arranged like beads on a string with intervening "linker" D N A to form a 10-nm fiber 

(Chakravarthy et al., 2005). Linker histones such as HI and its isoforms are involved in chro

matin compaction and sit at the base of the nucleosome near the D N A entry and exit binding 

to the linker region of the D N A (Zhou et al., 1998). A chain of nucleosomes is arranged in 

diameter of -30 nm fiber, forming loops averaging 300 nm per turn (Felsenfeld and Groudine, 

2003). Finally, the tight coiling of 250-nm-wide fiber, formed by compressing and folding the 

300 nm fibers, produces the chromatid of a chromosome. 

ft The 300-nm fibers are 
compressed and folded to 
produce a 250-nm-wide fiber. 

Tight coiling of the 250-nm 
fiber produces the chromatid 
of a chromosome. 

1400 nm 

Figure 1: Schematic model of chromatin organization at different levels (Anthony, 2008). 
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1.2 Structural maintenance of chromosomes (SMC) complexes 

The nucleosome structure is a barrier to proteins that regulate D N A metabolic activities, 

including transcription, replication, recombination, and repair. Different stages of plant devel

opment are highly modulated by changes in chromosome organization and dynamics by the 

action of multiple processes and factors (Casati and Gomez, 2020). 

The ring-shaped SMC complexes are the main factors to regulate the chromosome dy

namics, structure, and function. The individual SMC complexes are highly conserved from 

prokaryotes to eukaryotes (Cobbe and Heck, 2000; Hirano, 2006). The SMC protein forms a 

long intramolecular coiled-coil (Figure 2A). One end of the coiled-coil structure is the ATPase 

"head" domain, and the other is the "hinge" domain (Hirano, 2006). Two coiled SMC proteins 

are connected via their "hinge" domains, while their "head" domains are connected by a kleisin 

protein to form a closed tripartite structure (Figure 2B). In bacteria, the SMC complex consists 

of the SMC homodimer and one or two non-SMC subunit, modulating multiple chromosome 

dynamics, like chromosome compaction, segregation, and D N A damage repair (reviewed in 

Graumann & Knust, 2009; Figure 2B i). There are at least three SMC complexes in eukaryotes 

containing the SMC heterodimer and multiple non-SMC subunits: Cohesin, Condensin (in

cluding Condensin I and Condensin II differing by non-SMC subunits), and SMC5/6 (reviewed 

in Uhlmann, 2016; Figure 2B ii-v). 

A Hinge B 

(u) 
SmcS/6 

(iii) 

H 

l,V! 
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Figure 2. The architectures of the S M C complexes. (A) The general architecture of the S M C dimer. Each S M C 

protein contains an ATPase head domain and a hinge domain that mediates the dimerization of S M C proteins. (B) 

The architecture o f S M C complexes from bacteria to eukaryotes. Each S M C complex is composed o f a specific 

S M C dimer and several n o n - S M C subunits. (i) The bacterial S M C complex from Bacillus subtil is. Sep A connects 

the two ATPase heads of the S M C homodimer. (ii) The Cohesion complex, (iii) The S M C 5 / 6 complex, (iv) The 

Coudeusin I complex. H . D 2 and G stand for C A P - H . C A P - D 2 . and C A P - G . respectively, (v) The Coudeusin II 

complex. H 2 , D3 , and G2 stand for C A P - H 2 , C A P - D 3 , and C A P - G 2 , respectively ( W u and Y u , 2012). 

1.2.1 Cohesin 

The cohesin complex is crucial for holding replicated sister chromatids together. Via 

their controlled release, it ensures faithful chromosome segregation during cell division. It is 

also required for compaction of chromosome, D N A double-strand break repair, and the regu

lation of gene expression (reviewed in Jeppsson et al., 2014; Uhlmann, 2016). There are four 

essential subunits in the cohesion complex in eukaryotes: a heterodimer formed by SMC1 and 

SMC3; two non-SMC proteins, SISTER CHROMATID COHESION 3 (SCC3) and a kleisin 

protein, either SISTER CHROMATID COHESION 1 (SCC1) or MEIOTIC RECOMBINA

TION PROTEIN 8 (REC8) (Peters et a l , 2008) (Figure 2B ii). The kleisin protein SCC1 is 

functional during mitosis, and REC8 is its counterpart during meiosis in Schizosaccharomyces 

pombe (S. pombe) (Watanabe and Nurse, 1999). There are four SCC1/REC8 orthologs in Ara-

bidopsis: SYNAPTIC 1 (SYN1)/ DETERMINATE, INFERTILE 1 (DIF1), SYNAPTIC 2 

(SYN2)/ RADIATION-SENSITIVE 21.1 (RAD21.1), SYNAPTIC 3 (SYN3)/ RADIATION-

SENSITIVE 21.2 (RAD21.2), and SYNAPTIC 4 (SYN4)/ RADIATION-SENSITIVE 21.3 

(RAD21.3) (Yuan et a l , 2011). SYN1 is the Arabidopsis REC8 ortholog (Bai et a l , 1999). The 

absence of SYN1 reduces male and female fertility because of severe meiotic defects (Bai et 

a l , 1999; Cai et a l , 2003). The expression of SYN2/RAD21.1, SYN3/RAD21.2, and 

SYN3/RAD21.3 is throughout the plant and they may have unique and overlapping functions 

(Yuan et al., 2011). There is a single SCC3 ortholog in Arabidopsis. Lack of SCC3 is lethal 

and may be correlated with mitotic defects (Chelysheva et al., 2005). Arabidopsis contains 

single SMC1 and SMC3 orthologs. SMC1 and SMC3 are essential for seed development (Lam 

et al., 2005; Liu et al., 2002; Liu and Meinke, 1998). These studies in Arabidopsis show that 

the cohesin complex is crucial for plant growth. 

13 



1.2.2 Condensin I and II 

The condensin complex mediates the proper chromatin condensation and sister chroma

tid resolution to maintain the chromosomal integrity during cell division (Jeppsson et al., 2014). 

Most eukaryotic species have two different types of condensin complexes with unique func

tions, known as Condensin I and II (Hirano, 2012). Condensin I and II share two conserved 

core proteins, SMC2 and SMC4, forming the heterodimer, but three distinct non-SMC subunits: 

a kleisin protein and a pair of HEAT repeat-containing proteins (Neuwald and Hirano, 2000; 

Schleiffer et al., 2003). The heterodimer is connected by the kleisin protein, either CHROMO

SOME-ASSOCIATED POLYPEPTIDE H (CAP-H) (Condensin I) or CHROMOSOME-AS

SOCIATED POLYPEPTIDE H2 (CAP-H2) (Condensin II). The pair of H E A T repeat-contain

ing proteins are CHROMOSOME-ASSOCIATED POLYPEPTIDE D2 (CAP-D2) and CHRO

MOSOME-ASSOCIATED POLYPEPTIDE G (CAP-G) (Condensin I) or CHROMOSOME-

ASSOCIATED POLYPEPTIDE D3 (CAP-D3) and CHROMOSOME-ASSOCIATED POLY

PEPTIDE G2 (CAP-G2) (Condensin II) (Figure 2B iv and v). In mammalian cells, the absence 

of Condensin I or II causes severe but different defects in chromosome formation, assembly, 

and architecture, indicating that two condensin complexes have distinct functions in mitotic 

chromosome organization (Green et al., 2012; Hirota et al., 2004; Ono et al., 2003). Differing 

from other species, the Arabidopsis genome encodes two SMC2 orthologs, SMC2A and 

SMC2B, with redundant functions (Siddiqui et al., 2003). The Arabidopsis Condensin I regu

lates the chromosome assembly and segregation during mitosis. Whereas Condensin II is in

volved in alleviating D N A damage repair but not require for mitotic division (Sakamoto et al., 

2011). Condensin II in Arabidopsis also mediates the repression of a wide range of methylated 

genes with conditional expression, genome integrity, pollen development, and embryo devel

opment (Sakamoto et al., 2011; Schubert et al., 2013; Wang et al., 2017; Municio et al., 2021). 

1.2.3 SMC5/6 complex 

The SMC5/6 complex is the least characterized of the three main eukaryotic SMC com

plexes. The functions of the SMC5/6 complex are strongly linked to the maintenance of ge

nome stability (Kegel and Sjogren, 2010; Aragon, 2018; Diaz and Pecinka, 2018). However, 

recent studies suggest that the SMC5/6 complex is also required for the regulation of gene 

transcription (Decorsiere et al., 2016), maintenance of centromere structure (Gomez et al., 

2013), prevention of disease in humans (Payne et al., 2014; Van Der Crabben et al., 2016), or 
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suppression of immune responses in plants (Yan et al., 2013). The SMC5/6 complex was ini

tially discovered in S. pombe (Fousteri and Lehmann, 2000). There are one heterodimer formed 

by SMC5 and SMC6 and additional six NON-SMC ELEMENTS: NSE1-NSE6 in this complex 

(Zhao and Blobel, 2005; Sergeant et a l , 2005) (Figure 2B iii). The SMC5/6 complex is divided 

into three specialized functional sub-complexes: NSE2-SMC5-SMC6, NSE1-NSE3-NSE4 and 

NSE5-NSE6 (Aragon, 2018; Duan et al., 2009b). 

1.2.3.1 NSE2-SMC5-SMC6 sub-complex 

NSE2-SMC5-SMC6 sub-complex is the most conserved sub-complex containing the 

SMC5-SMC6 heterodimer. SMC6 is needed to repair the D N A damage which is induced by 

ultraviolet (UV) and y-ray in S. pombe (Lehmann et al., 1995). Arabidopsis carries two SMC6 

homologs: SMC6A and SMC6B (Mengiste et a l , 1999; Losada and Hirano, 2005; Watanabe 

et al., 2009). SMC6B was characterized in 1999, named as M I M (HYPER-SENSITIVE TO 

M M S , IR-RADIATION A N D MITOMYCINC). The Arabidopsis SMC6B is necessary for 

D N A damage repair and normal frequency of homologous recombination (Mengiste et al., 

1999; Watanabe et al., 2009; Hudson et al., 2011; Liu et al., 2015). smc6a mutants are viable, 

but double homozygous smc6a smc6b plants are embryo lethal due to their redundant functions 

in seed and gametophyte development (Watanabe et al., 2009; Liu et al., 2015; Zou et al., 2021). 

The Arabidopsis SMC5 ensures the seed formation (Watanabe et al., 2009). NSE2 is a Small 

Ubiquitin-like Modifier (SUMO) E3 ligase. The evidence of NSE2 directly binding to SMC5 

was observed from S. pombe and Saccharomyces cerevisiae (S. cerevisiae) (Sergeant et al., 

2005; Duan et al., 2009a). This interaction is conserved in animals and plants (Potts and Yu, 

2005; Xu et a l , 2013). NSE2 (a.k.a., MMS21, M E T H A N E M E T H Y L S U L F O N A T E SENSI

TIVE 21; HPY2, HIGH PLOIDY2) was initially identified in a screen for mutants that were 

sensitive to methyl methane sulfonate (MMS) in S. cerevisiae (Prakash & Prakash, 1977). The 

study in S. pombe showed that NSE2 is involved in meiosis progression (Pebernard et al., 2004). 

nse2 plants are viable but have strong developmental defects including small growth, short 

siliques and low fertility (Ishida et al., 2009, 2012; Liu et al., 2014). NSE2 is necessary for cell 

proliferation regulation in the root, D N A damage repair, and normal gametogenesis (Huang et 

a l , 2009; Liu et al., 2014; Yuan et al., 2014). 

1.2.3.2 NSE1-NSE3-NSE4 sub-complex 

NSE1 and NSE3 form the other sub-complex with NSE4 in S. pombe. This conserved 

sub-complex bridges the core heterodimer and modulates the D N A binding activity of the 

SMC5/6 complex (Hudson et a l , 2011; Palecek and Gruber, 2015; Zabrady et al.,2016.). The 
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RING-domain in NSE1 is needed to form this trimer. Mutations in the RING-domain cause 

D N A damage hypersensitivity and the absence of NSE1 is lethal in S. pombe and S. cerevisiae 

(McDonald et al., 2003; Pebernard et al., 2004). The interaction between NSE3 and D N A is 

required to load or maintain the SMC5/6 complex on chromatin in yeast (Zabrady et al., 2016). 

NSE3 contains a M A G E (MELANOMA-ASSOCIATED ANTIGEN) family domain. In S. 

pombe, the NSE3 C-terminal domain associates with NSE4 (Hudson et al., 2011). NSE4 is the 

kleisin protein of the complex. In S. pombe, it links SMC5 and NSE1-NSE3-NSE4 sub-com

plex (Palecek et al., 2006) and in S. cerevisiae, it bridges SMC5 and SMC6 heads (Duan et al., 

2009b). The Arabidopsis genome carries single NSE1 and NSE3 orthologs and two NSE4 

orthologs (NSE4A and NSE4B) (Diaz et a l , 2019; Zelkowski et a l , 2019). Both NSE1 and 

NSE3 are required for Arabidopsis embryogenesis and seedling development, and loss-of-

function mutations of NSE1 or NSE3 are lethal (Li et a l , 2017, 2019). Arabidopsis NSE4A 

and NSE4B bind to SMC5 and NSE3. Despite an interaction with NSE1 was confirmed by 

experiments (Diaz et al., 2019), it is likely. NSE4A is essential for D N A damage repair in 

somatic tissues and plays a role in meiosis and seed development (Diaz et al., 2019; Zelkowski 

et al., 2019). NSE4B appears to regulate the seed formation (Zelkowski et al., 2019). The study 

in moss Physcomitrium patens revealed that NSE4 is necessary for D N A double-strand break 

repair, but not for recovery from D N A damage (Hola et al., 2021). 

1.2.3.3 NSE5-NSE6 sub-complex 

Subunits of the NSE5-NSE6 sub-complex show less conservation across species at the 

sequence level and also concerning its structural position. In S. cerevisiae, the NSE5-NSE6 

sub-complex inhibits SMC5/6 ATPase function to facilitate D N A substrate selection, likely by 

inducing a major rearrangement of the SMC5 and SMC6 head domains (Duan et al., 2009a; 

Taschner et al., 2021). While in S. pombe this sub-complex regulates the function of the 

SMC5/6 complex in D N A damage repair by binding to the base of the NSE1-NSE3-NSE4 

sub-complex (Pebernard et al., 2006). In Arabidopsis, NSE6 was initially characterized as a 

key immune regulator called SNI1 (SUPPRESSOR OF NPR1-1, INDUCIBLE 1) (Li et al., 

1999). Later, it was identified as an interacting factor with SMC5 and SMC6B and with an 

unknown protein ASAP1 (ARABIDOPSIS SNI1 ASSOCIATED PROTEIN 1) via proteomic 

experiments (Yan et al., 2013). Based on this, SNI1 and ASAP1 were characterized as the 

functional counterparts of NSE6 and NSE5 in Arabidopsis despite they are poorly conserved 

at the sequence level (Yan et al., 2013). The precise structural position of the ASAP1-SNI1 

sub-complex is not yet clear in Arabidopsis. However, based on the biochemical pull-down 
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experiments, it is likely to be associated with the SMC5-SMC6 heterodimer (Yan et al., 2013). 

Both asapl and snil mutants cause root development defects (Yan et al., 2013). SNI1 is in

volved in D N A damage repair and ensures the normal meiotic recombination by preventing 

the formation of inappropriate Joint Molecules (JMs) (Yan et al., 2013; Zhu et al., 2021). In 

contrast, the function of ASAP1 is unknown. 

The SMC complexes have high conservation from prokaryotes to eukaryotes, mediating 

the chromosome dynamics, structure, and function. The studies in plants show that there are 

common but also unique features to plants as the presence of orthologs genes for diverse sub-

units in the individual SMC complexes (Figure 3). Hence, further studies about plant SMC 

complexes will improve our knowledge of the functions of these important complexes. 
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Figure 3. General functions and simplified structures of SMC complexes in Arabidopsis thaliana. (A) 

Cohesii i : the lieterodiiner formed by SMC1 and S M C 3 , SCC3 and one kleisin, R E C 8 / S Y N 1 in meiosis; S Y N 2 and 

SYN4 ii i mitosis; Plant-unique SYN3 in meiosis and mitosis. The cohesin complex is involved in chromosome 

segregation in dividing cells, D N A damage repair, regulation of gene expression and seed development. (B) 

Condesin : the lieterodiiner framed by S M C 2 A or S M C 2 B and SMC4; C A P - G and C A P - D 2 (Condensin I) or C A P -

G2 and C A P - D 3 (Condensin II). The condensin complexes are involved in chromosome assembly and segregation 

in dividing cells, silencing of centromeric transposable elements, D N A damage repair, chromosomal integrity, 

pollen development and embryo development. (C) S M C 5 16 complex: the lieterodiiner formed by S M C 5 and 

S M C 6 A or S M C 6 B ; N S E l , NSE2, N S E 3 , N S E 4 A or N S E 4 B , A S A P 1 and S N I l . The SMC5/6 complex is involved 

in the prevention of chromosome fragmentation in dividing cells, regulation of gene expression, D N A damage 

repair, imimme responses and seed development (Modified from Bolaiios-Villegas, 2021). 
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1.3 Reproductive development in plants 

The life cycle of plants contains vegetative and reproductive stages. The reproductive 

development involves the "alternation of generations" between a haploid gametophyte and a 

diploid sporophyte (Haig and Wilczek, 2006). The sporophyte produces haploid (n) spores 

through meiosis. Each haploid spore develops into a gametophyte, generating haploid gametes 

through mitotic divisions. During fertilization, the haploid male gamete fuses with the haploid 

female one, producing the diploid sporophyte, thus perpetuating the life cycle. The reproduc

tion development is tightly regulated as it results in seed production and a new generation of 

plant individuals. 

1.3.1 Male gametogenesis in plants 

In angiosperms, male gametogenesis occurs in the anther. There are two distinct and 

successive developmental phases: microsporogenesis and microgametogenesis (Figure 4). 

During microsporogenesis, the diploid sporogenous cells differentiate as microsporocytes (pol

len mother cells). Then chromosome number is halved by two rounds of meiotic divisions, 

producing four haploid microspores (Owen and Makaroff, 1995). Each microspore develops 

into mature pollen by two rounds of mitotic divisions in microgametogenesis. Mitosis I after 

meiosis produces a vegetative cell, containing a large haploid nucleus with decondensed chro

matin, and a generative cell, containing a small haploid nucleus with condensed chromatin. 

The generative cell is completely engulfed by the cytoplasm of the vegetative cell (Berger and 

Twell, 2011). In the plants with trinucleate pollen, including Arabidopsis, two sperm cells are 

generated in the second mitosis before pollen maturation. In other plants with binucleate pollen, 

like tomato, two sperm cells are generated in the pollen tube after pollen germination (Ma, 

2005). 
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Figure 4. Overview of male gametogenesis ID plants. (A) Microsporogenesis. It starts with the meiotic divisions 

of the pollen mother cell, producing a tetrad of haploid microspores. This tetrad is initially a syncytium enclosed in 

a particularly thick callose wall . Following meiosis. this wall is degraded, and the four individual haploid 

microspores are released. (B) Microgametogenesis. The released microspores undergo an asymmetric mitotic 

division. The fust round of mitosis generates two cells: the larger vegetative cell, and the smaller generative cell. 

The generative cell is engulfed by the vegetative cell. After this, an additional round of mitosis of the generative 

cell occurs in Arabidopsis. maize, and other plants with trinucleate pollen to form two sperm cells. 

Meiosis is one of the most important and complicated steps for the production of haploid 

gametes. Meiosis halves the chromosome number as D N A is replicated once followed by two 

rounds of cell divisions (Meiosis I and Meiosis II). The segregation of homologous chromo

somes takes place in the first cell division (which is very specific to meiosis), and the segrega

tion of sister chromatids takes place in the second cell division (Figure 5). 

The first division relies on the formation of bivalent based on homologous pairing and 

recombination. The meiosis-specific topoisomerase S P O l l mediates double-strand breaks 

(DSBs) along the paired homologous chromosomes, initiating meiotic recombination 

(Villeneuve & Hitlers, 2001). There are three S P O l l paralogues in Arabidopsis: SPOl l -1 , 

SPOl 1-2 and SPOl 1-3. The functions of SPOl 1-1 and SPOl 1-2 are non-redundant in meiosis 

(Hartung et al., 2007). The absence of meiotic DSBs is observed in the spoll-1 and spoll-2 

plants, which leads to formation of univalent instead of bivalent in the first cell division. As 

univalent chromosomes segregate randomly, spoil plants often produce the unbalanced gam

etes (Grelon et al., 2001; Hartung et al., 2007). There are at least another five Arabidopsis 
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proteins involved in meiotic DSB formation by classical genetic screens: PUTATIVE RE

COMBINATION INITIATION DEFECT 1 (PRD1), PUTATIVE RECOMBINATION INITI

ATION DEFECT 2 (PRD2), PUTATIVE RECOMBINATION INITIATION DEFECT 3 

(PRD3), ARABIDOPSIS DSB FORMING (DFO), and C E N T R A L REGION COMPONENT 

1 (CRC1J. PRD3 and DFO appear to be plant-specific (Mercier et al., 2015). They all share the 

same mutant phenotype of univalent chromosome segregation (De Muyt et al., 2007; De Muyt 

et al., 2009; Zhang et a l , 2012; Miao et a l , 2013; Seear et al., 2020). The SPOll-induced 

breaks are repaired by the M R N complex (MRE11/RAD50/NBS1) by creating single-stranded 

D N A overhangs, which then invade appropriate regions on the homologous chromosomes 

(Borde, 2007). Two recombination proteins, DISRUPTION OF MEIOTIC CONTROL 1 

(DMC1) and RADIATION SENSITIVE 51 (RAD51) are involved in this process (Mercier et 

al., 2015). In Arabidopsis, mutations of RAD51 and DMC1 show different phenotypes in mei-

osis: SPO11-dependent chromosome fragmentation, and univalent segregation phenotype, re

spectively. This supports that the functions of DMC1 and RAD51 are distinct (Couteau et al., 

1999; L i et al., 2004; Pradillo et a l , 2012). DMC1 is capable of meiotic DSB repair, and 

RAD51 only plays a supporting role in this process by inhibiting the SMC5/6 complex in mei-

osis (Da Ines et al., 2013; Chen et al., 2021). Resolution of the D N A recombination intermedi

ates results in crossovers (COs) and non-crossovers. Usually two, but in some cases up to four, 

COs are on one bivalent in most plant species, ensuring the proper chromosome segregation at 

anaphase I (Crismani and Mercier, 2012). The interference-dependent pathway is a crucial part 

of this control, and it needs a group of proteins called Z M M , including ZINC TRANSPORTER 

1 PRECURSOR 1 (ZIP1), ZINC TRANSPORTER 1 PRECURSOR 2 (ZIP2), ZINC TRANS

PORTER 1 PRECURSOR 3 (ZIP3), ZINC TRANSPORTER 1 PRECURSOR 4 (ZIP4), 

MUTS H O M O L O G 4 (MSH4), MUTS H O M O L O G 5 (MSH5), and MEIOTIC RECOMBI

NATION (MER3) in S. cerevisiae (Börner et al., 2004). Homologs of these proteins are iden

tified in Arabidopsis and they have similar functions in the formation of COs (Higgins et al., 

2004,2005, 2008; Chen et a l , 2005; Mercier et al., 2005; Chelysheva et al., 2007). Besides the 

Z M M pathway, The formation of COs depends on a group of proteins, including M M S A N D 

U V SENSITIVE 81 (MUS81) and ESSENTIAL MEIOTIC E N D O N U C L E A S E 1 (EME1) in 

S. pombe (Berchowitz et al., 2007). Studies in yeast and Arabidopsis revealed that the SMC5/6 

complex is also involved in resolving the D N A recombination intermediates in the MUS81-

dependent pathway (Xaver et al., 2013; Zhu et al., 2021). The physical connection formed by 

COs is called chiasmata, which keeps bivalents together to ensure proper orientation and seg

regation of chromosomes during the first meiotic division (Zamariola et al., 2014b). 
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The segregation of sister chromatids occurs in the second cell division and resembles the 

dynamics of a mitotic cell division. The cohesin complex at centromeres is retained until ana

phase II. In this step, the meiotic-specific protection is needed, and it was first described in 

Drosophila, named SGO (SHUGOSfflN) (Kerrebrock et a l , 1995). However, the study in 

Oryza sativa suggested that SGO proteins in plants might be functional in prophase I (Wang et 

a l , 2011). The plant-specific protection protein named PATRONUS 1 (PANS1) has been 

identified in Arabidopsis (Cromer et al., 2013). The absence of PANS1 causes a premature 

release of sister chromatid cohesion at metaphase II, leading to unbalanced male gametes and 

low fertility (Zamariola et al., 2014a). Maintaining the cohesin complex in the pericentromeric 

region at metaphase II ensures the attachment between the microtubules from opposite poles 

and the sister chromatid kinetochore. The organelle band is a physical barrier between the two 

spindles and the disturbed band leads to a random movement of the spindles (Brownfield et al., 

2015). P A R A L L E L SPINDLE 1 (PS1) and JASON have been identified in Arabidopsis con

tributing to the regulation of spindle orientation in male meiosis. psl and jason plants disturb 

the spindle orientation, leading to unreduced male gametes and triploid offspring (d'Erfurth et 

a l , 2008; De Storme and Geelen, 2011). 

The formation of unreduced gametes is the major way towards polyploidy in plants. Alt

hough meiosis defects often severely affect meiocyte viability, mutants in several genes pro

duce viable unreduced gametes in Arabidopsis. One of them is C Y C L f N A l ; 2 (CYCA1;2; 

a.k.a. T A M , T A R D Y ASYNCHRONOUS MEIOSIS), a member of the cyclin A family. Loss-

of-function mutation of C Y C A 1 ;2 in Arabidopsis shows that meiocytes complete the first mei-

otic division but fail to enter meiosis II and thus produce two diploid daughter cells (d'Erfurth 

et al., 2010; Wang et al., 2010). OMISSION OF SECOND DIVISION 1 (OSD1) is also re

quired for entry into meiosis II (D'Erfurth et al., 2009). Unexpectedly, male meiocytes fail to 

enter meiosis I in cycal;2 osdl double mutant plants (d'Erfurth et al., 2010). It may be because 

the absence of CYCA1;2 and OSD1 both reduces the C D K activity sufficiently and thus pre

vent the male meiocytes entry into meiosis I (Brownfield and Köhler, 2011). The defects in 

cytokinesis after normal nuclear divisions also produce unreduced gametes, tetraspore (tes) 
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mutant identified in Arabidopsis causes disturbed meiotic cytokinesis leading to unreduced 

male gametes (Yang et al., 2003). 

Meiosis I (Homologous chromosomes Meiosis II (sister chromatids 
segregation) segregation) 

DSB initiation 
(SPOll) 

Strand invasion 
(RAD51,DMC1...) 

Resolution of chiasmata 
recombination 
intermediates 

Figure 5. Scheme of male meiosis. Only one pair o f homologous clu omosomes is shown in orange and blue, with 

each line representing one chromatid. Chromatids duplicate during the S phase, condense at prophase and segregate 

at anaphase followed by decondensation. During meiosis I homologous chromosomes segregates. The segregation 

of sister chromatids occurs at meiosis II. The lower panel highlights different stages of the meiotic prophase. Single 

blue and orange lines in this panel indicate single D N A strands, and two adjacent lines represent one chromatid. 

DSBs are initiated by S P O l l . then repaired by R A D 5 1 . D M C 1 and other factors. At the end of the prophase, the 

chiasmata are formed with the resolution of recombination intermediates to ensure proper orientation and 

segregation of chromosomes during the first meiotic division (Modified from Wijnker and Schnittger. 2013). 

1.3.2 Female gametogenesis in plants 

Female gametogenesis in angiosperms occurs in the ovule. Like male gametogenesis, 

there are two stages: megasporogenesis and megagametogenesis. A cell in the ovule differen

tiates into a megaspore mother cell (MMC). The M M C produces four haploid megaspores by 

two rounds of meiosis. In most plants, including Arabidopsis, the female gametophyte is 

formed in a Polygonum-type developmental pattern: three megaspores degrade and only one 

functional megaspore remains in each ovule. This whole process is known as megasporogene

sis (Caryl et al., 2003). This megaspore nucleus develops into a seven-nucleate structure with 

three antipodal cells, two synergid cells, one egg cell, and one central cell by three rounds of 

mitotic divisions. The central cell is homodiploid as it contains two identical haploid nuclei 

(Drews and Koltunow, 2011). The egg cell is always located at the micropylar end of the ovule, 

with the two synergid cells sitting side by side, the central cell is in the middle of the ovule 

with a large vacuole, and the three antipodal cells are at the chalazal end of the ovule (Caryl et 
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al., 2003). The formation of mature female gametophyte (embryo sac) is completed after these 

nuclei cellularization and differentiation. This entire process is called megagametogenesis 

(Tedeschi et al., 2017; Figure 6). 

Female gametophyte mutants have been identified by partial or complete sterility (Caryl 

et al., 2003). The process of male and female meiosis in the flowering plants is similar, thus 

many mutants causing male meiotic defects also exhibit the impact on the female meiosis 

(Pagnussat et al., 2005; Drews and Koltunow, 2011). For example, SPOl l -1 is necessary for 

DSB initiation in both male and female meiosis I in Arabidopsis (Caryl et al., 2003). Mutations 

of CYCA1;2 and OSD1 could produce functional unreduced female gametes. Upon fertiliza

tion, most progeny from cycal;2 and osdl mutants are polyploids (Brownfield and Köhler, 

2011). SWITCH1/DYAD (SWI1/DYAD) protein in Arabidopsis is crucial for sister chromatid 

cohesion in early meiosis I (Mercier et al., 2001). The dyad allele is one of the mutations in 

SWI1/DYAD gene and it only presents the defective female meiotic division (Siddiqi et al., 

2000). Univalents are observed in swil/dyad mutants during meiosis I. Then sister chromatids 

segregate equally during meiosis I, resulting in unreduced female gametes.Most of the 

unreduced female gametes subsequently degenerate and fail to form a female gametophyte in 

the mutant. A small number of viable female gametes are produced and eventually triploid 

offspring (Maruthachalam et a l , 2008). Mutations of Maize AMEIOTIC 1 (AMI) and rice 

OsAM also show the defective sister chromatid cohesion, as in swil/dyad (Pawlowski et al., 

2009). However, the completely blocked female meiosis in ami mutant indicates there is an 

other checkpoint in maize for entry into the meiosis (Yang et al., 2010). 

The development of the embryo sac is essential for seed formation. However, defective 

female meiosis usually causes abnormal embryo sac development, presenting various embryo 

sac arrest phenotypes, thus reducing the seed set. But it is not true for male gametophyte mu

tants because pollen is not usually limiting (Drews and Koltunow, 2011). 
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Figure 6. Overview of female gametogenesis (Polygon um-type) in plants. (A) Megasporogenesis. The 

megaspore mother cell undergoes meiosis to produce four haploid megaspores. of which three degenerate, and only 

one survives - the functional megaspore. (B) Megagametogenesis. The functional megaspore undergoes three 

consecutive rounds of mitosis, to produce a total of eight haploid nuclei. This is followed by a cellularisation step, 

whereby these eight nuclei are organized into seven cells: 3 antipodal cells, 2 synergid cells, an egg cell and one 

central cell. These nuclei cellularize and differentiate to form the mature embryo sac. 

1.3.3 Double fertilization and seed development 

The formation of male and female gametes is essential for successful fertilization. After 

the pollen grain adheres to the stigma of the carpel, the vegetative cell grows a tube through 

the style to reach the ovule. The sperm cells are released from the pollen tube, and the synergid 

cells degenerate, and the sperm cells arrive at the gamete site, fertilizing the egg cell inside of 

the ovule (Bleckmann et al., 2014; Figure 7A). After fertilization occurs, each ovule develops 

into a seed (Hamamura et al., 2011). Two sperm cells from the pollen tube fertilize the egg cell 

and the central cell in flowering plants. This process is called double fertilization, which is 

unique in flowering plants. The mature embryo sac structure is vital to ensure successful ferti

lization. For instance, synergid cells are necessary to guide the pollen tube and break its tip to 

release the sperm cells (Higashiyama, 2002). 

Double fertilization initiates seed formation in flowering plants. The fusion of sperm and 

egg cells leads to the diploid embryo, and the fusion of sperm cells and central cells leads to 

triploid endosperm. Embryo and endosperm develop simultaneously. The embryo starts devel

oping by forming an apical-basal axis by asymmetric cell division (Peris et al., 2010). Apical 
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cells initially develop the embryo proper, which ultimately differentiates into the mature em

bryo in many eudicots, like Arabidopsis, and embryonic leaves in monocots, like maize 

(Meinke, 2013). Basal cells develop into suspensor, which supports the growth of the embryo 

by connecting with maternal tissue. The suspensor degenerates and often disappears in mature 

seeds (Meinke, 2013). The endosperm starts the development by several cell divisions without 

cell wall formation (Olsen, 2004). Later, the development turns to cellularization, supporting 

embryo development (Olsen, 2004). For many eudicots, like Arabidopsis, the endosperm is 

absorbed during the embryo development and disappears at maturity (Figure 7B). By contrast, 

in monocots such as maize, the endosperm is observed in mature seeds and supports seedling 

growth (Meinke, 2013). 

Although there is no conclusive evidence that the formation of an embryo depends on 

the presence of the endosperm (Peris et al., 2010), defective endosperm cellularization nega

tively impacts embryo growth, indicating that endosperm cellularization is an essential step for 

seed growth (Hehenberger et al., 2012). The transition from proliferation to cellularization 

takes place at a defined time point in plants. In Arabidopsis, it starts at around the fifth day 

after pollination (Adams et al., 2000). However, endosperm cellularization goes abnormal if 

the parental genome balance is disturbed. The maternal to paternal genome ratio in endosperm 

after double fertilization is 2:1 (2m: lp) (Adams et al., 2000). Increased maternal genome dos

age inhibits the mitosis in the endosperm and reduces the weight of seeds, while additional 

paternal genome dosage leads to seed abortion due to the delay or complete failure of endo

sperm cellularization. Due to meiotic defects, this ratio can be disturbed by the unreduced gam

etes, which often causes seed abortion. Nevertheless, under some conditions, the union of un

reduced gametes with reduced gametes leads to triploid offspring, which can form swarms of 

euploid and aneuploid gametes giving rise to stable tetraploids (Henry et al., 2005). This mech

anism has been termed triploid bridge and is considered the main route to forming autopoly-

ploids (Leitch et a l , 2004; Mason and Pires, 2015). 
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Figure 7. Double fertilization ID flowering plants and seed development in eudicots. (A) Double fertilization. 

The pollen grain adheres to the stigma, the pollen tube glows into the ovule. The sperm cells are released to fertilize 

the egg cell nucleus and central cell nuclei. (B) Seed development in eudicots. Double feililization leads to the 

diploid embryo and triploid endosperm. Embryo goes through per-globular, globular, heart, cotyledon stages 

developing into mature seed. During this time, endosperm goes through proliferation, cellularization, degeneration 

and is not present in the mature seed (Modified from Locascio et al., 2014). 

1.4 Polyploidy 

Polyploidy is a heritable condition of possessing more than two sets of homologous chro

mosomes. It is especially common in plants and has been and continues to be a major force in 

plant evolution. The polyploid plants are caused by genome duplication events (Jiao et al., 

2011). There are two different groups of polyploidy: autopolyploidy and allopolyploidy. Au-

toploids are the polyploids containing the chromosomes with the same origin from within-

species whole-genome duplication events, while the chromosomes in allopolyploids have the 

different origin from genome duplication events involving inter-specific hybridization (Comai, 

2005; Sattler et al., 2016). Plants can benefit from being polyploid: the buffering effect of gene 
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redundancy on mutations and, in certain cases the facilitation of reproduction through self-

fertilization or asexual means, making better use of heterozygosity and higher tolerance to 

some stresses, such as nutrient deficiency, drought, water deficit, temperature, pests, and path

ogens (Botany et al., 2004; Osborn, 2004; Comai, 2005). On the other hand, the disadvantages 

of being polyploid are also evident. Polyploidy can change the cellular architecture, cause ep-

igenetic instability and reduce fertility by arising problems in mitosis and meiosis (Comai, 

2005). Polyploid plants produce high frequency of aneuploid progeny, leading to partially or 

completely sterile (Ramsey and Schemske, 2002). For instance, there are 30-40% of offspring 

from autotetraploid maize are aneuploid, reducing plant fertility (Datura, 1935; Doyle, 1986). 

One of the major challenges for polyploids is in meiosis because of the presence of ad

ditional set(s) of chromosomes. In newly formed polyploids, multivalents are often observed 

in metaphase I, which are associated with incorrect segregation and reduced fertility (Lloyd 

and Bomblies, 2016). One of the adaptive mechanisms to suppress multivalents in autotetra

ploid Arabidopsis arenosa is to limit the crossover rates, therefore the number of multivalent 

connections is reduced (Pelé et al., 2018). While the molecular mechanism is limited known, 

it appears to be regulated via the chromosome axes (Hollister, 2015). A well-known example 

is the Phi {Pairing homeologous 1) locus in wheat (Sears, 1976). Phi promotes homologous 

synapsis through alterations to chromatin state and reduces crossovers on paired homoeologues 

during meiosis (Greer et al., 2012; Martin et al., 2014). However, the study in tetraploid Allium 

porrum showed that it forms mostly bivalents in metaphase I despite a relatively high crossover 

(Jones et al., 1996), suggesting another pathways in autopolyploids modulate the chromosome 

segregation in meiosis. In allopolyploid, because the multiple sets of chromosomes have the 

the different origin, bivalents are formed between the two most closely related homologs at 

metaphase I, resulting in independent segregation of subgenomes (Lloyd and Bomblies, 2016). 

This process is genetically controlled in most, if not all, allopolyploids (Jenczewski and Alix, 

2004). Our knowledge about the maintenance of genome stability during meiosis in polyploidy 

is still very limited although it has been studied for a long time. 
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Figure 8. A model of meiotic prophase and metaphase in alio and allopolyploids. Allopolyploids: In leptotene 

homologs and homeologous align and associate via telomeres (brown dots) and centromeres (black dots). In 

zygotene as the synaptonemal complex (SC. dashed lines) begins to form these pre-synaptic associations may 

develop into synaptic partner switches. In pachytene chromosomes show exclusive homologous synapsis. At 

metaphase. only bivalent is observed. Allopolyploids: In leptotene. homologs align and associate via telomeres 

and centromeres. Homologous pairing often involves all four homologs. In zygotene formation of the SC leads to 

synaptic partner switches between sets of homologous chromosomes. Some synaptic partner switches are corrected 

through late zygotene early pachytene but many persist. If cross over interference is low (red arrow), the crossover 

may be designated that reinforce multivalent associations such that multivalents are observed at metaphase I. If 

crossover interference is high (green arrow) then crossovers may be restricted to one per chromosome, such that 

only bivalent are observed at metaphase I (Lloyd and Bomblies, 2016). 
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2. AIMS OF THE THESIS 

The principal goal of this thesis is to obtain a deeper understanding of the functions of 

the SMC 5/6 complex in Arabidopsis thaliana. Particular aims are as follows: 

2.1 Characterization of the functions of SMC5/6 complex during reproductive develop

ment in diploid Arabidopsis thaliana 

The first aim of the thesis is to understand the functions of the SMC5/6 complex during 

reproductive development in Arabidopsis. During the reproductive development, the haploid 

gametes are generated by meiosis and the fertilization gives rise to the diploid sporophty. The 

SMC5/6 complex is crucial to maintain genome stability. Our previous results uncovered that 

mutations of the SMC5/6 complex subunit reduced plant fertility (Diaz et al., 2019). To pro

mote our knowledge about the functions of the SMC5/6 complex in reproductive development, 

mutants in several Arabidopsis thaliana SMC5/6 complex subunits are used to analyze the 

phenotypes in reproductive development including the stages of the production of haploid gam

etes and seed development. 

2.2 Characterization of the functions of SMC5/6 complex for tetraploid genome stability 

in Arabidopsis thaliana 

Polyploidization is a common phenomenon in the evolution of flowering plants. How

ever, our knowledge about the maintanence of polyploid genome stability is still very limited. 

The second aim of this thesis is to characterize the functions of the SMC5/6 complex for tetra

ploid genome stability in Arabidopsis thaliana. We produced autotetraploid mutants in several 

SMC5/6 complex subunits and used them to analyze the phenotypes in vegetative and repro

ductive development. 
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3. RESULTS 

3.1 Characterization of the functions of SMC5/6 complex during reproductive develop

ment in diploid Arabidopsis thaliana 

The previous study showed that a partial loss-of-function NSE4A mutant reduced plant 

fertility (Diaz et al., 2019). In this thesis, I focused on the characterization of the functions of 

the SMC5/6 complex during reproductive development mainly using several loss-of-function 

mutants of SMC5/6 complex subunits. The main results are summarized below. 

3.1.1 nse2 mutations cause paternally-inherited abnormal seed development 

To understand the functions of the SMC5/6 complex during reproductive development, 

mutants in several Arabidopsis thaliana SMC5/6 complex subunits were analyzed in this the

sis. Homozygous loss-of-function nse2-l and nse2-2 (Ishida et al., 2009) plants are viable and 

produce dry seeds in various colors, sizes and shapes, including light/dark brown, large/small 

and regular/shrunken ones (Figure 9A). The analysis of the siliques after thirteen-day pollina

tion (DAP) showed that wild type (WT) plants produced 94.4% normal seeds, 2.8% abnormal 

seeds, and 2.8% aborted ovules (total seeds = 1424; Figure 9B and Table 1). However, there 

are only 34.7% and 30.8% healthy looking seeds found in nse2-l and nse2-2 plants, respec

tively (total seeds = 1343 and 1253, respectively; Figure 9B and Table 1). Instead, 16.0% and 

23.4% abnormal seeds, and 49.3% and 45.8% aborted ovules were observed in nse2-l and 

nse2-2 plants, respectively (total seeds = 1343 and 1253, respectively; Figure 9B and Table 1). 

Both aborted ovules and abnormal seeds are significantly more produced in nse2 plants 

(Fisher's exact test, P < 0.005 or lower). To examine the parental contribution to the seed phe-

notypes, reciprocal crossings between WT and nse2 plants were performed. Only 2.0% and 

3.7% of abnormal seeds were observed when nse2-l or nse2-2 plants were pollinated by WT, 

respectively. The frequency of abnormal seeds matched the one produced in self-pollinated 

WT (2.8%, Table 1). However, pollination of WT plants by nse2-l or nse2-2 resulted in 14.4% 

and 21.5% of abnormal seeds, representing a 7.2- and 5.8-fold increase relative to the reciprocal 

cross (Figure 9B and Table 1). The results indicated that the seed abnormality in nse2 plants is 

paternally-inherited in Arabidopsis. 
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3.1.2 nse2 mutations lead to defective embryo sac development 

The frequent aborted ovules observed in nse2 plants indicates severe maternal defects in 

nse2 plants (Table 1). Then, I analyzed the nse2-2 ovules. There are 25.5% (14 out of 55) nse2-

2 ovules with the normal-looking embryo sacs (Figure 10-i), 20% ones with embryo sacs con

taining three large nuclei (Figure 10-ii), 10.9% (6 out of 55) ones with embryo sacs containing 

zero nuclei (Figure 10-iii), and 43.6% ones without embryo sac (Figures 10-iv). The abnormal 

embryo sacs suggested that any defects in female gametogenesis may cause embryo sacs abor

tion before fertilization in nse2 plants. 

B 

nse2-2 

9 x c r 

WT xWT 

nse2-1 x nse2-1 

nse2-1 x WT 

WT x nse2-1 

nse2-2 x nse2-2 

nse2-2 * WT 

WT x nse2-2 

Figure 9: Paternally -inherited abnormal seed development in nse2 plants. (A) Representative dry seeds of 

WT, me2-l and me2-2. Seeds from me2-l and nse2-2 plants represent a mixture of normally sized, large and 

aborted seeds. Scale bars 1 mm. (B) Dissected siliques 13 days after pollination (DAP). Aborted ovules are marked 

with yellow asterisks and abnormal seeds (typically larger, white or pale and partially transparent) with yellow 

arrowheads. Scale bar 400 (.nn (Yang et al., 2021a). 

3.1.3 nse2 mutations reduce pollen viability and produce diploid sperm nuclei 

To explain the paternally-inherited abnormal seed phenotype, we focused on the investi

gation of pollen development. First, the pollen viability was analyzed with fluorescein diacetate 

(FDA) staining (Li, 2011). As expected (Liu et al., 2014), the viable pollen were significantly 

reduced from nse2-l plants (63.6%; n = 503; Fisher's exact test, P < 0.001 or lower; Table 2) 

and nse2-2 plants (52.4%; n = 609; Fisher's exact test, P < 0.001 or lower; Table 2) compared 

to WT plants (83.4%; n = 1504). Meanwhile, we noticed that the sizes of nse2 pollen are not 

identical (Figure 11A). Next, we quantified the diploid (2x) WT, 2x nse2-l, 2x nse2-2 and 

tetraploid (4x) WT pollen area (Figure 11B). nse2 plants produced two groups of differently 
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sized pollen. The larger pollen may contain 2C instead of IC D N A content as in Arabidopsis 

the pollen area is strongly related to nuclear D N A content (De Storme and Geelen, 2011). To 

test this hypothesis, we measured the ploidy of nse2 pollen nuclei with flow cytometry. Ara

bidopsis pollen contain two 1C sperm cell nuclei and one 2C vegetative cell nucleus. The sam

ples were prepared as described (Borges et al., 2012) to purify sperm cell nuclei then the ploidy 

was measured by flow cytometry. The almost exclusively 1C nuclei detected in WT plants 

supported that 2C vegetative nuclei were effectively eliminated under our experimental condi

tions. With nse2-l and nse2-2 pollen, we obtained both 1C and 2C nuclei (Figure 12A), indi

cating that nse2 plants produce not only haploid but also diploid sperm cells. 

Table 1. Seed phenotypes of self-pollination and reciprocal crossing between nse2 and WT 
plants. 

Phenotype (%) 
Mother Father Events (n) 

Normal seeds Aborted ovules Abnormal 
seeds 

WT WT 1424 94.4 2.8 2.8 
nse2-l nse2-l 1343 34.7 49.3 16.0 
nse2-l WT 919 37.3 60.7 2.0 

WT nse2-l 1369 56.5 29.1 14.4 
nse2-2 nse2-2 1253 30.8 45.8 23.4 
nse2-2 WT 629 38.1 58.2 3.7 

WT nse2-2 783 36.9 41.6 21.5 

Table 2. The analysis of pollen viability by F D A staining. Test statistic values are the results 
of Fisher's exact test for mutants compared to WT. 

Test statis-
Replication 1 Replication 2 Replication 3 £ of replicates tic values 

Viable Total Viable Total Viable Total Viable Total 
WT 365 412 568 709 314 383 1247 1504 

nse2-l 55 85 132 260 113 158 300 503 0.00001 
nse2-2 94 166 90 207 135 236 319 609 < 0.00001 
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Figure 10. Differential interference contrast micrographs of nse2-2 cleared ovules. (A) Typica l W T embryo 

sac showing one central cel l nucleus (ccn) and one egg cell (ecn) nucleus. (B) Embryo sac with one smaller and 

two large nuclei. (C) Embryo sac without any nuclei. (D) Ovule without an embryo sac. Scale bars 50 u m (Yang 

et al. , 2021a). 
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Figure 11. nse2 plants affect pollen development. (A) Analysis of pollen viability by fluorescein diacetate 

(FDA) staining in mature pollen of ^ r T , nse2-l and me2-2 plants. Photogiaphs of pollen were taken using 

differential interference contrast (DIC. pseudo-colored in magenta) and the F D A signals (pseudocolored in green) 

were scored with epifluorescence microscopy. Green signals indicate viable pollen. Note uniform sizes of pollen 

grains produced by W T and different sizes of pollen from nse2 mutant plants. Scale bars 100 |iin. (B) V io l i n plots 

showing the area of individual pollen (um 2) in diploid (2x) and tetraploid (4x) WT and diploid me2 plants. The 

numbers above violins indicate the maximum density of each peak (Yang et al., 2021a). 
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To test our hypothesis with another method, a double homozygous line of nse2-l with 

the sperm nucleus specific marker line ProHTRlO.HTRlO-mRFP (HTRlO-mRFP) (Ingouff et 

al., 2007) was used to repeat the analysis. Only 1C nuclei population was detected in the WT 

HTRlO-mRFP background. But 1C and 2C nuclei populations were detectd in nse2-l HTR10-

mRFP pollen (Figure 12B). The nuclei were sorted onto microscopic slides according to their 

ploidy and inspected under the microscopy. In total, 93.6% (102 out of 109) WT HTRlO-mRFP 

and 85.5% (260 out of 304) nse2-l HTRlO-mRFP 1C nuclei contained RFP signals (Figure 

12C-D). Also 83.1% (172 out 207) nse2-l HTRlO-mRFP 2C nuclei contained RFP signals 

(Figure 12C-D). This provided solid evidence that nse2 plants produce diploid sperm nuclei. 

D A P I D A P I W T nse2-1 

Figure 12. nse2 plants produce diploid sperm cell. (A) F low cytometric histogram of sperm ploidy in WT, nse2-l 

and nse2-2. The x-axis shows relative DAPI intensity and y-axis particle cotmt. (B) Bivariate scatter plot of sperm 

nuclei from WT and nse2-I in ProHTR 10:HTRlO-mRFP (HTRlO-mRFP) background, the x-axis shows relative 

DAPI intensity and the y-axis forward scatter' parameter, indicating nuclei size. 1C and 2C nuclei populations are 

marked and the unmarked signals correspond to debris and organelles. 1C and 2C nuclei were sorted onto slides 

and used for the experiment shown in (C). (C) Microscopic validation of enriched populations of sperm nuclei 

sorted based on then' D N A content. Mature pollen of W T HTRlO-mRFP, nse2-l HTRlO-mRFP and non-trans genie 

WT were homogenized to eliminate vegetative nuclei, the remaining 1C and 2C nuclei were flow-sorted separately 

on microscopic slides and analyzed for R F P signals. Scale bars 1 \\m. (D) Quantification of sorted nuclei observed 

from W T 1C, me2-l 1C and 2C in H T R l O - m R F P background (Yang et a l , 2021a). 
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3.1.4 Defective meiosis leads to unreduced microspores in nse2 plants 

To determine the mechanism behind the formation of diploid male gametes, we produced 

nse2 qrtl-4 double mutant. The four microspores from one meiosis remain encapsulated in qrtl 

plants (Preuss et al., 1994). The majority of meiotic products from NSE2 qrtl-4 plants are 

tetrads (94.6% tetrads, 2.0% triads, 0.7% dyads and 2.7% monads; n = 575; Figure 13A and 

B). In nse2-l qrtl-4, there were 57.8% tetrads, 14.0% triads, 19.2% dyads and 9.0% monads 

(n = 1042; Figure 13A and B). And in nse2-2 qrtl-4, there were 20.8% tetrads, 17.3% triads, 

40.1% dyads and 21.8% monads (n = 479; Figure 13A and B). 

The non-tetrad meiotic products observed in nse2 qrtl indicated nse2 plants caused de

fective meiosis. Therefore, we cooperated with Monica Pradillo's group at Complutense Uni

versity of Madrid, Spain to analyze male meiosis in nse2. The cytological results showed that 

two major problems in chromosome behaviors found in nse2 plants: (i) chromosome fragmen

tation and (ii) the absence of chromosome segregation (Figure 13C and D). 

To explain these phenotypes, we first generated nse2-2 spol 1-1-5 double mutant. The 

number of meiocytes containing the chromosome fragmentation in spoil nse2 was reduced, 

demonstrating that NSE2 is necessary to repair the joint molecules generated from S P O l l -

induced DSBs (Table 3). However, the absence of chromosome segregation is mostly inde

pendent of chromosome fragmentation because of the presence of dyads in nse2-2 spol 1-1-5 

but not in spol 1-1-5 (Table 3). 19.5% (34 out of 174) and 40.6% (26 out of 64) monads were 

observed in nse2-l osdl-3 and nse2-2 osdl-3 plants, respectively (Figure 14A). The result 

strongly supported that the chromosome segregation problems in nse2 plants occur in anaphase 

I. However, the nse2 mutants (in qrtl-4 background) produce also 9% to 21.8% monads (Fig

ure 13A and B), indicating that in about 10%-20% of nse2 meiocytes, there is a non-reduction 

in both anaphases I and II. Further, we noticed that homologous chromosomes do not com

pletely move to opposite poles on some situations. In these meiocytes, the aberrant position of 

chromosome relative to the organelle band was often observed, indicating the organelle band 

is not functional as a physical barrier. As a consequence, a dyad instead of a tetrad was pro

duced (Figure 13D). The a-tubulin immunolocalization assay showed the abnormal spindle 

structures in mutant meiocytes. The microtubules had a lower density and were disorganized 

around the chromosomal fragments and/or displaced sideways to the spindle periphery at ana

phase II. At meiosis II, the spindles also showed a reduced number of microtubules and ap

peared more diffuse in nse2-2 meiocytes (Figure 14B). 
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In conclusion, our results show the absence of chromosome segregation leading to unre

duced gametes can occur mainly in anaphases I and to minor extent in anaphase II and are 

hallmarked by the disorganized microtubules and aberrant position of the chromosomes rela

tive to the organelle band (Yang et al., 2021a). 

Table 3. Quantification of meiotic defects in PMCs of nse2-2, spol 1-1-5, and nse2-2 
spo11-1-5. 

nse2-2 Second division 
Normal 45 31.3% 

Fragmented 22 15.3% 144 
Abnormal segregation 49 34.0% 

144 

Unreduced 28 19.4% 
Meiotic products 

Tetrad 291 49.2% 
Triad 30 5.1% 591 
Dyad 270 45.7% 

spol 1-1-5 Second division 
Normal 8 10.7% 

Fragmented 0 0.0% 
75 Abnormal segregation 67 89.3% 75 

Unreduced 0 0.0% 
Meiotic products 

Polyad 162 52.8% 
Unbalanced Tetrad 62 20.2% 

Tetrad 37 12.1% 
307 Triad 12 3.9% 307 

Dyad w micronuclei 31 10.1% 
Dyad 3 0.9% 

nse2-2 spol 1-1-5 Second division 
Normal 3 1.8% 

Fragmented 9 5.5% 164 
Abnormal segregation 137 83.5% 

164 

Unreduced 15 9.2% 
Meiotic products 

Polyad 77 38.7% 
Unbalanced Tetrad 47 23.6% 

Tetrad 35 17.6% 199 Triad 5 2.5% 199 

Dyad w micronuclei 27 13.6% 
Dyad 8 4.0% 
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Figure 13. Defective chromosome behaviors during male meiosis in me.2-2 plants. (A) Representatives of 

meiotic products observed in the double homozygous nse2-2 qril-4 background. Scale bar 20 urn. te: tetrad; tr: 

triad; dy: dyad and mo: monad. (B) Quantification of meiotic products observed from WT, me2-J and me2-2 in 

qril-4 background. (C) First meiotic division. Pachynema - F u l l synapsis was detected in W T and me2-2. 

Metaphase I - Five bivalents were observed in nse2-2, but chromatin was less condensed than in WT cells, showing 

constrictions and fragments. Anaphase I - me2-2 chromosomes appeared de-condensed and thin thread-like 

fragments of chromatin were visible spanning the region between all the segregating chromosomes (arrows). 

Telophase I - A barrier formed by multiple chromosome fragments is apparent between the two groups of 

segregated chromosomes in the mutant (arrows). Scale bars 5 urn. (D) Representative images exemplifying the 

formation of a tetrad (WT). and a dyad (me2-2). In metaphase I there are five bivalents in both the control and the 

mutant. In anaphase I. there are delays in the migration of chromosomes in me2-2. and. as a consequence, in 

telophase I, the two nuclei that should be observed do not appear separate, and the organelle band is not properly 

placed be-tween them, unlike in the control. Meiosis proceeds, and in prophase II there is only one nucleus with ten 

chromosomes, and the organelle band is lateralized (nse2-2), while in the control there are two nuclei with five 

chromosomes, and the organelle band between them. In metaphase II, the ten chromosomes appear on the same 

equatorial plate in nse2-2, while in the WT two equatorial plates are formed, one in each of the nuclei generated. 

Anaphase II gives rise to four clusters of five chromatids in the control and two clusters often chromatids in the 

mutant. Finally, a tetrad is formed in the control and a dyad in the mutant (in 45.7% of meiotic divisions). Scale 

bars 5 um. (Yang et al., 2021a). 
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Figure 14. Analysis of male meiosis in iise2 osdl double mutant and Immunolocalization of a-

tubulin ( A ) Representative phenotypes o f immature meiotic products from osdl-3 and nse.2 osdl-3 

plants. Scale bars 5 um. (B) Immunolocalization o f a-tubulin. Representative images o f telophase I (Tl) 

and telophase II (T i l ) in W T and nse2-2. In nse2-2, the microtubule bundles are diffuse, have a lower 

density, and have a disorganized appearance, wi th some miss-localized microtubules (arrow). Scale bars 

5 u m (Yang et al. , 2021a). 
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3.1.5 Mutants in SMC5/6 complex plants produce triploid offspring 

The diploid male gametes from nse2 plants may change the ploidy level of offspring. 

Hence, the ploidy measurement was performed in the offspring from WT, nse2-l and nse2-2 

plants. 7.6% and 8.8% triploid offspring were detected from nse2-l and nse2-2 after self-pol

lination, respectively (Table 4). Then, the ploidy measurement was performed in F l generation 

from reciprocal crossing between WT and nse2 plants. The triploid offspring were only found 

when WT plants were pollinated by nse2 plants (Table 4), suggesting that triploid offspring is 

caused exclusively by unreduced male gametes. The ploidy measurement was performed in 

other available mutants in SMC5/6 complex subunits. 9.6% and 68.6% triploid offspring were 

found from nse4a-2 and snil-3 plants after self-pollination. The reciprocal crossings between 

WT and nse4a-2 or snil-3 confirmed that all triploids were only caused by the paternal side 

(Table 4). This result supported that the SMC5/6 complex is involved in the maintenance of 

gametophytic ploidy in Arabidopsis. 

Table 4. Ploidy levels of offspring plants from nse2 and WT parents and their F l hybrids, 
n = number, 2x = diploid, 3x = triploid. 

Mother Father Sown 
(n) 

Germi
nated (n) 

Germina
tion rate 

(%) 
2x(%) 3x(%) 

2x WT 2x WT 113 110 97.3 100 0 

2x nse2-l 2x nse2-l 434 380 87.6 92.4 7.6 

2x nse2-2 2x nse2-2 232 147 63.4 85 8.8 

WT 2x 2x nse2-l 283 270 95.4 93.3 6.7 

WT 2x 2x nse2-2 252 174 69.0 94.9 5.2 

2x nse2-l 2x WT 86 82 95.3 100 0 

2x nse2-2 2x WT 119 113 95.0 100 0 

2x nse4a-2 2x nse4a-2 300 271 90.3 90.4 9.6 

2x WT 2x nse4a-2 87 83 95.4 86.7 13.3 

2x nse4a-2 2x WT 93 93 100 100 0 

2x snil-3 2x snil-3 740 137 18.5 31.4 68.6 

2x WT 2x snil-3 160 22 13.8 31.8 68.2 

2x snil-3 2x WT 98 81 82.7 100 0 

2x smc6b-l 2x smc6b-l 119 103 86.6 100 0 

2x nse4b-l 2x nse4b-l 135 120 88.9 100 0 
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3.2 Characterization of the functions of SMC5/6 complex for tetraploid genome stability 

in Arabidopsis thaliana 

3.2.1 Fertility defects are more severe in tetraploid nse2-l and nse4a-2 plants 

Polyploidization is a common phenomenon in the evolution of flowering plants. To un

derstand the functions of SMC5/6 complex in tetraploid Arabidopsis, we first generated auto-

tetraploid Arabidopsis WT and several SMC5/6 complex deficient mutants plants with colchi

cine treatment. Dry seeds from 4x WT plants were larger than those from 2x WT plants (Figure 

15A). Dry seeds from both 2x and 4x mutants had various phenotypes (Figure 15A). Analysis 

of siliques 13 DAP showed that 84.3% normal seeds, 10.2% aborted ovules and 5.5% abnormal 

seeds found in 4x WT (total seeds = 899; Figures 15B). Only 11.6% and 51.8% normal seeds 

were produced by 4x nse2-l and 4x nse4a-2 plants, respectively (total seeds = 739 and 843, 

respectively; Figures 15B). 4x nse2-l and 4x nse4a-2 plants produced significantly more 

aborted ovules (72.6% and 31.1% , respectively; Figure 15B) and abnormal seeds (5.8% and 

17.1% , respectively; Figure 15B) compared to 4x WT (Fisher's exact test, P < 0.00001). Ad

ditionally, the aborted ovules and abnormal seeds were significantly increased in the 4x nse2-

1 plants compared to 2x nse2-l plants (Fisher's exact test, P < 0.001; Table 5). This suggested 

tetraploidy enhances fertility defects in nse2-l plants. However, the frequency of abnormal 

seeds is not significantly increased in 4x nse4a-2 compared to the 2x mutant plants (Fisher's 

exact test, P = 0.4299; Table 5). It can be explained by the fact that nse4a-2 is a partial loss-of-

function allele (Diaz et al., 2019). 

To test for the contribution of the parents to the abnormal seed phenotype, we performed 

reciprocal crossings between 4x WT and 4x mutant plants. The results revealed that seed ab-

nomality is mainly paternally-inherited and to a less degree , controlled by maternally, in 4x 

mutant plants (% of abnormal seeds when mutant plants offer pollen vs ones when WT plants 

offer pollen: 11.0% vs 6.9% and 15.1% vs 3.5% in 4x nse2-l and 4x nse4a-2, respectively). 
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Figure 15. Reduced fertility of tetraploid me2-l and nse4a-2 plants. A) Representative dry seeds of diploid (2x) 

and tetraploid (4x) WT, me2-l and nse4a-2 plants. Arrows indicate examples of shrunken seeds. Scale bars 1 mm. 

(B) Opened siliques 13 days after pollination (DAP). Aborted ovules are marked with arrowheads and abnormal 

seeds (typically shrunk, brown/pale or partially transparent) with arrows. Scale bars 1 mm (Yang et al., 2021b). 

Table 5. Source data for analysis of seed morphology after self-pollination from diploid (2x) 
and autotetraploid (4x) nse2, nse4a-2 and WT plants. Test statistic values are the results of 
Fisher's exact test compared to ones from diploid mutant and WT plants, respectively. 

Pheno-
type 

Genotype Repli
cate 1 

Repli
cate 2 

Replicate 
3 

Sum Test statis
tic values 

2x WT 692 533 100 1424 
0.1194 

4x WT 228 279 251 758 
0.1194 

Normal 2x nse2-l 196 105 170 471 
0.00001 seeds 4x nse2-l 54 10 11 75 
0.00001 

2x nse4a-2 194 230 245 669 
0.00001 

4x nse4a-2 94 208 135 437 
0.00001 

2x WT 
4x WT 

10 
40 

35 
21 

1 
31 

46 
92 

0.00001 

Aborted 2x nse2-l 267 180 210 657 
0.0002 ovules 4x nse2-l 122 192 130 444 
0.0002 

2x nse4a-2 34 37 20 91 
0.00001 

4x nse4a-2 113 62 87 262 
0.00001 

2x WT 38 14 1 53 
0.0624 

4x WT 22 17 10 49 
0.0624 

Abnormal 2x nse2-l 87 58 70 215 
0.0009 seeds 4x nse2-l 64 32 64 160 
0.0009 

2x nse4a-2 78 31 68 177 
0.4299 4x nse4a-2 57 49 38 144 0.4299 

42 



3.2.2 Tetraploid nse2 leads to defects in both male and female gametophytes 

The frequent aborted ovules and abnormal seeds observed in 4x nse2-l led us to analyze 

the development of female and male gametes. Firstly, we analyzed the development of ovules 

in 2x and 4x nse2-l plants. We observed 13.0% ovules with WT-like embryo sacs, 38.9% 

ovules without embryo sacs, 22.2% ovules with embryo sacs containing zero nucleus and 25.9% 

ovules with embryo sacs containing three nuclei in 2x nse2-l plants (n = 54). 4x nse2-l plants 

(n= 104) produced only 4.8% ovules with WT-like embryo sac (Figure 16A), 72.1% ovules 

without an embryo sac or without detectable nuclei (Figure 16B and C), 23.1% ovules with 

embryo sacs containing nuclei with various phenotypes differing from the normal one (Figure 

16D - G). This indicates that 4x nse2-l plants lead to severe defects in ovules development 

resulting in female pre-zygotic sterility. 

J 

Figure 16. Developmental defects in female gametophyte of tetraploid me.2-1. Cleared ovules from 4x nse2-l 

were observed under a differential interference contrast microscope. (A) A typical 4x WT-like embryo sac shows 

one egg cell nucleus (ecu) and one central cell nucleus (ccn). (B-G) 4x mel-l ovules displaying specific defects: 

(B) the absence of embryo sac, (C) embryo sac without nuclei, (D) embryo sac with two nuclei at the abnormal 

position, (E) embryo sac with only one nucleus, (F) embryo sac with two equally size nuclei, and (G) embryo sac 

with one smaller nucleus and two bigger nuclei. Scale bars 10 um.(Yang et al., 2021b). 

43 



Second, we assessed several male gametophyte phenotypes. The pollen viability was an

alyzed with F D A staining and was significantly reduced in 4x nse2-l plants ( % of viable pollen 

in 4x nse2-l plants vs in 4x WT plants: 29.4% vs 62.2%; n = 1275 and 1512, respectively; 

Fisher's exact test, P < 0.00001). The viable pollen were significantly less produced in both 4x 

WT and nse2-l plants compared to 2x WT and 2x nse2-l plants (95.3% and 65.0%, respec

tively; Fisher's exact test, P < 0.00001) grown under the same cultivation conditions. 

pollen 
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Figure 17. Microspore phenorype of tetraploid (4x) nse2-l plants. (A) Representative mature pollen stained by 

fluorescein diacetate from 4x nse2-l qril-4 plants. Differential interference contrast (DIC) images were 

pseudocolored in violet. Viable microspores are indicated by fluorescein signals (green). Shrunk microspores are 

indicated by arrows. Scale bar 20 am. (B) Frequencies of viable pollen from 2x WT, 4x WT, 2x me2-l and 4x 

nse2-l (all in qril-4 background). Error bars represent standard deviations among the means of two or three 

individual plants. Significance in Fisher's exact test: - = P> 0.05, *=P < 0.05, ** = P< O.Ol and *** = P< 0.001. 

(C) Quantification of normal-shape and shrunken pollen observed in 2x WT, 4x WT, 2x nse2-l and 4x me2-l in 

qril-4 background. (D) Quantification ofmeiotic products with different numbers of microspores as observed in 2x 

WT, 4x WT, 2x nse2-l and 4x me2-l in f/rr/-4 background (Yang et al., 2021b). 

The plants we used for pollen viability assay were in qrtl-4 mutant background, which 

allowed us to analyze the meiotic products from 4x WT and 4x nse2-l plants. In 4x nse2-l 

qrtl-4, we found 32.5% (414 out of 1275) shrunken microspores (Figure 17A, arrows), which 

matched the 27% in 2x nse2-l qrtl-4 plants (Figure 17C). There were only tetrads in 4x WT 

qrtl-4, indicating that meiosis in 4x WT plants is normal. On the contrary, there were 40.4% 

tetrads, 11.2% triads, 37.8% dyads, 9.6% monads and rarely even 1.1% pentads observed in4x 

nse2-l qrtl-4 plants (Figure 17D). This indicated the absence of NSE2 disturbs the meiotic 

division in tetraploid Arabidopsis. 

Male meiosis was analyzed in Monica Pradillo's group. Compared to the results from 2x 

mutant, the defects in 4x nse2-l plants were more drastic. Meiotic irregularities in meiosis II 

were detected in 93.0% analyzed meiocytes (40 out of 43), described as : (i) chromosome frag

mentation (27.9%), (ii) chromatin bridges (23.3%), (iii) abnormal segregation (13.9%), (iv) 

meiocytes with several problems including chromosomal bridges and fragments (16.3%), and 

(v) non-reduced meiocytes (11.6%) (Figure 18). On the contrary, only 68.7% of the meiocytes 

have the second meiotic division defects in 2x nse2 plants (Table 3), indicating that tetraploidy 

enhances meiotic defects in nse2 plants. 
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Figure 18. Analysis of male meiosis in 4s. me,2-l plants. (A] Representative images of selected meiotic stages in 

4x WT plants. Top row: Unsynapsed regions are detected in pachynema (arrowhead). At metaphase I. the 

chromosome associations are mostly bivalents and quadrivalents. In most meiocytes, chromosome segregation is 

correct, both in the fust and second meiotic division, resulting in the formation of tetrads with balanced nuclei. 

Bottom row: Examples of metaphase I with a univalent, telophase I with a delay in clnomosome segregation, and a 

metaphase II with chromatids resulting from the equational segiegation of anaphase I univalent. Scale bars 5 urn. 

(B) Representative images of the phenotype observed in 4x nse2-I plants. As well as in WT plants, there were 

some unsynapsed regions at pachynema (arrowhead). At metaphase I, an increase in the frequency of univalents 

(aiiow) was detected relative to the WT. Complex entanglements were also frequent at this stage. Telophases I 

displayed a high frequency of chromosome fragments. Meiotic problems were also evident dming the second 

meiotic division in almost all cells analyzed, including clnomosome fragmentation, chromatin bridges and/or 

abnormal clnomosome segiegation, and non-reduced meiocytes. At the end of the meiotic division, dyads, niads, 

tenads. and tenads with microimclei were formed (bottom row). Scale bars 5 (mi. (C) Quantification of the 

different phenotypes observed in 4x me2-l plants dming second meiotic division. (D) Quantification of division 

products at the end of meiosis (Yang et al., 2021b). 

3.2.2 Tetraploid nse2-l and nse4a-2 plants produce aneuploid offspring 

The meiotic defects in 4x nse2-l plants may change the ploidy level of their offspring. 

To test this hypothesis, we measured the ploidy of progeny from 4x nse2-l plants. There were 

96.7% (117 out of 120) tetraploids and 3.3% (3 out of 120) putative aneuploids found in self-

pollinated 4x WT plants (Table 6). The minimal shifts of the flow cytometry peaks were de

tected in these three putative aneuploid WT plants relative to the known tetraploid control. 

There were 32.6% tetraploids, 47.8% putative aneuploids and 19.6% hexaploids detected from 

self-pollinated 4x nse2-l plants (n = 92) (Table 6 and Figure 19). 70.5% (31 out of 44) of the 

aneuploid mutant plants gained chromosomes and 29.5% (13 out of 44) lost chromosomes with 

the flow cytometry analysis (Table 6). The similar result was observed from the self-pollinated 

4x nse4a-2 plants (Table 6). To confirm the aneuploidy, cytology analysis was used to measure 

the mitotic chromosomes in the selected candidates (Figure 19C and D). Further, we performed 

reciprocal crossings between 4x WT and 4x nse2 plants and followed by ploidy measurement 

in the F l plants (Table 6). The result revealed that hexaploidy and aneuploidy offspring were 

caused by paternally and maternally (Table 6). Similar results were found in 4x nse4a-2 plants 

(Table 6). Hence, we concluded that higher-polyploid and aneuploid offspring are produced 

from both patents in 4x SMC5/6 complex mutants. 
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Taken together, the results supported SMC5/6 complex is needed to maintain genome 

stability in autotetraploid Arabidopsis. Additional, our work in diploid and autotetraploid Ara-

bidopsis indicated that autotetraploid plants have a generally higher frequency of but also 

higher tolerance for aneuploidy. 
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Figure 19. Ploidy determination in offspring of 4x me2-l and 4x nse4a-2 plants. (A) Plienotypes of selected 

four-weeks-old plants of me2-l_73, me2-l_\3 and nse2-l_37. Scale bars 1 cm. (B) Flow-cytometry histograms of 

plants shown in (A). indicating that me2-l_73 is tetraploid, nse2-l 13 is hexaploid and me2-J_37 is aneuploid. For 

the ploidy measurements, the nuclei suspension was prepared by mixing leaves from tested me2-l plants and 4x 

W T control. Multiple peaks correspond to nuclei of different C content as indicated. (C) Mitotic figures of nsel-

173, nse2-l 13 and nse2-l_37 plants. The munber of chromosomes is given next to the figures. Scale bars 5 urn. 

(D) Mitotic metaphase plates and flow-cytometry histograms of the ploidy level of two selected aneuploid me4-2 

plants. Chromosome numbers are given right of the figures. Scale bars 5 pin. The ploidy levels were measured by 

preparing the nuclei suspension from a mix of the leaves of the nse4a-2 candidate plant and 4x W T control. Note 

that an addition of a single or two chromosomes is clearer visible at 4C peaks (or 8C peaks i f visible) (Yang et al., 

2021b). 

Table 6. Flow cytometry-based ploidy levels of F l offspring plants from tetraploid (4x) WT, 
nse2-l and nse4a-2 parents. 4x = tetraploid, 6x = hexaploid. + = D N A gain, - = D N A loss. 

Mother Father Events Euploid Aneuploid 
Mother Father 

(n) 4x 6x Total + -
4x WT 4x WT 120 96.7 0.0 3.3 100.0 0.0 

4x nse2-l 4x nse2-l 92 32.6 19.6 47.8 70.5 29.5 

4x WT 4x nse2-l 163 75.4 8.6 16.0 88.5 11.5 

4x nse2-l 4x WT 247 84.2 1.2 14.6 69.4 30.6 

4x nse4a-2 4x nse4a-2 196 85.2 6.6 8.2 68.8 31.2 

4x WT 4x nse4a-2 91 91.2 4.4 4.4 100.0 0.0 

4x nse4a-2 4x WT 124 93.5 0.0 6.5 75.0 25.0 
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3.3 Original publications 

3.3.1 Defects in meiotic chromosome segregation lead to unreduced male gametes in Ara-

bidopsis SMC5/6 complex mutants 

(Appendix I) 

3.3.2 SMC5/6 complex is necessary for tetraploid genome stability in Arabidopsis thaliana 

(Appendix II) 
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3.3.1 Defects in meiotic chromosome segregation lead to unreduced male gametes in Ar-

abidopsis SMC5/6 complex mutants 

Fen Yang [, Nadia Fernandez-Jimenez1, Martina Tučkova, Jan Vrána, Petr Cápal, Mariana 

Diaz, Monica Pradillo, Ales Pecinka 

^hese authors contributed equally to this work. 

The Plant Cell 

doi: https://doi.org/10.1093/plcell/koabl78 

IF (2020): 11.277 

Abstract: 

Structural maintenance of chromosomes 5/6 (SMC5/6) complex is a crucial factor for 

preserving genome stability. Here, we show that mutants in several Arabidopsis thaliana 

SMC5/6 complex subunits produce triploid offspring. This is caused by a meiotic defect lead

ing to the production of unreduced male gametes. The SMC5/6 complex mutants show an ab

sence of chromosome segregation in the first and/or the second meiotic division and a partially 

disorganized microtubule network. Importantly, although the SMC5/6 complex is partly re

quired for the repair of SPOl 1 -induced D N A double-strand breaks, the non-reduction de

scribed here is independent of it. A frequent abortion of the ovules suggests that, if produced, 

such defects are maternally lethal. Upon fertilization with unreduced pollen, the unbalanced 

maternal and paternal genome dosage in endosperm most likely causes seed abortion observed 

in several SMC5/6 complex mutants. In conclusion, we found a novel SMC5/6 complex func

tion in the maintenance of gametophytic ploidy in Arabidopsis. 
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3.3.2 SMC5/6 complex is necessary for tetraploid genome stability in Arabidopsis thaliana 

Fen Yang, Nadia Fernández-Jiménez, Joanna Majkal, Monica Pradillo, Ales Pecinka 

Frontiers in Plant Science 

doi: https://doi.org/10.3389/fpls.2021.748252 

IF (2020): 5.753 

Abstract: 

Polyploidization is a common phenomenon in the evolution of flowering plants. How

ever, only a few genes controlling polyploid genome stability, fitness, and reproductive success 

are known. Here, we studied the effects of loss-of-function mutations in NSE2 and NSE4A 

subunits of the Structural maintenance of chromosomes 5/6 (SMC5/6) complex in autotetra-

ploid Arabidopsis thaliana plants. The diploid nse2 and nse4a plants show partially reduced 

fertility and produce about 10% triploid offspring with two paternal and one maternal genome 

copies. In contrast, the autotetraploid nse2 and nse4a plants were almost sterile and produced 

hexaploid and aneuploid progeny with the extra genome copies or chromosomes coming from 

both parents. In addition, tetraploid mutants had more severe meiotic defects, possibly due to 

the presence of four homologous chromosomes instead of two. Overall, our study suggests that 

the SMC5/6 complex is an important player in the maintenance of tetraploid genome stability 

and that autotetraploid Arabidopsis plants have a generally higher frequency of but also higher 

tolerance for aneuploidy compared to diploids. 
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3.4 Published abstracts - poster presentations 

3.4.1 Understanding functions of STRUCTURAL M A I N T E N A N C E OF CHROMO

SOMES 5/6 complex during generative development 

(Appendix III) 

3.4.2 Analysis of SMC5/6 complex mutant defects during reproductive development in Ar-

abidopsis 

(Appendix IV) 

3.4.3 Understanding functions of SMC5/6 complex during generative development in Ara-

bidopsis 

(Appendix V) 
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3.4.1 Understanding functions of STRUCTURAL MAINTENANCE OF CHROMO

SOMES 5/6 complex during generative development 

Fen Yang, Anna Nowicka, Mariana Diaz, Ales Pecinka 

In: Abstract of the "6th international Meeting Plant Genome Stability and Change" 

Gatersleben, Germany, 2018 

Abstract: 

Flowering plants undergo a series of complex developmental events including produc

tion of gametes and seeds during generative development. Double fertilization is the beginning 

of seed developmental process in flowering plants, which produces the diploid embryo and the 

triploid nutritive tissue endosperm. Structural maintenance of chromosomes (SMC) 5/6 com

plex has a crucial function in control of genome stability and D N A damage repair. However, 

precise molecular mechanisms of SMC5/6 complex functions in plants are unknown. We found 

that the loss-of-function mutants in a NON-SMC E L E M E N T (NSE) subunit of the SMC5/6 

complex HPY2 (HIGH PLOIDY2) produces a smaller number of pollen with poor fertility. 

Mutants in HPY2 and NSE4A, the other NSE subunit, increase the number of aborted seeds. 

Mutations in both genes lead to delayed embryo development and its arrest latest in torpedo 

stage, while endosperm does not cellularize and its over-proliferation causes abnormally sized 

seeds. This suggests that SMC5/6 complex has unknown function in gametogenesis and seed 

development. We will show molecular and developmental phenotypes and will discuss possible 

causes of this defect. 
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3.4.2 Analysis of SMC5/6 complex mutant defects during reproductive development in 

Arabidopsis 

Fen Yang, Nadia Fernández-Jiménez, Martina Tučkova, Jan Vrána, Petr Cápal, Mariana 

Diaz, Monica Pradillo, Ales Pecinka 

In: Abstract of the "Second main INDEPTH meeting" 

Prague, Czech Republic, 2019 

Abstract: 

Structural maintenance of chromosomes 5/6 (SMC5/6) complex has a crucial function in 

the organization of chromatin, control of genome stability and D N A damage repair. However, 

precise molecular mechanisms of SMC5/6 complex functions are unknown in plants. We found 

that mutations in HPY2, E3 SUMO ligase subunit of the SMC5/6 complex, cause uniparen-

tally-inherited abnormal seed development characterized by poor embryo development and 

liquid endosperm. By searching for the cause of this defect, we noticed that hpy2 plants have 

reduced pollen viability and produce pollen of variable sizes. Because large size of plant organs 

is often associated with higher polyploidy, we measured ploidy of the hpy2 offspring and found 

that some plants are triploid. This suggested that SMC5/6 complex has unknown function in 

gametogenesis and seed development leading to polyploidization of the progeny plants. We 

will show molecular and developmental phenotypes and will discuss possible causes of these 

defects. 
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3.4.3 Understanding functions of SMC5/6 complex during generative development in Ar-

abidopsis 

Fen Yang, Nadia Fernández-Jiménez, Martina Tučkova, Jan Vrána, Petr Cápal, Mariana 

Diaz, Monica Pradillo, Ales Pecinka 

In: Abstract of the "6th European Workshop on Plant Chromatin" 

Cologne, Germany, 2019 

Abstract: 

Angiosperms undergo a series of complex developmental transitions including produc

tion of haploid gametes and seed development during generative development. Double fertili

zation starts the seed development in flowering plants. Most seeds contain the diploid embryo 

and the triploid nutritive tissue endosperm. Structural maintenance of chromosomes (SMC) 5/6 

complex has a crucial function in control of genome stability and D N A damage repair. How

ever, the role of SMC5/6 complex in plant development and stress responses is little known. 

We found that mutations in HPY2, E3 SUMO ligase subunit of the SMC5/6 complex, cause 

uniparentally-inherited abnormal seed development characterized by poor embryo develop

ment and liquid endosperm. By searching for the cause of this defect, we noticed that hpy2 

plants have reduced pollen viability and produce pollen of variable sizes. Because large size of 

plant organs is often associated with higher polyploidy, we measured ploidy of the hpy2 off

spring and found that some plants are triploid. This suggested that SMC5/6 complex has un

known function in gametogenesis and seed development leading to polyploidization of the 

progeny plants. We will show molecular and developmental phenotypes and will discuss pos

sible causes of these defects. 
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3.5 Published abstracts - oral presentations 

3.3.1 Analysis of SMC5/6 complex mutant defects during reproductive development in Ara-

bidopsis 

3.3.2 Understanding functions of SMC5/6 complex during generative development in Ara-

bidopsis 

3.3.3 Defects in meiotic chromosome segregation lead to triploid offspring in Arabidopsis 

SMC5/6 complex mutants 

3.3.4 Defects in meiotic chromosome segregation lead to triploid offspring in Arabidopsis 

SMC5/6 complex mutants 
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3.5.1 Analysis of SMC5/6 complex mutant defects during reproductive development in 

Arabidopsis 

Fen Yang, Nadia Fernández-Jiménez, Martina Tučkova, Jan Vrána, Mariana Diaz, Monica 

Pradillo, Ales Pecinka 

In: the "Second main INDEPTH meeting" 

Prague, Czech Republic, 2019 

Abstract: 

Structural maintenance of chromosomes 5/6 (SMC5/6) complex has a crucial function in 

the organization of chromatin, control of genome stability and D N A damage repair. However, 

precise molecular mechanisms of SMC5/6 complex functions are unknown in plants. We found 

that mutations in HPY2, E3 SUMO ligase subunit of the SMC5/6 complex, cause uniparen-

tally-inherited abnormal seed development characterized by poor embryo development and 

liquid endosperm. By searching for the cause of this defect, we noticed that hpy2 plants have 

reduced pollen viability and produce pollen of variable sizes. Because large size of plant organs 

is often associated with higher polyploidy, we measured ploidy of the hpy2 offspring and found 

that some plants are triploid. This suggested that SMC5/6 complex has unknown function in 

gametogenesis and seed development leading to polyploidization of the progeny plants. We 

will show molecular and developmental phenotypes and will discuss possible causes of these 

defects. 
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3.5.2 Understanding functions of SMC5/6 complex during generative development in Ar-

abidopsis 

Fen Yang, Nadia Fernandez-Jimenez, Martina Tučkova, Jan Vrána, Anna Nowicka, Mariana 

Diaz, Monica Pradillo, Ales Pecinka 

In: the "6th European Workshop on Plant Chromatin" 

Cologne, Germany, 2019 

Abstract: 

Angiosperms undergo a series of complex developmental transitions including produc

tion of haploid gametes and seed development during generative development. Double fertili

zation starts the seed development in flowering plants. Most seeds contain the diploid embryo 

and the triploid nutritive tissue endosperm. Structural maintenance of chromosomes (SMC) 5/6 

complex has a crucial function in control of genome stability and D N A damage repair. How

ever, the role of SMC5/6 complex in plant development and stress responses is little known. 

We found that mutations in HPY2, E3 SUMO ligase subunit of the SMC5/6 complex, cause 

uniparentally-inherited abnormal seed development characterized by poor embryo develop

ment and liquid endosperm. By searching for the cause of this defect, we noticed that hpy2 

plants have reduced pollen viability and produce pollen of variable sizes. Because large size of 

plant organs is often associated with higher polyploidy, we measured ploidy of the hpy2 off

spring and found that some plants are triploid. This suggested that SMC5/6 complex has un

known function in gametogenesis and seed development leading to polyploidization of the 

progeny plants. We will show molecular and developmental phenotypes and will discuss pos

sible causes of these defects. 
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3.5.3 Defects in meiotic chromosome segregation lead to triploid offspring in Arabidopsis 

SMC5/6 complex mutants 

Fen Yang 1, Nadia Fernandez-Jimenez1, Martina Tučkova, Jan Vrána, Petr Cápal, Mariana 

Diaz, Monica Pradillo, Ales Pecinka 

In: the "COST-INDEPTH final meeting" 

Thessaloniki, Greece and online 

^hese authors contributed equally to this work. 

Abstract 

Maintenance of genome stability is a key issue for all living organisms. Structural 

maintenance of chromosomes 5/6 (SMC5/6) complex is a crucial factor for preserving genome 

stability. We detected triploid offspring from several Arabidopsis thaliana loss-of-function 

SMC5/6 complex mutants, which was caused by meiotic defects leading to unreduced micro

spores. Our genetic and cytological analysises showed an absence of chromosome segregation 

in the first and/or the second meiotic division and partially disorganized microtubule network 

in SMC5/6 complex mutants. Furthermore, this non-reduction is independent on their function 

in SPOl 1 -induced D N A double-strand breaks repair. After fertilization with an unreduced pol

len, the unbalanced maternal and paternal genome dosage in endosperm frequently causes seed 

abortion observed in several SMC5/6 complex mutants. In summary, our results reveal a novel 

function of SMC5/6 complex in maintenance of ploidy stability during generations in Ara

bidopsis thaliana. 
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3.5.4 Defects in meiotic chromosome segregation lead to triploid offspring in Arabidopsis 

SMC5/6 complex mutants 

Fen Yang 1, Nadia Fernandez-Jimenez1, Martina Tučkova, Jan Vrána, Petr Cápal, Mariana 

Diaz, Monica Pradillo, Ales Pecinka 

In: the "The Czech Plant Nucleus Workshop 2021" 

Olomouc, Czech Republic 

^hese authors contributed equally to this work. 

Abstract 

Keeping genome stability is a key issue for all living organisms. Structural maintenance 

of chromosomes 5/6 (SMC5/6) in evolutionary conserved protein complex crucial for ensuring 

genome stability. We found that Arabidopsis thaliana loss-of-function SMC5/6 complex mu

tants generate triploid offspring. This is due to production of unreduced microspores during 

male meiosis and is associated with partially disorganized microtubule network. The absence 

of chromosome segregation was observed in both the first and the second meiotic division. 

Importantly, although the SMC5/6 complex is partly required for the repair of SPOl 1 -induced 

D N A double-strand breaks, the observed non-reduction was SPOl 1-independent. The diploid 

pollen lead to an unbalanced maternal and paternal genome dosage in the endosperm, which is 

most likely responsible for seed abortion observed in SMC5/6 complex mutants. In summary, 

we describe a novel function of SMC5/6 complex in the maintenance of gametophytic ploidy 

in Arabidopsis. 
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4. CONCLUSION AND DISCUSSION 

4.1 SMC5/6 complex is required for the maintenance of gametophytic ploidy in Arabidop-

sis 

SMC5/6 complex is an evolutionary conserved ATP-dependent molecular machine in

volved in the maintenance of nuclear genome stability (Aragon, 2018). Here, we found that 

loss-of-function mutants from SMC5/6 complex subunits NSE2, NSE4A and SNI1 cause male 

meiotic defects, form diploid microspores and generate triploid offspring in Arabidopsis. But 

these phenotypes are absent in smc6b-l which is most likely due to partial functional redun

dancy of Arabidopsis SMC6 paralogs (Watanabe et al., 2009). It is not possible to analyze the 

homozygous smc6a smc6b plants as they are early embryo lethality (Watanabe et al., 2009). 

Lack of triploids for nse4b-l is because of the fact that NSE4B could not be connected with 

D N A damage repair (Diaz et al., 2019). 

The triploidy defects were traced to male meiosis. Chromosome fragmentation was ob

served during meiosis I, suggesting the SMC5/6 complex is partly required for the repair of 

SPOl 1-induced D N A double-strand breaks. The resembles situation is in budding yeast, where 

SMC5/6 complex mutants accumulate HR (homologous recombination) intermediates result

ing in joint molecules (JMs) (Copsey et al., 2013; Xaver et al., 2013; Menolfi et al., 2015). The 

meiotic cells containing high chromosome fragmentations are likely to produce non-viable 

gametes. Hence aneuploid nse2 offspring were not detected. The second independent defect 

was characterized by the absence of chromosome segregation mainly during meiosis I, which 

could lead to the formation of unreduced gametes and eventually the triploid offspring. Further 

experiments and constructing various higher-order mutants are needed to reveal the underlying 

mechanism. Analysis of nse2 ovules showed the presence of abnormal embryo sac structures, 

suggesting that any failures in female gametogenesis will lead to abortion. The viable unre

duced male gametes fuse with haploid female gametes leading to triploid offspring. And it may 

also cause seed abortion due to the unbalanced maternal and paternal genome dosage in endo

sperm. 

Taken together, we concluded that the SMC5/6 complex acts as a novel diplogamete 

suppressor in Arabidopsis. In the future, controlled ploidy changes or producing offspring with 

different chromosome numbers may promote our knowledge about meiosis and endosperm 

development in plants. 
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4.2 SMC5/6 complex is necessary for tetraploid genome stability in Arabidopsis thaliana 

Here, we generated autotetraploid Arabidopsis WT and several SMC5/6 complex defi

cient mutants plants. 4x mutant causes severe defects in meiosis, reduces the pollen viability 

and enhances the fertility defects. The analysis of meiosis in 4x mutant pollen mother cells 

showed that 4x mutant generates tetrads with micronuclei, which were not observed in the 2x 

mutant pollen mother cells. Many of offspringof 4x mutant are aneuploids, equally caused by 

maternally and paternally. Rarely, the hexaploid offspring were produced by unreduced female 

gametes in 4x nse2 plants. The absence of aneuploidy offspring and the viable unreduced 

female gametes in 2x nse2 plants, supports these are unique phenotypes in tetraploid plants, 

indicating the importance of certain molecular regulators may be changed when polyploidiza-

tion occurs. 

In summary, our results confirmed SMC5/6 complex is important to maintain the tetra

ploid genome stability in Arabidopsis. Our work in diploid and autotetraploid Arabidopsis sup

ports that autotetraploid plants have a generally higher frequency of but also higher tolerance 

for aneuploidy. 
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CAP-D3 CHROMOSOME-ASSOCIATED POLYPEPTIDE D3 
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C C N central cell nucleus 
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CRC1 CENTRAL REGION COMPONENT 1 
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DAP day after pollination 
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DFO ARABIDOPSIS DSB FORMING 

DIC differential interference contrast 

DIF1 DETERMINATE, INFERTILE 1 

DMC1 DISRUPTION OF MEIOTIC CONTROL 1 

D N A deoxyribonucleic acid 

DSBs double-strand breaks 

E C N egg cell nucleus 

EME1 ESSENTIAL MEIOTIC ENDONUCLEASE 1 
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HPY2 HIGH PLOIDY2 
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NSE1 NON-SMC ELEMENT 1 

NSE2 NON-SMC ELEMENT 2 
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Abstract 
Structural maintenance of chromosome 5/6 (SMC5/6) complex is a crucial factor for preserving genome stability. Here, we 
show that mutants for several Arabidopsis (Arabidopsis thaliana) S M C 5 / 6 complex subunits produce tr iploid offspring. 
This phenotype is caused by a meiotic defect leading to the production of unreduced male gametes. The S M C 5 / 6 complex 
mutants show an absence of chromosome segregation during the first and/or the second meiotic division, as well as a par
tially disorganized microtubule network Importantly, although the S M C 5 / 6 complex is partly required for the repair of 
SP011- induced D N A double-strand breaks, the nonreduction described here is SP011-independent. The measured high 
rate of ovule abortion suggests that, if produced, such defects are maternally lethal. Upon fertilization with an unreduced 
pollen, the unbalanced maternal and paternal genome dosage in the endosperm most likely causes seed abortion observed 
in several S M C 5 / 6 complex mutants. In conclusion, we describe the function of the S M C 5 / 6 complex in the maintenance 
of gametophytic ploidy in Arabidopsis. 

Introduction 
Meiosis is the reductional division that prevents chromo

some doubling at every sexual generation. Chromosomes 
undergo homologous recombination (HR) during the first 

meiotic division, which creates new combinations of alleles. 
In the second meiotic division, the number of genome cop
ies per nucleus is reduced to one copy. In most flowering 
plants, including Arabidopsis (Arabidopsis thaliana), haploid 
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IN A N U T S H E L L 

B a c k g r o u n d : Plant sexual reproduction is an intricate affair. First, the number of chromosomes from the diploid plant 
is reduced by half (in haploid gametes) via meiosis, and later the gametes fuse in the process of double fertilization, 
which gives rise to seeds containing a diploid embryo and a triploid (meaning three chromosome sets) nourishing 
tissue, the endosperm. Although we know that this process is strictly regulated, the exact roles and functions of the 
many molecular factors involved remain unknown. The key factor affecting plant fertility is the Structural Maintenance 
of Chromosomes (SMC) 5/6 complex, which is involved in safeguarding genome stability. 

Q u e s t i o n : W e wanted to understand why mutants in the S M C 5 / 6 complex often develop abnormal seeds. W e 
studied this question by analyzing male and female reproductive development in the mutants using genetic, 
molecular, and cytology methods. 

F ind ings : W e discovered that S M C 5 / 6 complex mutants produce about 10% offspring with one maternal and two 
paternal genome copies. Such triploid plants have an unstable genomic constitution. By looking at different 
reproductive stages, we determined that a specific defect occurs during meiosis in the mutant, when the 
chromosomes do not divide to the poles. A s a consequence, the meiocyte does not reduce its chromosome numbers. 
Surprisingly, this defect can happen during each of the two meiotic divisions, and aberrant microtubule organization 
and delayed division may be responsible. Pollination with diploid pollen, originating from unreduced meiocytes, gives 
rise to triploid embryo and tetraploid endosperm. The extra copy of the paternal genome in the endosperm causes 
problems with seed development and is responsible for frequent seed abortion. 

Next s teps : Understanding plant reproductive development is key to unlocking many biotechnological and breeding 
applications. At this point, chromosome non-reduction in Arabidopsis S M C 5 / 6 complex mutants is still not fully 
understood at the molecular level. Therefore, further experiments and constructing various higher-order mutants are 
needed to reveal the underlying mechanism. In the future, controlled ploidy changes or producing offspring with 
different chromosome numbers may prove valuable to further our understanding of meiosis and endosperm 
development. 

microspores develop into a tricellular microgametophyte 
(pollen) containing two sperm cells and one vegetative cell 
(Kawashima and Berger, 2014). In the female sporophyte, 
three out of the four haploid megaspores die, while the 
remaining megaspore divides three times into a megagame-
tophyte (embryo sac) consisting of the haploid egg cell, the 
diploid central cell, and other accessory cells. Seed develop
ment starts with double fertilization, whereby the fertilized 
egg gives rise to the diploid embryo and the fertilized central 
cell to the triploid endosperm. The endosperm, containing 
one paternal and two maternal genomes (1p:2m), nourishes 
and supports embryo growth. However, an unbalanced ma
ternal to paternal genome dosage in the endosperm slows 
down or even arrests embryo development and compro
mises seed viability (Scott et al., 1998). 

Structural maintenance of chromosomes (SMC) com
plexes are key factors mediating large-scale chromatin orga
nization in different functional contexts (Jeppsson et al., 
2014; Uhlmann, 2016). The cohesin complex is essential for 
a plethora of processes, including sister chromatid attach
ment or cis-regulatory loop formation (Nasmyth and 
Haering, 2009; Rowley and Corces, 2018). The condensin 
complex compacts chromosomes via an asymmetric loop 
extrusion (Canji et al., 2018). The functions of an enigmatic 
SMC5/6 complex are strongly linked to the maintenance of 
genome stability (Kegel and Sjogren, 2010; Aragon, 2018; 
Diaz and Pecinka, 2018). However, recent studies suggest 
that the SMC5/6 complex is also involved in the regulation 

of transcription (Decorsiere et al., 2016), maintenance of 
centromere structure (Gomez et al., 2013), suppression of 
immune responses (Yan et al., 2013), or prevention of dis
ease (Payne et al., 2014; van der Crabben et al., 2016). SMC5, 
SMC6, and four N O N - S M C ELEMENTS 1-4 (NSEs) represent 
evolutionarily conserved subunits. SMC5 and SMC6 form a 
heterodimer via their hinge domains, while their head 
domains are bridged by the NSE1-NSE3-NSE4 subcomplex, 
which exhibits D N A binding capacity and can open/close 
the S M C 5 - S M C 6 ring. Furthermore, the SMC5 coiled-coil re
gion serves as a docking platform for the E3 small ubiquitin 
modifier ligase NSE2 (also named HIGH PLOIDY2 [HPY2] 
and METHYL M E T H A N E SULFONATE SENSITIVITY 21 
[MMS21]). In addition, each major phylogenetic group con
tains two to three nonconserved subunits implicated in the 
loading of the SMC5/6 complex onto chromatin: Nse5 and 
Nse6 together with BRCT-containing protein 1 (Brc1) in fis
sion yeast (Schizosaccharomyces pombe) or Regulator of Ty1 
Transposition 107 (Rtt107) in budding yeast (Saccharomyces 
cerev'isiae; Pebernard et al., 2006; Leung et al., 2011) and 
S M C 5 - 6 complex localization factor proteins 1 and 2 (SLF1 
and SLF2) in mammals (Raschle et al., 2015). The putative 
plant functional homologs of NSE5 and NSE6 are 
ARABIDOPSIS SN 11-ASSOCIATED PROTEIN 1 and 
SUPPRESSOR OF NPR1-1, INDUCIBLE 1 (SNI1), respectively 
(Yan e t a l , 2013). 

Besides an essential role in the maintenance of plant ge
nome stability (Mengiste et al., 1999; Watanabe et al., 2009; 
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Diaz et al., 2019), the Arabidopsis SMC5/6 complex controls 
apical meristem growth (Ishida et al., 2009), suppresses pre
cocious flowering (Kwak et al., 2016) and hyper-immune 
responses (Li et al., 1999; Yan et al., 2013), and ensures nor
mal gamete and seed development (Liu et al., 2014; Diaz 
et al., 2019; Zelkowski et al., 2019). While some of these 
functions have been well described at the phenotypic level 
through mutant analyses, the underlying mechanisms re
main largely unknown. Here, we investigated the mechanism 
of seed abortion observed in several SMC5/6 mutants (Liu 
et al., 2014; Diaz et al., 2019), and show here that this phe-
notype is very likely due to paternally induced genome dos
age imbalance in the endosperm. Some abnormal seeds 
escape this block and develop triploid offspring. Importantly, 
the defects originate as recombination-independent prob
lems in chromosome segregation during meiosis of SMC5/6 
complex mutants. 

Results 
Paternally inherited nse2 mutations cause abnormal 
seed development 
We used the Arabidopsis NS£2 loss-of-function mutants 
(Supplemental Figure S1A) rae2-7 (Q115*) and nse2-2 (T-
DNA; Ishida et al., 2009). Plants homozygous for either nse2 
allele were viable with developmental abnormalities includ
ing reduced height, small siliques, and short roots 
(Supplemental Figure SI, B-D). Dry seeds from wild-type 
(WT) plants were light brown and of regular shape, while 
mutant seeds were variable in color, size, and shape, includ
ing light/dark brown, large/small, and regular/shrunken 
(Figure 1A). Thirteen days after controlled manual pollina
tion (DAP), W T plants produced 94.4% normal seeds, 2.8% 
abnormal seeds, and 2.8% aborted ovules (plants/siliques/ 
cases, n = 7/29/1,424; Figure 1B; Supplemental Table S1). In 
contrast, nse2-7 and nse2-2 plants bore, respectively, 34.7% 
and 30.8% healthy-looking seeds, 16.0% and 23.4% abnormal 
seeds, and almost 49.3% and 45.8% aborted ovules (plants/ 
siliques/cases, n= 7/32/1,343 for nse2-7 and n = 7/29/1,253 
nse2-2; Figure 1B; Supplemental Table S1), representing a sig
nificant increase in both aborted ovules and abnormal seeds 
(Fisher's exact test, P < 0.005 or lower; Figure 1, C and D; 
Supplemental Table S2). The abnormal seeds were larger 
with a glossy surface and watery endosperm (Figure 1B). 
Embryos were fully developed in W T seeds, but arrested be
tween the torpedo and cotyledon stages in abnormal nse2 
seeds at 13 DAP (Figure 1E). A t later stages, all abnormal 
seeds turned dark brown and shrunk (Figure 1A). 

To assess the parental contribution to these phenotypes, 
we performed reciprocal crosses between W T and nse2 
plants (Figure 1, B -D ; Supplemental Table S1). nse2-7 or 
nse2-2 plants pollinated by W T produced 2.0% and 3.7% ab
normal seeds, respectively, which matched the percentage of 
2.8% of abnormal seeds in self-pollinated WT. In contrast, 
pollination of W T plants with nse2-7 or nse2-2 pollen 
resulted in 14.4% and 21.5% of abnormal seeds, representing 
a 7.2- and 5.8-fold increase, respectively, relative to the 

nse2-2 

^00 
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WT «WT 

nse2-1 x nse2-1 
n$e2-1 x WT 

WT * nse2-1 
100-
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Q nse2-2 « WT 
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I WT «WT 
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i nse>2-2 x WT 
i WT * nse2-2 

Figure 1 Paternally inherited abnormal seed development in nsel 
plants. A, Representative dry seeds of wild-type Col-0 (WT), nse2-1, 
and roe2-2. Note that the seeds from nse2-1 and roe2-2 plants repre
sent a mixture of normal-sized, large, and aborted seeds. Scale bars = 
1 mm. B, Dissected siliques 13 DAP. Aborted ovules are marked with 
yellow asterisks and abnormal seeds (typically larger, white or pale 
and partially transparent) with yellow arrowheads. Scale bar = 400 
pm. C, D, Percentage of normal seeds (NS), aborted ovules (AO), and 
aborted seeds (AS) in manually pollinated WT, nsel mutants and their 
reciprocal crosses. Source values and basic counts are provided in 
Supplemental Tables S1 and S2. Significance in Fisher's exact test: "P > 
0.05, *P < 0.005, * *P < 0.00001. E, Representative embryos dissected 
from W T and nse2-1 seeds 13 DAP. Scale bars = 200 pm. W T seeds 
contain a mature embryo, while nsel seeds have embryos arrested at 
the torpedo to cotyledon stages. F, Differential interference contrast 
micrographs of cleared nsel-1 ovules. Scale bars = 50 pm. (i), Typical 
WT embryo sac showing one central cell nucleus (ccn) and one egg 
cell (ecn) nucleus; (ii), embryo sac with one smaller and two large nu
clei; (iii), embryo sac without any nuclei; (iv), ovule without an embryo 
sac. 

reciprocal cross. This result indicated that the loss of NSE2 
function causes paternally inherited aberrant seed develop
ment in Arabidopsis. We observed about 60% of aborted 
ovules in nse2 plants pollinated by WT, suggesting severe 
maternal defects in nse2 mutants as well. Therefore, we took 
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a closer look at nse2-2 embryo sacs (n = 55; Figure 1F). We 
determined that 25.5% of embryo sacs look normal, 20% 
have three large nuclei, 10.9% have no nuclei, and 43.6% 
consist of ovules without embryo sac (Figure 1F[i-iv]). 
These severe defects suggested that either the two polar nu
clei do not fuse into a central cell nucleus, that the megaga-
metophytic nuclei degenerates, or that no 
megagametogenesis takes place. The presence of 45%-50% 
nondeveloping ovules in nse2 mutants suggested that the 
defective embryo sacs abort before fertilization. These 
experiments showed that the paternally induced nse2 
defects are at least partially transmissible while the mater
nally induced defects result in substantial gametophytic le
thality. Since abnormal seed development was caused 
paternally, we focused on male gametophyte development. 

nse2 plants produce diploid sperm nuclei 
To elucidate the paternally induced abnormal seed develop
ment, we first analyzed the viability of WT, nse2-7 and nse2-
2 pollen by fluorescein diacetate (FDA) staining (Figure 2A). 
FDA staining indicated significantly lower pollen viability in 
nse2-7 (63.6%; n = 503; Supplemental Table S3; Fisher's exact 
test, P < 0.001 or lower) and nse2-2 (52.4%; n = 609; 
Supplemental Table S3; Fisher's exact test, P < 0.001 or 
lower) compared to W T (83.4%; n = 1,504) plants, as 
expected (Liu et at, 2014). However, we noticed surprisingly 
variable sizes in nse2 pollen, in sharp contrast with the uni
form size of W T pollen (Figure 2A). We quantified this ob
servation by measuring pollen area using the same data as 
for the FDA analysis (Figure 2B). The area of W T pollen 
ranged from 250 to 500 urn 2 with a peak at 440.6 urn 2 . The 
smallest nse2-7 and nse2-2 pollen had an area of about 250 
urn 2 , but the largest pollen grains were ~1,000 urn 2 . In addi
tion, the distribution of nse2 pollen sizes showed two peaks 
at 484.1 and 737.8 u rn 2 for nse2-7, and 444.5 and 662.4 u m 2 

for nse2-2. Hence, nse2 plants produce two cohorts of differ
ently sized pollen. 

Arabidopsis pollen size increases with nuclear D N A con
tent (De Storme and Ceelen, 2011). W e thus hypothesized 
that the larger pollen might be polyploid. To test this hy
pothesis, we generated autotetraploid (4x) W T Arabidopsis 
by colchicine treatment and measured its pollen size. 
Indeed, pollen area ranged from 340 to ~ 1,000 u m 2 , with a 
distribution peak at 661.4 p.m 2 (n = 357) that perfectly 
matched the large pollen seen in nse2-2, although tetraploid 
pollen was still smaller than the largest pollen grains of 
nse2-7 plants. Next, we used flow cytometry to obtain direct 
evidence of the ploidy of nse2 pollen nuclei. For this analysis, 
it is essential to notice that Arabidopsis haploid pollen nu
clei rest in different stages of cell cycle and therefore differ 
as to their D N A content (De Storme and Ceelen, 2011). 
Sperm cell nuclei have D N A contents of 1C while vegetative 
cell nuclei have a 2C nuclear D N A content We collected 
mature pollen from WT, nse2-7 and nse2-2 plants, destroyed 
vegetative nuclei as described (De Storme and Ceelen, 
2011), and measured ploidy of the remaining fraction. From 
W T preparations, we detected almost exclusively 1C nuclei, 
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indicating that our experimental conditions effectively elimi
nated 2C vegetative nuclei. For nse2-7 and nse2-2 prepara
tions, we obtained both 1C and 2C nuclei (Figure 2C), 
further indicating that nse2 plants produce not only haploid 
but also diploid sperm cells. 

To confirm this result with another approach, we pro
duced a double homozygous line of nse2-7 expressing the 
sperm nucleus-specific marker line ProHTRlCkHTRlO-mRFP 
(Histone three related [HTR10] fused to monomeric red 
fluorescent protein [mRFP]; (Ingouff et al., 2007) and re
peated the analysis. W e only detected 1C nuclei (n = 427) in 
the W T HTRlO-mRFP background. In contrast, nse2-7 
HTRlO-mRFP pollen presented 68.8% of 1C and 31.2% of 2C 
nuclei (n = 245 and n = 111, respectively; Figure 2D). We 
then sorted nuclei onto microscopic slides according to their 
ploidy and inspected them using epifluorescence micros
copy. In total, 93.6% of W T HTRlO-mRFP and 85.5% of nse2-
7 HTRlO-mRFP 1C nuclei contained RFP fluorescence 
(n = 109 and n = 304, respectively; Figure 2, E and F; 
Supplemental Figure S2A). Importantly, 83.1% of nse2-7 
HTRlO-mRFP 2C nuclei also showed mRFP fluorescence 
(n = 207; Figure 2E, EF; Supplemental Figure S2A). Together, 
these results provided solid evidence that nse2 plants pro
duce diploid sperm nuclei. 

Defective meiosis leads to unreduced microspores 
in nse2 plants 
2C nse2 sperm nuclei indicated that the defects originated 
during microsporogenesis. Therefore, we analyzed the pro
gression of meiosis in W T and nse2-2 pollen mother cells 
(PMCs). Chromosome spreads stained with 4',6-diamidino-
2-phenylindole (DAPI) revealed no obvious differences be
tween nse2-2 and W T at prophase I. nse2-2 PMCs displayed 
typical thread-like chromosomes at leptonema, homologous 
chromosome pairing at zygonema, and full synapsis at 
pachynema (Figure 3A). Chromosomes began to de-synapse 
and condense at diplonema and five bivalents were visible 
at diakinesis and metaphase I. However, despite the pres
ence of five aligned bivalents, the appearance of the chro
matin was not normal in 72.0% of nse2-2 metaphase I PMCs 
(total n = 93). The bivalents were more stretched and elon
gated than in WT, chromosomes progressively lost compact
ness, and the constrictions in the chromatin began to be 
visible as segregation took place at anaphase I (Figure 3A). 
A t almost all anaphase I figures (98.4%; n = 122), nse2-2 
chromosomes appeared de-condensed and thread-like chro
matin fibers or fragments were visible, spanning the region 
between the segregating chromosomes (Figure 3A). 

There is a cycle of de-condensation and re-condensation 
during the second meiotic division, and the chromosomes 
show the maximum degree of condensation in metaphase II 
of PMCs. During prophase II, two sets of five chromosomes 
are separated by a clear band of numerous organelles and 
re-condense before metaphase II in W T plants (Brownfield 
et al., 2015). A t anaphase II, sister chromatids segregated to 
generate a tetrad with four balanced nuclei (Figure 3B). A t 



3108 | THE PLANT CELL 2021: 33: 3104-3119 F. Yang et al. 

DIC F D A Merge 

m SB m 

iS3 

„ 1 5 
c 

3 
0 

60- r WT 

§40-

" 2 0 - i 
0" 

30-

I I 

1C 

- 1 i i 

nse2-1 

§20-
o 
° 1 0 -

2C 

0" 

210 

WT 
HTRW-mRFP 

< 150 
O -I 
w 
u- 9 0 -

30-

1C 

n [ i i—i—r—i—i—i—r 
0 30 90 150 210 

1C nse2-2 

2C 

50 150 250 
DAP I 

210 

*f 150 O to 
90 

30 

0 

nse2-1 
HTRW-mRFP 

EC 2C 

30 ' 90 ' l 50 210' 
•API 

B 

2xWT 

2x 
nse2-1 

2x 
nse2-2 

4 x W T 

440.6 

737.8 

444.5 662.4 

661.4 

250 500 750 

Pollen area (urn2) 

—1 r -

1000 1250 

• A P I RFP Merge 

• • • • # 
F 

100-

80 

reo-
o 40 

z 20 

0" 

WT 1C 

WT 1C 
HTRW-mRFP 

nse2-1 IC 
HTRW-mRFP 

nse2-1 2C 
HTRW-mRFP 

DAPI only 
DAPI + RFP 

nse2-1 
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signals. Scale bar = 1 um. F, Quantification of sorted nuclei observed from W T 1C, nselA 1C, and 2C in the HTRW-mRFP background. 

prophase II, the frequency of normal-looking cells with two 

sets of five chromosomes decreased to only 31.3% in nse2-2 

(n = 144). The remaining meiocytes showed some of the fol

lowing problems (Figure 3, B and C). (1) Nuclei containing 

two sets of homologous chromosomes (nonreduced nuclei). 

In such PMCs, the organelles were not organized in a de

fined band and appeared throughout the cytoplasm (19.4%), 

preventing the formation of two defined nuclei with five 

chromosomes (Supplemental Figures S3 and S4A). (2) One 

or more sets of chromosomes displaying chromosome frag

mentation (15.3%). And (3) Chromosome bridges and chro

matin masses linking them, suggesting unresolved anaphase I 

defects (34.0%); this last phenotype possibly combined the 

previous two. As a consequence of such abnormalities, we ob

served a range of meiotic products (n = 591) consisting of tet

rads (49.2%), triads (5.1%), and dyads (45.7%) in nse2-2 plants 

(Figure 3, B and D). Putative monads were detected but not 

quantified, as they are hard to distinguish with this method. 
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Instead, we used nse2 qrtl double mutant plants to quantify 

monads (Figure 3, E and F). We confirmed the chromosome 

constitution of the dyads (10 chromosomes in each nucleus) 

by performing immunolocalization to detect CENTROMERIC 

HISTONE H3 (CENH3; Supplemental Figure S4B). 

To quantify meiotic products in an independent manner, 

we produced nse2-1 qrtl-4 and nsel-2 qrtl-4 double 

mutants. The qrtl mutation causes a stable association of 

the microspores arising from one meiosis (Preuss et al., 

1994). The NSE2 qrtl-4 plants produced on average 3.9 

microspores per meiosis (575 microspores/148 meiotic prod

ucts) and the products included 94.6% tetrads, 2.0% triads, 

0.7% dyads, and 2.7% monads (Figure 3F; Supplemental 

Table S4). W e measured an average of 3.2 microspores per 
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meiosis in nse2-7 qrtl-4 (1,042 microspores/322 meiotic 

products) and only 2.4 microspores per meiosis in nse2-2 

qrtl-4 (479 microspores/202 meiotic products). In nse2-1 

qrtl-4, there were 57.8% tetrads, 14.0% triads, 19.2% dyads, 

and 9.0% monads (Figure 3F; Supplemental Table S4). 

Similarly, we observed a higher frequency of nontetrad mei

otic products in nse2-2 qrtl-4 (20.8% tetrads, 17.3% triads, 

40.1% dyads, and 21.8% monads). The vast majority of NS£2 

qrtl-4 microspores had a normal shape (99.3%) and was via

ble (95.3%; Supplemental Table S4). nse2-7 qrtl-4 showed 
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26.7% abnormal, small and shrunken microspores and only 
65.0% of pollen was viable (Supplemental Figure S2B and 
Supplemental Table S2). nse2-2 qrtl-4 showed 26.3% abnor
mal, small and shrunken microspores and only 40.7% of pol
len was viable (Supplemental Table S4). 

Altogether, the initial analysis of nse2 meiosis revealed ab
normal progression in some cells (there were 31.3% of appar
ently normal cells) with the defects originating/emerging from 
the later stages of meiosis I. Importantly, two major problems 
in chromosome behavior were observed (1) chromosome 
fragmentation and (2) defects in chromosome segregation. 

Chromosome fragments are the consequence of 
SP011 -induced D N A breaks in nse2 plants 
To ascertain whether SP011 function is involved in the 
chromosome fragmentation phenotype observed at ana
phase I in nse2, we generated the spoll-1-5 nse2-2 double 
mutant Homozygous spol7-7-5 plants showed reduced 
height and partial sterility, phenotypes that became more 
pronounced in the spo7 7-7-5 nse2-2 double mutant 
(Supplemental Figure S5). Meiosis in the spo7 7 single mu
tant is characterized by the presence of ten univalents at 
metaphase I (Crelon et al., 2001). In contrast with nse2, 
chromosome fragmentation was almost absent, with all ten 
univalents detected at metaphase I in the double mutant 
(n = 24; Figure 4A). The suppression of chromosome frag
mentation in spo7 7 nse2 demonstrated that fragments pro
duced by the absence of NSE2 are caused by the failure to 
repair joint molecules (JMs) generated from SPOII- induced 
double-strand breaks (DSBs). To further investigate the HR 
process in nse2, we analyzed RAD51 foci numbers at pachy
nema and monitored synaptonemal complex formation by 
detecting its central component ZYP1 (Higgins et al., 2005; 
Supplemental Figure S6A). Defects in DSB repair during early 
stages are associated with persistent RAD51 foci on pachy
tene chromosomes (Wang et al., 2012). The numbers of 
RAD51 pachytene foci were not altered in nse2 (n = 36 for 
W T and n = 38 for nse2-2; two-tailed M a n n - W h i t n e y -
Wilcoxon test, P = 0.891; Supplemental Figure S6B and 
Supplemental Table S6), supporting the hypothesis that the 
SMC5/6 complex activity is required after RAD51. W e also 
did not detect a delay in these early prophase I stages 
according to the quantification of cells with partial synapsis 
(27.78% in WT, n = 36, versus 13.16% in nse2-2, n = 38; 
Fisher's exact test, P = 0.1526; Supplemental Table S7). This 
result also demonstrated that there is no increased number 
of DSBs in the mutant and no delay in recombination, con
firming a conserved role for the complex in resolving aber
rant JMs (Xaver et al., 2013). 

The problems in chromosome segregation thus appeared 
to be mostly independent of the meiotic recombination 
defects in nse2-2. We noticed differences in the percentage 
of the different meiotic products in the nse2-2 spoll-1-5 
double mutant relative to either nse2-2 or spoll-1-5 plants. 
In the double mutant, the frequency of dyads was lower 
than in the nse2-2 single mutant (4.02% versus 45.69%, 

Fisher's exact test, P < 0.0001; Supplemental Figure S8) and 
there were polyads (which are not present in nse2). These 
differences may be explained by the presence of univalents 
at metaphase I. In addition, the nse2-2 spoll-1-5 double mu
tant has a higher frequency of dyads (4.02% versus 0.98%), 
and a lower frequency of polyads (38.69% versus 52.77%) 
than the spo7 7-7-5 single mutant (%2 test, P = 0.0014; 
Supplemental Figure S9), revealing that the formation of 
unreduced gametes in nse2 is a consequence of problems in
dependent of HR. 

Hence, the chromosomal fragmentation phenotype in 
nse2 can be explained by the role of SMC5 in the resolution 
of recombination intermediates but does not clarify how 
the unreduced gametes are produced. 

Unreduced gametes arise via an HR-independent 
process during the meiosis I and II 
To better understand the origin of unreduced gametes, we 
generated the nse2 osd7 double mutant. OMISSION OF 
SECOND DIVISION (OSD1) is a negative regulator of the 
Anaphase promoting complex/Cyclosome needed for the 
second meiotic division, and its absence leads to diploid 
gametes (Cromer et al., 2012). The nse2 mutant was crossed 
with heterozygous osd7 plants and meiosis was analyzed in 
double homozygous F 2 plants. Homozygous osd7-3 plants 
only produced dyads (n = 199; Figure 4, D and E). In double 
homozygous nse2-7 osdl-3 and nse2-2 osdl-3 plants, we ob
served 19.5% and 40.6% monads, respectively (n = 174 and 
n = 64, respectively; Figure 4, D and E). The presence of 
monads in the nse2 osd7 double mutant provided strong ge
netic evidence that the chromosome segregation problems 
in nse2 plants are due to anaphase I failures. However, it 
should be noted that nse2 mutants (in the qrtl-4 back
ground) produce not only dyads but also 9%-21.8% monads 
(Figure 3, E and F), indicating that in about 1 out of 10 
meioses in nse2, there is a nonreduction in both anaphases I 
and II. 

Therefore, the problems in the segregation of homologous 
chromosomes appeared to be the main foundation of the 
unreduced gametes in nse2. Despite normal-looking five 
bivalents at metaphase I in nse2 meiocytes, homologous 
chromosomes did not complete their migration to opposite 
poles on some occasions, and they were closer than in W T 
meiocytes. This observation was strongly associated with the 
improper position of chromosomes relative to the organelle 
band, which in these meiocytes is not positioned to function 
as a physical barrier (Supplemental Figures S3 and S4). As a 
consequence, instead of being equally divided on either side 
of the band, all chromosomes appeared only on one side at 
the end of the first meiotic division (Figure 3B, nr). In the 
second division, the repetition of this abnormal organization 
will lead to a monad while the normal progression will pro
duce a dyad instead of tetrad. 

To determine whether the chromosome segregation ab
normalities are associated with problems in spindle organiza
tion, we conducted a-tubulin immunolocalization. In 
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general, W T and nse2 PMCs behaved similarly, with microtu
bules organized as a radial array around each nucleus at pro
phase I and as polar oriented spindles at metaphase I. 
However, we observed abnormal spindle structures in mu
tant meiocytes (Figure 4F). The microtubule bundles had a 
lower density in nse2 than in W T at telophase I, which was 
consistent with the appearance of chromosome organization 
problems. In addition, microtubules were disorganized 
around the chromosomal fragments and/or displaced side
ways to the spindle periphery. A t meiosis II, the spindles 
also showed a reduced number of microtubules and 
appeared more diffuse in nse2-2 meiocytes (Figure 4F). 

Based on these results, we conclude that the defects in 
chromosome segregation leading to unreduced gametes can 
occur in both anaphases I and II (being more frequent in 
the former) and are hallmarked by disorganized microtu
bules in the spindle and an aberrant position of the chro
mosomes relative to the organelle band. 

nse2 plants produce triploid offspring 
Unreduced gametes may lead to a polyploid progeny. 
Therefore, we analyzed ploidy in the progeny of self-
pollinated W T and nse2 plants by flow cytometry. In total, 
97.6% WT, 87.6% nse2-1, and 63.4% nse2-2 seeds germinated 
and grew at least until the cotyledon stage (Table 1 and 
Figure 5A). Al l 110 W T plants were diploid. In contrast, 7.6% 
mel-l plants (n = 380) and 8.8% me2-2 plants (n = 147) 
were triploid (Table 1 and Figure 5B). We confirmed the 
triploidy of selected individuals by chromosome counting 
(Figure 5C). The triploids were sometimes slightly larger or 
smaller than diploids, but otherwise within the range of 
nse2 phenotypes (Figure 5 A arrows). Surprisingly, we 
detected no nse2 aneuploids by flow-cytometric (n = 1,166) 
or by cytological (n = 6) analysis. We also did not identify 
any tetraploids, suggesting that the increased ploidy is trans
mitted through only one parental gamete. However, we can
not fully exclude trisomy with whole or fragmented 
chromosomes. 

To corroborate the uniparental induction of triploidy, we 
tested reciprocal crosses between W T and mutant (Table 1; 

throughout the paper female x male). Ploidy measurements 
of the F n 2X (diploid) nse2 x 2x W T hybrids revealed only 
diploids. In contrast, there were 6.7% and 5.2% of triploids 
among F n 2x W T x 2x nse2-1 or 2x W T x 2x nse2-2 
hybrids, respectively. A fusion of haploid maternal (m) and 
diploid paternal (p) gametes will lead not only to a triploid 
embryo, but also to tetraploid endosperm with an imbal-
anced parental dosage of 2m:2p genomes (Scott et al., 
1998). Excess of the paternal genome will result in delayed 
or halted endosperm cellularization, arrested embryo devel
opment, and finally reduced or compromised seed viability 
(Köhler et al., 2012), which all align with the phenotypes of 
nse2 mutants (Figure 1A). Consequently, the observed fre
quencies may be an underestimation because many triploid 
seeds die. To offer a balanced endosperm environment for 
diploid pollen, we reciprocally crossed 2x nse2 plants with 
4x W T plants. Al l crosses between 2x maternal and 4x pa
ternal plants produced only few germinating seeds (2x W T 
x 4x WT, 5.6%; 2x me2-7 x 4x WT, 27.7%; 2x rae2-2 x 4x 
WT, 4.2%; Table 1). In contrast, the control cross between 
4x W T maternal and 2x W T paternal plants resulted in 
72.9% germination and all the plants were triploids (Table 
1). The germination rate of seeds derived from the crosses 
between 4x W T and 2x nse2-1 or 2x nse2-2 was over 90% 
(94.3%, n = 299, and 91.9%, n = 160, respectively) and hence 
better than in 4x W T x 2x W T cross (72.7%, n = 88). The 
FT hybrids of 4x W T x 2x nse2-1 (n = 282) included 78.4% 
triploids, 21.3% tetraploids and 0.3% aneuploids. Similarly, 
the FT hybrids of 4x W T x 2x nse2-2 (n = 147) plants were 
represented by 57.1% triploids, 41.5% tetraploids, and 1.4% 
aneuploids (Table 1). Hence, the frequency of viable poly
ploids derived from 2x nse2 plants can be several-fold in
creased by crossing with 4x W T mothers, and our results 
strongly suggest that the triploid nse2 offspring is caused ex
clusively by unreduced male gametes (diplogametes). 

Mutations in NSE4A and SN/T also lead to triploid 
offspring 
To test whether polyploidy also occurs in other Arabidopsis 
SMC5/6 complex mutants, we first checked the dry seeds 

Table 1. Ploidy levels of offspring plants from nse2 and W T parents and their F, hybrids, n = number, 2x = diploid, 3x = triploid, 4x = 
tetraploid.  

Mother Father Sown (n) Germinated (n) Germination rate (%) 2X (%) 3X (%) 4X (%) Aneuploids (%) 

2X WT 2X WT 113 110 97.3 100 0 0 0 
2X nse2-1 2X nse2-1 434 380 87.6 92.4 7.6 0 0 
2X nse2-2 2X nse2-2 232 147 63.4 91.2 8.8 0 0 
W T 2 X 2X nse2-1 283 270 95.4 93.3 6.7 0 0 
W T 2 X 2X nse2-2 252 174 69.0 94.8 5.2 0 0 
2X nse2-1 2X WT 86 82 95.3 100 0 0 0 
2X nse2-2 2X WT 119 113 95.0 100 0 0 0 
4 X WT 2X WT 88 64 72.9 0 100 0 0 
4 X WT 2X nse2-1 299 284 94.3 0 78.4 21.3 0.3 
4 X WT 2X nse2-2 160 147 91.9 0 57.1 41.5 1.4 
2X WT 4 X WT 179 10 5.6 0 100 0 0 
2X nse2-1 4 X WT 112 31 27.7 0 100 0 0 
2X nse2-2 4 X WT 72 3 4.2 0 100 0 0 
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Figure 5 SMC5/6 complex mutants produce triploid offspring. A, 
Two-week-old in vitro-grown seedlings of the WT, nse2-l, and nse2-2. 
Triploid seedlings revealed by flow cytometry are indicated by red 
arrows. Scale bar = 1 cm. B, Examples of flow cytometry histograms 
showing representative profiles of peaks from diploid (2x ) W T and 
triploid (3x ) nsel plants. C, Representative mitotic prophase figures 
in 2 x W T and 3 x nse2-2 plants. Scale bars = 5 | im. D, WT, roe4a-2 
and snil-3 mutant phenotypes. Left column: dry seeds. Scale bars = 1 
mm. Right column: 2-week-old in vitro-grown seedlings. Triploid seed
lings are indicated by red arrows. Scale bar = 1 cm. 

from diploid smc6b-1, nse4a-2, nse4b-1, and sn/7-3 plants. 
The seeds of 2x smc6b-l and 2x nse4b-l plants were normal 
(Supplemental Figure S7). However, seeds from 2x nse4a-2 
and 2x sn/7-3 plants showed different sizes and shapes, in
cluding dark brown, large, and shrunken seeds (Figure 4D). 
By flow cytometry-based ploidy analysis, all smc6b-1 and 
nse4b-1 plants (n = 103 and 120, respectively; Table 2) were 
diploid. However, we observed 9.6% triploid nse4a-2 plants 
(n = 271). As with nse2, the triploid plants were sometimes 
differently sized, but generally within the range of standard 
nse4ci-2 phenotypes (Figure 5D, right column, arrows). 
Analysis of the reciprocal crosses between 2x nse4a-2 and 2x 
W T revealed that the triploidy is also caused exclusively by 
the male gamete (Table 2). Since NSE4A is expressed from 
both maternal and paternal gametophytes (Diaz et al., 
2019), this result suggests that the defective maternal 

gametes do not give rise to viable offspring. Homozygous 
sn/7-3 mutants phenotypically resemble severely affected 
nse2 plants, but are almost fully sterile. From homozygous 
2x sn/7-3 parent, we obtained 137 offspring plants, of which 
68.6% were triploid (Table 2). The reciprocal crossing of 2x 
W T x 2x sn/7-3 confirmed that all triploids are induced 
from the paternal side (Table 2). 

Discussion 
The SMC5/6 complex is an evolutionary conserved ATP-
dependent molecular machine involved in the maintenance 
of nuclear genome stability (Aragon, 2018). Here, we discov
ered that loss of function in SMC5/6 complex subunits 
NSE2, NSE4A, and SNI1 lead to defective male meiosis, the 
formation of diploid microspores and triploid offspring in 
Arabidopsis. The absence of triploids in smc6b-1 is most 
likely due to partial functional redundancy among 
Arabidopsis SMC6 paralogs (Watanabe et al., 2009; Yan et 
al., 2013). Testing homozygous smc6a smc6b plants is not 
possible due to their early embryo lethality (Watanabe et al., 
2009; Yan et al., 2013). Lack of triploids for nse4b-1 is in 
agreement with the fact that NSE4B does not appear to be 
connected to D N A damage repair (Diaz et al., 2019). 

We traced the origin of the triploidy defects to male mei
osis. A t the onset of meiosis, nse2 meiotic figures show nor
mal five bivalents at metaphase I (Figure 3A), indicating the 
formation of normal crossovers between homologs, ensuring 
the presence of obligatory chiasma. W e further confirmed 
normal progression of HR and complete synapsis at pachy
nema (Supplemental Figure S6). From metaphase I onward, 
we observed two abnormal phenotypes in nse2 mutants. 
The first phenotype was characterized by chromosome frag
mentation during meiosis I, while the second phenotypes 
were associated with defects in chromosome segregation 
mainly during meiosis I. The second phenotype is relevant 
for the formation of unreduced gametes, but both pheno
types will be discussed and visualized as the working model 
of SMC5/6 complex action in Arabidopsis reproductive de
velopment (Figure 6). 

The nse2 chromosome fragmentation phenotype is associ
ated with frequent bridges, entanglements, and concatena
tions from metaphase to telophase I (Figure 3A). Here, we 
confirmed that these problems in meiotic HR are due to the 
presence of toxic recombination HR intermediates, as evi
denced by a drastic reduction in chromosome fragments in 
the spo7 7 nse2 double mutant (Figure 4, A and B). W e also 
demonstrated that these recombination failures are not a 
consequence of a higher number of DSBs or of a delay in 
the repair of these DSBs, as revealed by the immunolocaliza-
tion results of RAD51 in pachynema (Supplemental Figure 
S6). These observations resemble the situation in budding 
yeast, where the accumulation of HR intermediates in 
SMC5/6 complex mutants result in JMs (Copsey et al., 2013; 
Xaver et al., 2013; Menolf i et al., 2015). Arabidopsis meiotic 
cells with highly fragmented chromosomes are likely to re
sult in nonviable gametes or may not even progress to 
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Table 2. Ploidy levels of offspring plants from nse4a-2, snil-3, and W T parents and their F, hybrids, n = number, 2 x = diploid, 3 x = triploid. 

Mother Father Sown (n) Germinated (n) Germination rate (%) 2 X (%) 3 X (%) 

2X WT 2X WT 113 110 97.3 100 0 
2X nse4a-2 2X nse4a-2 300 271 90.3 90.4 9.6 
2X WT 2X nse4a-2 87 83 95.4 86.7 13.3 
2X nse4a-2 2X WT 93 93 100 100 0 
2X sn'H-3 2X snil-3 740 137 18.5 31.4 68.6 
2X WT 2X snil-3 160 22 13.8 31.8 68.2 
2X sn'H-3 2X WT 98 81 82.7 100 0 
2X smc6b-l 2X smc6b-l 119 103 86.6 100 0 
2X nse4b-l 2X nse4b-l 135 120 88.9 100 0 

Paternal 

Figure 6 Model for abnormal phenotypes in Arabidopsis SMC5/6 complex mutant meiosis. A, Schematic representations of the PMC, Tl and Til 
and meiotic products. The chains of events are described from left to right. Part of the nse2 meiocytes goes through two standard reductional divi
sions corresponding to a tetrad with four haploid microspores (n = 1 x = 5; green). Occasional nonreduction (NR) in the second division may 
produce a triad, most of them with one diploid (n = 2 x = 10; yellow) and two haploid microspores. A more common defect is chromosome 
nonreduction in the first meiotic division, observed as grouping of all chromosomes on one side of the organelle band in telophase I. This is fol
lowed either by a standard second meiotic division and development of a dyad with two diploid microspores or by a defective second meiotic di
vision giving rise to a monad (n = 4 x = 2 0 ; red). The rightmost scenario shows that SP011 activity in meiotic prophase I may lead to extensive 
chromosome fragmentation or/and abnormal segregation (F/AS) that requires SMC5/6 for repair. Meiocytes with extensively fragmented chromo
somes are not viable and this situation is lethal. B, Effects of aberrant nse2 meiosis on seed development. Only embryo sacs with haploid egg cell 
nuclei (ecn) and diploid central cell nuclei (ccn) are viable in nse2 plants. Depending on the type of microspore, the resulting embryos and endo
sperm vary in their ploidy. The diploid and the tetraploid microspores lead to endosperm with an unbalanced ratio of the maternal (M) and pa
ternal (P) genome ratio (color scale). This results in the abortion of about 2/3 of the seeds with triploid embryos and the total absence of seeds 
with a strongly unbalanced hexaploid endosperm. 
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meiosis II, as suggested by the absence of aneuploid nse2 off
spring. In this sense, the meiotic phenotype of nse2 is similar 
(although more drastic) to that described for nse4a-2 
(Zelkowski et al., 2019). nse2 single mutant plants do not 
create polyads (Figure 3D). Polyads represented 52.8% of 
meiotic products in spo7 7 and their frequency is reduced to 
38.7% in spo7 7 nse2 plants (Figure 4, A and C). Therefore, 
NSE2 acts upstream of SP011 and partially promotes polyad 
phenotype of spo7 7 plants. In summary, the fragmented 
chromosomes in nse2 meiocytes strongly reduce the number 
of viable gametes but do not explain the occurrence of 
unreduced gametes and eventually triploid offspring. 

Then, how are the unreduced gametes generated? The 
most plausible explanation is that in some cells, chromo
somes do not separate to two defined poles during meiosis 
I. The result would be similar to what occurs in a first divi
sion restitution (Bretagnolle and Thompson, 1995), but this 
phenotype does not occur in all nse2 cells and is the conse
quence of a more complex process. Diplogametes can origi
nate from the omission of the first and/or the second 
meiotic division. O n the one hand, we confirmed that the 
unreduced gametes in nse2 arise mainly from failures during 
the first meiotic division by analyzing the osd7 nse2 double 
mutant (Figure 4, D and E). On the other hand, we also ob
served about 9%-21.8% of monads in nse2-7 and nse2-2 
mutants, respectively, suggesting that both meiotic divisions 
can be affected. Furthermore, nse2-2 anaphase I chromo
somes show reduced chromatin condensation 
(Supplemental Figure S3). Such phenotype may be related 
to a loss of chromosome architecture due to the functional 
interplay between condensin and the SMC5/6 complex, as 
shown in animals (Hong et al., 2016; Hwang et al., 2017). As 
a consequence, after the formation of the organelle band 
(Brownfield et al., 2015), all chromosomes will appear at the 
same pole during the second meiotic division in some cells 
(Figure 3B, Supplemental Figure S3). In addition, the absence 
of two defined poles may occur as a consequence of dis
rupted organization and orientation of the spindle 
(Brownfield and Köhler, 2010). In this context, we observed 
partially abnormal spindle organization in nse2-2 (Figure 4F). 
It should be stressed that chromosomes and kinetochores 
play a more important role in spindle morphogenesis in 
plants compared to animals due to the absence of centro-
somes or proper microtubule organizing centers (Zhang and 
Dawe, 2011). We speculate that the kinetochores built on 
de-condensed centromeres might not be fully functional in 
organizing the spindle. Alternatively, the t iming of release of 
cohesion, spindle elongation and spindle disassembly may 
be deregulated in nse2 because of a delayed anaphase I. 

We showed that the diplogametes are produced exclu
sively by the male organs. Analysis of nse2 ovules revealed 
the absence of nuclei within embryo sacs and the presence 
of unfused (presumably polar) nuclei (Figure 1F), suggesting 
that any failures in female meiosis and/or post-meiotic de
velopment will lead to ovule abortion. Hence, megaspores 
may be more sensitive to the presence of unstable, 
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damaged, incomplete, or excessive genomes. Normally, the 
number of eggs (and not pollen) determines the number of 
offspring. Therefore, quality control may be easier to exert 
through female gametophytic development. From an evolu
tionary point of view, strictly selected healthy female game-
tophytes will then be able to recognize less strictly 
controlled unhealthy male gametes, based on the compro
mised 2:1 maternal to paternal genome ratio in the endo
sperm, and will terminate the development of most such 
seeds (Batista and Köhler, 2020). 

The frequency of triploids was around 10% in nse2 and 
nse4a-2 plants and reached up to about 70% in snil-3 
plants. SNI1 is a D N A binding transcription factor and was 
originally identified as a suppressor of immune responses in 
Arabidopsis (Li et al., 1999). SNI1 may be a functional homo-
log of yeast NSE6 involved in SMC5/6 complex loading to 
the sites of D N A damage (Yan et al., 2013). Loss of SNI1 
may prolong the persistence of specific types of D N A dam
age and consequently also the frequency of unreduced 
gametes. There are several other proteins whose loss-of-
function mutants produce a high number of diplogametes. 
TARDY A S Y N C H R O N O U S MEIOSIS/CYCLIN A1;2 ( T A M / 
CYCA1;2) phosphorylates OSD1. tarn and osd7 plants fail to 
enter meiosis II. Unreduced gametes are produced by both 
the male and the female meiocytes, as indicated by the off
spring ploidy corresponding to about 60% triploids, 25%-
40% tetraploid and only 2%-7% diploids (D'Erfurth et al., 
2010). Here, we showed a synergistic effect between nse2 
and osd7 mutations. Mutations in PARALLEL SPINDLE 7 
(PS7) cause abnormal spindle orientation in meiosis, which 
leads to the production of about 60% dyads in male meio
cytes and 30% triploid offspring (d'Erfurth et al., 2008). 
Somewhat similar are the phenotypes of jason (jas) mutants. 
jas male meiocytes produce a high number of diplogametes 
and 29%-40% of offspring were triploid (Erilova et al., 2009; 
De Storme and Ceelen, 2011). SMC5 /6 mutants differ from 
the above-described cases by a severe negative effect on fe
male meiosis, absence of 4x offspring (tam2) and extensive 
chromosome fragmentation in some meiocytes. Therefore, 
we propose that the SMC5/6 complex represents a novel 
diplogamete suppressor pathway. Further experiments will 
be directed towards unraveling the regulatory network un
der which the SMC5/6 complex operates in this process. 

Materials and methods 
Plant materials and growth conditions 
All lines used in this study were in the Columbia-0 (Col-0) 
background. We used the following mutants: nse2-1/hpy2-1 
(Ishida et al., 2009), me2-2/ripy2-2Anrris27-2 (SAIL_77_C06), 
sn/7-3 (SAIL_34_D11), smc6b-1 (SALK_101968C), nse4a-2 
(GK-768H08), r\se4bA (SAIL_296_F02), spo7 7-7-5 
(SALK_009440), qrtl-4 (SALK_024104C), and reporter lines 
ProHTR10:HTR10m-RFP (Ingouff et al., 2007). The osd7-3 mu
tant was kindly provided by Dr Claudia Köhler; the T - D N A 
in this mutant is inserted 58 bp after the start codon of the 
second exon, resulting in a truncated 144-amino acid OSD1 
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protein (Heyman et al., 2011). Plant zygosity was monitored 
by PCR (see primers in Supplemental Table S10) and/or mu
tant phenotype if possible. Double mutants were generated 
by crossing and selection in the F 2 and F 3 generations. All 
lines were used as homozygotes unless stated otherwise. 

Tetraploid Arabidopsis Col-0 wild-type (4x WT) was gen
erated by submerging 2-week-old in vitro-grown diploid 
seedlings in 0.1% (w/v) colchicine (Sigma-Aldrich) in the 
dark at room temperature for 2 h. Subsequently, seedlings 
were gently washed with copious amounts of tap water, 
transplanted to soil and grown until maturity. Seeds were 
collected from individual plants and bigger seeds were se
lected and propagated into plants for ploidy measurements 
(see below). One tetraploid individual was self-pollinated to 
generate 4x WT. 

For cultivation in soil, seeds were placed on the surface of 
soaked soil and stratified for two days at 4°C in the dark be
fore the pots were moved to an air-conditioned chamber 
with controlled long-day conditions (16-h-light/8-h-dark cy
cle, 21°C day and 19°C night temperature, 150-(imol pho
tons r r T 2 s~ 1 light intensity provided by Philips fluorescent 
tube MASTER TL-D 18W/840, catalog N O ELSZZA0047412). 
For in vitro growth, Arabidopsis seeds were surface sterilized 
(70% ethanol with 0.5% Triton X-100 [v/v]) for 10 min and 
washed three times with sterile water. Air-dried seeds were 
sown on half-strength Murashige and Skoog agar medium, 
stratified in the dark for 2 days at 4°C and then cultivated 
in a climatic chamber (Percival) under 16-h-light/8-h-dark 
cycle, 21°C day and 19°C night temperature, 150-(imol pho
tons r r T 2 s~ 1 light intensity provided by Philips fluorescent 
tubes as above. 

D N A isolation and PCR 
For genotyping of T - D N A mutants, one rosette leaf was 
mixed with the Phire Plant Direct PCR Kit (Thermo 
Scientific) dilution buffer and 1 iiL was used for PCR accord
ing to the kit instructions. Genotyping primers are listed in 
Supplemental Table S10. 

Ploidy measurements and flow cytometry 
To minimize any potential selection bias, seeds were col
lected per silique. The siliques were taken from the central 
part of the main stem. Al l seeds per silique were sown and 
analyzed. To determine somatic ploidy levels, one to two 
young leaves from a 2-week-old seedling were chopped with 
a razor blade in 500-(iL Ot to I solution (0.1 M citric acid, 
0.5% [v/v] Tween-20). The suspension of nuclei was filtered 
through a 50-um nylon mesh and stained with 1 mL of 
Ot to II solution (0.4 M N a 2 H P 0 4 ) containing 2 ug DAPI. 
Ploidy was analyzed on a Partec PAS I flow cytometer with 
2 x W T plants used as an external standard. Subsequent 
nse2 samples were prepared by simultaneous chopping of 
equal amounts of tissue from both nse2 and W T genotypes. 
In the mutant samples, aneuploid plants would be detected 
based on the presence of double peaks. 

To determine ploidy levels of male gametes, the samples 
were prepared as described (Borges et al., 2012). The nuclei-

enriched pellet was resuspended in 1 mL of sperm extrac
tion buffer (1.3-mM H 3 B 0 3 , 3.6-mM CaCI 2 , 0.74-mM 
K H 2 P 0 4 , 438-mM sucrose, 5.83-mM M g S 0 4 , 7 -mM M O P S at 
pH 6) containing 2-ug DAPI. The different nuclei popula
tions were sorted separately on microscope slides by 
FACSAria (BectonDickinson) flow-sorter. Slides were dried at 
room temperature for 1 h then mounted with 5-LTL 
Vectashield (Vector Laboratories) and covered with 24 x 40 
m m coverslips. The nuclei were then checked under an 
Olympus IX 83 inverted microscope: at 558/583 nm excita
tion/emission wavelengths for RFP and at 358/461 nm for 
DAPI. Images were captured with a H A M A M A T S U O R C A -
ER digital camera C4742-80 controlled by xCellence rt soft
ware (Olympus). 

Pollen viability assays and size measurements 
For pollen viability analysis, about 1 mL of opened flowers 
were collected into a 15-mL tube containing 3-mL BK buffer 
(0.127-mM C a ( N 0 3 ) 2 , 0.081-mM M g S O ^ 0.1-mM K N O j , 
15% (w/v) sucrose, and 10-mM MOPS, pH 7.5), and the 
tube was vortexed for 5 min to release pollen. Subsequently, 
the tube was centrifuged (2,600g, 5 min), the supernatant 
was carefully removed and the pollen pellet was carefully 
resuspended by gentle pipetting in 20-(iL FDA buffer mix
ture (1-jaL FDA [Sigma-Aldrich] stock solution [2 mg/mL in 
acetone] added to 1 mL of BK buffer). The suspension was 
carefully transferred to a microscope slide and covered with 
a 24 x 40 m m coverslip. Fluorescein fluorescence was ob
served after 20 min of staining using an Olympus IX 83 
inverted microscope: at 543/620 nm excitation/emission 
wavelengths and the same region was photographed with 
differential interference contrast optics to get the number of 
all pollen grains. 

To estimate the diameter of mature pollen, we used the 
same photos as for FDA analysis. Diameter measurements 
were done in Fiji/lmageJ on images calibrated using internal 
standards (Schindelin et al., 2012). 

Hoyer's clearing 
Clearing of ovules was performed as described (Liu and 
Meinke, 1998). 

Chromosome spreads and analysis of meiosis 
Fixations of flower buds, chromosome spreads, and fluores
cence in situ hybridization were carried out as described 
(Sanchez Moran et al., 2001) with minor modifications in
cluded in (Martinez-Carcia and Pradillo, 2017). Data for cy-
tological analyses were collected from at least four plants 
per genotype. The D N A probes used for the analysis were: 
45S ribosomal D N A (rDNA) (pTa71 of Triticum aestivum; 
Cerlach and Bedbrook, 1979) and 5S r D N A (pCT4.2; 
Campell et a l , 1992). 

Immunolocalization procedures were performed with a 
spreading technique previously described in Armstrong et al. 
(2002) in the case of RAD51 detection, and a squash tech
nique as described in Manzanero et al. (2000) for a-tubulin 
and CENH3 detection. The primary antibodies used were: 
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anti- a-tubulin (Merck; mouse, 1:50), ant i-CENH3 (kindly 
provided by Dr Andreas Houben; rabbit, 1:500), anti-ZYP1 
(kindly provided by Dr Chris Franklin; rat, 1:500), and anti-
RAD51 (provided by Dr Chris Franklin; rabbit, 1:500). 
Secondary antibodies were: FITC-conjugated anti-mouse 
(Agrisera; 1:100), anti-rabbit Alexa Fluor 555-conjugated 
(Invitrogen, Molecular Probes; 1:500), anti-rat Alexa Fluor 
555-conjugated (Invitrogen, Molecular Probes; 1:500), and 
anti-rabbit FITC-conjugated (Sigma-Aldrich; 1:50). 
Preparations were analyzed with an Olympus BX61 epifluor-
escence microscope and images were captured with an 
Olympus DP71 digital camera controlled by DP Controller 
software version 2.2.1.227 (Olympus). 

Bioinformatic tools 
Microsoft Office Excel 2016, PowerPoint 2016, CraphPad 
Prism 8.2.1, ImageJ 1.52p, BioRender, Flowing Software 2.5.1, 
Adobe Photoshop, and Adobe Illustrator were used for 
graph and image composition. 

Accession numbers 
Genes described in this article can be found in the TAIR 
database under the following accession numbers: NS£2 
(At3g15150); NSE4A (At1g51130); NSE4B (At3g20760); SN/1 
(At4g18470); SMC6B (At5g61460); SP07 7-7 (At3g13170); 
OSD7 (At3g57860); QRT7 (At5g55590); HTR10 (At1g19890). 
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Acknowledgments 
We thank E. Jahnovä, H. Tvardikovä, Z. Bursovä, B. Eilts, and 
P. Pecinkovä for excellent technical assistance, Dr C. Köhler 
for the gift of the osdl-3 mutant, Dr A Houben for anti-
CENH3 antibody, Dr C. Franklin for anti-ZYP1 and anti-
RAD51 antibodies, and Dr P. Ziolkowski for critical reading 
of the manuscript. 

Funding 
This work was supported by a Purkyne Fellowship from the 
Czech Academy of Science The Czech Science Foundation 
grant 19-13848S, INTER-COST grant LTC18026 from the 
Ministry of Education Youth and Sports, Czech Republic (all 
to A.P.), China Scholarship Council Fellowship (File No. 
201604910685) and the Fisher Scholarship from the Palacky 
University in Olomouc (both to F.Y). A.P. was additionally 
supported by the European Regional Development Fund 
project "Plants as a tool for sustainable global development" 
(No. CZ02.1.01/0.0/0.0/16_019/0000827). N.F.J, is a PhD fel
low funded by the FPU program of Spanish Ministry of 
Education (FPU16/02772). M.P. acknowledges the support of 
the European Union (Marie Curie ITN, M E I C O M 765212). 
A.P. and M.P. are part of the International Plant Nucleus 
Consortium (IPNC, https://radar.brookes.ac.uk) and COST 
Act ion n° C A 16212 " INDEPTH" http://www.cost.eu/COST_ 
Actions/ca/CA16212. 

Conflict of interest statement. The authors declare that they 
have no conflict of interest. 

References 
Aragon L (2018) The Smc5/6 complex: new and old functions of the 

enigmatic long-distance relative. Annu Rev Genet 52: 89-107 
Armstrong SJ, Caryl AP, Jones GH, Franklin FCH (2002) Asy l , a 

protein required for meiotic chromosome synapsis, localizes to 
axis-associated chromatin in Arabidopsis and Brassica. J Cell Sei 
115: 3645-3655 

Batista RA, Köhler C (2020) Genomic imprinting in plants—revisit
ing existing models. Genes Dev 34: 24-36 

Borges F, Cardner R, Lopes T, Calarco JP, Boavida LC, Slotkin RK 
(2012) FACS-based purification of Arabidopsis microspores, sperm 
cells and vegetative nuclei. Plant Methods 8: 44 

Bretagnolle F, Thompson JD (1995) Gametes with the somatic 
chromosome number: mechanisms of their formation and role in 
the evolution of autopolyploid plants. New Phytol 129: 1-22 

Brownfield L, Köhler C (2010) Unreduced gamete formation in 
plants: mechanisms and prospects. J Exp Bot 62: 1659-1668 

https://radar.brookes.ac.uk
http://www.cost.eu/COST_


3118 I THE PLANT CELL 2021: 33: 3104-3119 F. Yang et al. 

Brownfield L, Yi J, Jiang H, Minina EA, Twell D, Köhler C (2015) 
Organelles maintain spindle position in plant meiosis. Nat. 
Commun 6: 6492 

Campell BR, Song Y, Posch TE, Cullis CA, Town CD (1992) 
Sequence and organization of 5S ribosomal RNA-encoding genes 
of Arabidopsis thaliana. Gene 112: 225-228 

Copsey A, Tang S, Jordan PW, Blitzblau HG, Newcombe S, Chan 
AC-H, Newnham L, Li Z, Gray S, Herbert AD, et al. (2013). 
Smc5/6 coordinates formation and resolution of joint molecules 
with chromosome morphology to ensure meiotic divisions. PLoS 
Genet 9: e1004071 

van der Crabben SN, Hennus MP, McGregor GA, Ritter DI, 
Nagamani SCS, Wells OS, Harakalova M, Chinn IK, Alt A, 
Vondrova L, et al. (2016) Destabilized SMC5/6 complex leads to 
chromosome breakage syndrome with severe lung disease. J Clin 
Invest 126: 2881-2892 

Cromer L, Heyman J, Touati S, Harashima H, Araou E, Girard C, 
Horlow C, Wassmann K, Schnittger A, De Veylder L, et al. 
(2012). OSD1 promotes meiotic progression via A P C / C inhibition 
and forms a regulatory network with T D M and C Y C A 1 ; 2 / T A M . 
PLoS Genet 8: e1002865-e1002865 

D'Erfurth I, Cromer L, Jolivet S, Girard C, Horlow C, Sun Y, To 
JPC, Berchowitz LE, Copenhaver GP, Mercier R (2010) The 
cyclin-A C Y C A 1 ; 2 / T A M is required for the meiosis I to meiosis II 
transition and cooperates with OSD1 for the prophase to first mei
otic division transition. PLoS Genet 6: e1000989-e1000989 

d'Erfurth I, Jolivet S, Froger N, Catrice O, Novatchkova M, Simon 
M, Jenczewski E, Mercier R (2008) Mutat ions in AtPS1 
(Arabidopsis thaliana parallel spindle 1) lead to the production of 
diploid pollen grains. PLoS Genet 4: e1000274-e1000274 

Decorsiěre A, Mueller H, Van Breugel PC, Abdul F, Gerossier L, 
Beran RK, Livingston CM, Niu C, Fletcher SP, Hantz O, et al. 
(2016). Hepatitis B virus X protein identifies the Smc5/6 complex 
as a host restriction factor. Nature 531: 386-389 

Diaz M, Pecinka A (2018) Scaffolding for repair: understanding mo
lecular functions of the SMC5/6 complex. Genes (Basel) 9: 36 

Diaz M, Pečinková P, Nowicka A, Baroux C, Sakamoto T, Gandha 
PY, Jeřábkova H, Matsunaga S, Grossnikiaus U, Pecinka A 
(2019) The SMC5/6 complex subunit NSE4A is involved in D N A 
damage repair and seed development. Plant Cell 31: 1579-1597 

Erilova A, Brownfield L, Exner V, Rosa M, Twell D, Scheid OM, 
Hennig L, Köhler C (2009) Imprinting of the polycomb group 
gene M E D E A serves as a ploidy sensor in Arabidopsis. PLOS Genet 
5: e1000663 

Ganji M, Shaltiel IA, Bisht S, Kim E, Kalichava A, Haering CH, 
Dekker C (2018) Real-time imaging of D N A loop extrusion by con-
densin. Science 360: 102-105 

Gerlach WL, Bedbrook JR (1979) Cloning and characterization of ri
bosomal RNA genes from wheat and barley. Nucleic Acids Res 7: 
1869-1885 

Gómez R, Jordan PW, Viera A, Alsheimer M, Fukuda T, Jessberger 
R, Llano E, Pendás AM, Handel MA, Suja JA (2013) Dynamic lo
calization of SMC5/6 complex proteins during mammalian meiosis 
and mitosis suggests functions in distinct chromosome processes. J 
Cell Sei 126: 4239-4252 

Grelon M, Vezon D, Gendrot G, Pelletier G (2001) AtSP011-1 is 
necessary for efficient meiotic recombination in plants. EMBO J 
20: 589-600 

Heyman J, Van den Daele H, De Wit K, Boudolf V, Berckmans B, 
Verkest A, Alvim Kamei CL, De Jaeger G, Koncz C, De Veylder L 
(2011) Arabidopsis ULTRAVIOLET-B-INSENSITIVE4 maintains cell 
division activity by temporal inhibition of the anaphase-promoting 
complex/cyclosome. Plant Cell 23: 4394-4410 

Higgins JD, Sanchez-Moran E, Armstrong SJ, Jones GH, Franklin 
FCH (2005) The Arabidopsis synaptonemal complex protein ZYP1 
is required for chromosome synapsis and normal fidelity of cross
ing over. Genes Dev 19: 2488-2500 

Hong Y, Sonneville R, Agostinho A, Meier B, Wang B, Blow JJ, 
Gartner A (2016) The SMC-5/6 complex and the HIM-6 (BLM) 
helicase synergistically promote meiotic recombination intermedi
ate processing and chromosome maturation during 
Caenorhabditis elegans meiosis. PLoS Genet 12: 
e1005872-e1005872 

Hwang G, Sun F, O'Brien M, Eppig JJ, Handel MA, Jordan PW 
(2017) SMC5/6 is required for the formation of 
segregation-competent bivalent chromosomes during meiosis I in 
mouse oocytes. Development 144: 1648-1660 

Ingouff M, Hamamura Y, Gourgues M, Higashiyama T, Berger F 
(2007) Distinct dynamics of HISTONE3 variants between the two 
fertilization products in plants. Curr Biol 17: 1032-1037 

Ishida T, Fujiwara S, Miura K, Stacey N, Yoshimura M, Schneider 
K, Adachi S, Minamisawa K, Umeda M, Sugimoto K (2009) 
S U M O E3 ligase HIGH PLOIDY2 regulates endocycle onset and 
meristem maintenance in Arabidopsis. Plant Cell 21: 2284-2297 

Jeppsson K, Kanno T, Shirahige K, Sjogren C (2014) The mainte
nance of chromosome structure: positioning and functioning of 
S M C complexes. Nat Rev M o l Cell Biol 15: 601-614 

Kawashima T, Berger F (2014). Epigenetic reprogramming in plant 
sexual reproduction. Nat Rev Genet 15: 613-624 

Kegel A, Sjogren C (2010) The Smc5/6 complex: more than repair? 
Cold Spring Harb Symp Quant Biol 75: 179-187 

Köhler C, Wolff P, Spillane C (2012) Epigenetic mechanisms under
lying genomic imprinting in plants. Annu Rev Plant Biol 63: 
331-352 

Kwak JS, Son GH, Kim SI, Song JT, Seo HS (2016) Arabidopsis 
HIGH PLOIDY2 Sumoylates and stabilizes flowering locus C 
through Its E3 ligase activity. Front Plant Sei 7: 1-9 

Leung GP, Lee L, Schmidt Tl , Shirahige K, Kobor MS (2011) Rtt107 
is required for recruitment of the SMC5/6 complex to D N A double 
strand breaks. J Biol Chem 286: 26250-26257 

Li X, Zhang Y, Clarke JD, Li Y, Dong X (1999) Identification and 
cloning of a negative regulator of systemic acquired resistance, 
SNI1, through a screen for suppressors of npr1-1. Cell 98: 329-339 

Liu CM, Meinke DW (1998) The titan mutants of Arabidopsis are 
disrupted in mitosis and cell cycle control during seed develop
ment. Plant J 16: 21-31 

Liu M, Shi S, Zhang S, Xu P, Lai J, Liu Y, Yuan D, Wang Y, Du J, 
Yang C (2014) S U M O E3 ligase A tMMS21 is required for normal 
meiosis and gametophyte development in Arabidopsis. B M C Plant 
Biol 14: 1-12 

Manzanero S, Arana P, Puertas MJ, Houben A (2000) The chromo
somal distribution of phosphorylated histone H3 differs between 
plants and animals at meiosis. Chromosoma 109: 308-317 

Martinez-Garcia M, Pradillo M (2017) Functional analysis of 
Arabidopsis A R G O N A U T E s in meiosis and D N A repair. In A 
Carbonell, ed, Plant Argonaute Proteins. Humana Press, Totowa, NJ 

Mengiste T, Revenkova E, Bechtold N, Paszkowski J (1999) A n 
SMC-l ike protein is required for efficient homologous recombina
tion in Arabidopsis. EMBO J 18: 4505-4512 

Menolfi D, Delamarre A, Lengronne A, Pasero P, Branzei D (2015) 
Essential roles of the Smc5/6 complex in replication through natu
ral pausing sites and endogenous D N A damage tolerance. M o l Cell 
60: 835-846 

Nasmyth K, Haering CH (2009) Cohesin: its roles and mechanisms. 
Annu Rev Genet 43: 525-558 

Payne F, Colnaghi R, Rocha N, Seth A, Harris J, Carpenter G, 
Bottom ley WE, Wheeler E, Wong S, Saudek V, et al. (2014). 
Hypomorphism in human NSMCE2 linked to primordial dwarfism 
and insulin resistance. J Clin Invest 124: 4028-4038 

Pebernard S, Wohlschlegel J, McDonald WH, Yates JR, Boddy MN 
(2006) The Nse5-Nse6 dimer mediates D N A repair roles of the 
Smc5-Smc6 complex. Mo l Cell Biol 26: 3336-3336 

Preuss D, Rhee SY, Davis RW (1994) Tetrad analysis possible in 
Arabidopsis with mutation of the QUARTET (QRT) genes. Science 
264: 1458-1460 



The Plant Cell, 2021 Vol . 33, No. 9 THE PLANT CELL 2021: 33: 3104-3119 | 3119 

Raschle M, Smeenk C, Hansen RK, Temu T, Oka Y, Hein MY, 
Nagaraj N, Long DT, Walter JC, Hofmann K, et al. (2015) 
Proteomics reveals dynamic assembly of repair complexes during 
bypass of D N A cross-links. Science 348: 1253671 

Rowley MJ, Corces VG (2018) Organizational principles of 3D ge
nome architecture. Nat Rev Genet 19: 789-800 

Sanchez Moran E, Armstrong SJ, Santos JL, Franklin FCH, Jones GH 
(2001) Chiasma formation in Arabidopsis thaliana accession 
Wassileskija and in two meiotic mutants. Chromosom Res 9: 121-128 

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, 
Pietzsch T, Preibisch S, Rueden C, Saalfeld S (2012) Fiji: an 
open-source platform for biological-image analysis. Nat Methods 9: 
676-682 

Scott RJ, Spielman M, Bailey J, Dickinson HG (1998) 
Parent-of-origin effects on seed development in Arabidopsis thali
ana. Development 125: 3329-3341 

De Storme N, Geelen D (2011) The Arabidopsis mutant Jason produces 
unreduced first division restitution male gametes through a parallel/ 
fused spindle mechanism in meiosis II. Plant Physiol 155: 1403-1415 

Uhlmann F (2016) S M C complexes: from D N A to chromosomes. 
Nat Rev M o l Cell Biol 17: 399-412 

Wang Y, Cheng Z, Huang J, Shi Q, Hong Y, Copenhaver GP, Gong 
Z, Ma H (2012) The D N A replication factor RFC1 is required for 
interference-sensitive meiotic crossovers in Arabidopsis thaliana. 
PLoS Genet 8: e1003039 

Watanabe K, Pacher M, Dukowic S, Schubert V, Puchta H, 
Schubert I (2009) The STRUCTURAL M A I N T E N A N C E of 
C H R O M O S O M E S 5/6 complex promotes sister chromatid align
ment and homologous recombination after D N A damage in 
Arabidopsis thaliana. Plant Cell 21: 2688-2699 

Xaver M, Huang L, Chen D, Klein F (2013) Smc5/6-Mms21 prevents 
and eliminates inappropriate recombination intermediates in mei
osis. PLoS Genet 9: e1004067 

Yan S, Wang W, Marques J, Mohan R, Saleh A , Durrant WE, Song 
J, Dong X (2013) Salicylic acid activates D N A damage responses to 
potentiate plant immunity. M o l Cell 52: 602-610 

Zelkowski M, Zelkowska K, Conrad U, Hesse S, Lermontova I, 
Marzec M, Meister A , Houben A , Schubert V (2019) Arabidopsis 
NSE4 proteins act in somatic nuclei and meiosis to ensure plant vi
ability and fertility. Front Plant Sci 10: 774 

Zhang H, Dawe RK (2011) Mechanisms of plant spindle formation. 
Chromosom Res 19: 335-344 



APPENDIX II 

SMC5/6 complex is necessary for tetraploid genome stability in Arabidopsis 
thaliana 

Fen Yang, Nadia Fernandez-Jimenez, Joanna Majkal, Monica Pradillo, Ales Pecinka 

Frontiers in Plant Science 

doi: https://doi.org/10.3389/fpls.2021.748252 

IF (2020): 5.753 

https://doi.org/10.3389/fpls.2021.748252


frontiers O R I G I N A L R E S E A R C H 
-pyl c . published: 05 October 2021 

i n Jriant bc ience doi: 10.3389zfpis.2021.748252 

® 

Structural Maintenance of 
Chromosomes 5/6 Complex Is 
Necessary for Tetraploid Genome 
Stability in Arabidopsis thaliana 

Fen Yang12, Nadia Fernandez Jimenez3, Joanna Majka14, Monica Pradillo3 and 
Ales Pecinka1* 

1 Institute of Experimental Botany, Czech Academy of Sciences, Centre of the Region Haná for Biotechnological 
and Agricultural Research, Olomouc, Czechia,2 Department of Cell Biology and Genetics, Faculty of Natural Sciences, 
Palacký University, Olomouc, Czechia,3 Department of Genetics, Physiology and Microbiology, Faculty of Biology, 
Universidad Complutense de Madrid, Madrid, Spain,4 Institute of Plant Genetics, Polish Academy of Sciences, Poznaň, 
Poland 

O P E N A C C E S S 

Edited by: 
Jean Molinier, 

UPR 2357 Institut de Biologie 
Moleculaire des Plantes (BMP), 

France 

Reviewed by: 
Isabelle Colas, 

The James Hutton Institute, 
United Kingdom 

Luca Comai, 
University of California, Davis, 

United States 

'Correspondence: 
Ales Pecinka 

pecinka @ueb. cas. cz 

Specialty section: 
This article was submitted to 

Plant Cell Biology, 
a section of the journal 

Frontiers in Plant Science 

Received: 2 7 July 2021 
Accepted: 06 September 2021 

Published: 05 October 2021 

Citation: 
Yang F Fernandez Jimenez N, 

Majka J, Pradillo M and Pecinka A 
(2021) Structural Maintenance 

of Chromosomes 5/6 Complex Is 
Necessary for Tetraploid Genome 

Stability in Arabidopsis thaliana. 
Front. Plant Sci. 12:748252. 

doi: 10.3389/fpls.2021.748252 

Polyploidization is a common phenomenon in the evolution of flowering plants. However, 

only a few genes controlling polyploid genome stability, fitness, and reproductive 

success are known. Here, we studied the effects of loss-of-function mutations in NSE2 

and NSE4A subunits of the Structural Maintenance of Chromosomes 5/6 (SMC5/6) 

complex in autotetraploid Arabidopsis thaliana plants. The diploid nse2 and nse4a 
plants show partially reduced fertility and produce about 10% triploid offspring with 

two paternal and one maternal genome copies. In contrast, the autotetraploid nse2 
and nse4a plants were almost sterile and produced hexaploid and aneuploid progeny 

with the extra genome copies or chromosomes coming from both parents. In addition, 

tetraploid mutants had more severe meiotic defects, possibly due to the presence of four 

homologous chromosomes instead of two. Overall, our study suggests that the SMC5/6 

complex is an important player in the maintenance of tetraploid genome stability and that 

autotetraploid Arabidopsis plants have a generally higher frequency of but also higher 

tolerance for aneuploidy compared to diploids. 

Keywords: SMC5/6 complex, polyploidy, seed development, meiosis, NSE2, genome stability 

INTRODUCTION 

Maintenance of genome stability is essential for ensuring plant growth, fertility, and proper 
genomic constitution of the offspring (Roy, 2014; H u et al., 2016). The family of Structural 
Maintenance of Chromosomes (SMC) complexes includes ATP-dependent molecular machines 
with a unique ability to process chromosome-scale D N A molecules (Uhlmann, 2016). The SMC5/6 
complex is an evolutionarily conserved member of the S M C family that is involved in D N A damage 
repair, D N A replication, and cell divisions (Kegel and Sjogren, 2010; Aragon, 2018). The core part of 
the complex consists of SMC5 and SMC6 protein heterodimer, where the subunits are attached via 
their hinge domains. SMC6 has two partially functionally redundant paralogs in Arabidopsis. Both 
play roles under ambient conditions, but only SMC6B takes place in D N A damage repair (Watanabe 
et al., 2009; Yan et al., 2013; Zou et al., 2021). Opposite to the hinge domains are the head domains, 
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where the N O N - S M C E L E M E N T (NSE) NSE1-NSE3-NSE4 sub-
complex bridges the S M C heterodimer. Here, the kleisin type 
protein NSE4 closes the S M C ring by interacting with both 
SMC5 and SMC6 subunits (Palecek and Gruber, 2015). The 
NSE1 and NSE3 subunits regulate the conformation of NSE4. 
While NSE1 and NSE3 are single-copy genes in Arabidopsis, there 
are two NSE4 paralogs (NSE4A and NSE4B) that show distinct 
expression patterns and functions (Diaz et al., 2019). The NSE2 
subunit is attached to the coiled-coil region of SMC5 and is one 
of the two E3 S U M O ligases in Arabidopsis (Ishida et al., 2012). 
Additionally, plant-specific SMC5/6 subunits ARABIDOPSIS 
SNI1 ASSOCIATED P R O T E I N 1 (ASAP1) and SUPPRESSOR 
OF NPR1-1; I N D U C I B L E 1 (SNI1) have been described (Yan 
et al., 2013). ASAP1 and SNI1 were proposed to be functionally 
homologous to the yeast SMC5/6 complex chromatin-loader 
subunits NSE5 and NSE6. 

SMC5/6 complex controls multiple biological processes in 
plants. There is solid evidence that the SMC5/6 complex is 
important for the repair of specific types of D N A damage in 
Arabidopsis (Mengiste et al., 1999; Watanabe et al., 2009; Yuan 
et al., 2014; Diaz et al., 2019). This may be mainly due to its 
essential role in homologous recombination (HR) where the loss 
of function from SMC6B results in reduced H R levels (Mengiste 
et al., 1999; Watanabe et al., 2009). NSE2 function is not essential 
for Arabidopsis survival, but the plants are strongly affected 
in their vegetative and generative development including poor 
growth of roots, earlier flowering, reduced height, and decreased 
fertility (Huang et al., 2009; Ishida et al., 2009; X u et al., 2013; 
L iu et al., 2014; Kwak et al., 2016). Recently, several studies 
pointed toward the importance of the SMC5/6 complex during 
plant sexual reproduction, including meiosis, pollen viability, and 
seed development (Liu et al., 2014; Diaz et al., 2019; Yang et al., 
2021; Zou et al., 2021). NSE2, NSE4, and SNI1 were found to 
play an important role in meiosis. NSE4A was localized to the 
synaptonemal complex and the mutants showed chromosome 
fragmentation and frequent meiotic irregularities (Zelkowski 
et al., 2019). At least part of this trait seems due to the role 
of SMC5/6 in the regulation of meiotic recombination. Here, 
RAD51 directly suppresses the SMC5/6 complex to promote 
DMCl-based recombination (Chen et al., 2021). Another role of 
the SMC5/6 complex is to secure the development of properly 
reduced haploid gametes in meiotic recombination independent 
manner (Yang et al., 2021). The NSE2, NSE4A, and SNI1 mutants 
show recombination-independent problems in chromosome 
segregation and produce unreduced microspores. Fertilization 
with diploid pollen leads to abnormal seed development in these 
mutants. This is most likely due to an unbalanced parental 
dosage with two maternal and two paternal genome copies in 
the endosperm (Jullien and Berger, 2010). A n excess of paternal 
genetic information leads to seed overgrowth and the absence of 
cellularization, which frequently results in seed abortion (Köhler 
et al., 2012). Some of such abnormal seeds still survive and 
produce polyploid (triploid) offspring. 

Polyploidization, i.e., whole genome duplication, is a common 
phenomenon in higher plants, and both autopolyploids and 
allopolyploids often occur in nature. Polyploidization plays 
a significant role in the evolution of Angiosperms as the 

major mechanism providing raw material for gene sub- and 
neofunctionalization (Van De Peer et al., 2009). However, 
newly established polyploids can experience genomic shock 
represented by changes at genomic, chromosome, and gene 
levels (reviewed in Comai, 2005). This includes genome down
sizing, structural chromosome rearrangements, amplification 
and/or reactivation of repetitive elements, modifications of 
the gene expression patterns, and rapid sequence changes in 
multigene families, such as rDNAs . Polyploidization often leads 
to altered morphology compared to the ancestral lines and in 
autotetraploid occasionally also to developmental abnormalities 
and/or reduced fertility. One of the major challenges in 
tetraploids is thought to be the more complex meiosis due 
to the presence of the four nearly identical (homologous 
chromosomes, autopolyploids) or similar (homeologous 
chromosomes, allopolyploids) copies of chromosomes. In both 
types of polyploids, natural selection should favor strategies to 
control pairing preferences that result in disomic inheritance 
and proper segregation of genetic material during meiosis. 
This is true in Arabidopsis, where auto- and allotetraploids 
show strict homologous chromosome pairing (Pecinka et al., 
2011). The elimination of certain sequences, chromosome 
rearrangements, and dysploidy seem to contribute to the 
meiotic cytological diploidization (Mandakova and Lysak, 
2018). Since it is a long process, intermediate situations with 
different chromosomes showing different rates of bivalent 
formation (tetrasomic inheritance for some chromosomes and 
disomic inheritance for others) are possible (Santos et al., 2003). 
Recently, it has been found that particular alleles of the meiotic 
chromosome pairing genes ASY1 and ASY3 lead to a reduced 
number of quadrivalents compared to bivalents in tetraploid 
Arabidopsis arenosa (Morgan et al., 2020; Seear et al., 2020), 
indicating an evolutionary selection toward specific tetraploid 
meiotic phenotypes. 

Despite these findings, it remains largely unknown whether 
tetraploid mutants of meiotic genes show diploid-like or new 
phenotypes. This may contribute to a better understanding of 
their role in meiosis. Here, we analyzed the consequences of 
polyploidy in the SMC5/6 complex mutants and show that 
autotetraploid plants of two SMC5/6 complex mutants nse2 
and nse4a display several characteristics that differ from their 
diploid cytotypes. 

MATERIALS AND METHODS 

Plant Materials and Growth Conditions 
A l l strains used in this study were in Columbia-0 (Col-0) 
background. We used following mutants (diploid): nse2-l/hpy2-
1, nse4a-2 (GK-768H08), and qrtl-4 (SALK_024104C). nse2-l 
is an ethyl methanesulfonate (EMS) mutant allele that was 
isolated in the laboratory of Prof. Keiko Sugimoto, R I K E N 
Center for Sustainable Resource Science, Japan. Other T - D N A 
insertion mutants were collected from the Salk Institute 
Genomic Analysis Laboratory (SiGnAL 1 ; Alonso et al., 2003), 

1 http://signal.salk.edu/cgi-bin/tdnaexpress 
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and provided by the Nottingham Arabidopsis Stock Centre 
(NASC). Genotyping of T - D N A mutant was performed by 
P C R with a combination of three primers, T - D N A specific 
primers: LBbl .3 ( 5 ' - A T T T T G C C G A T T T C G G A A C - 3 ' ) for 
qrtl-4; o84747_m ( 5 ' - A T A A T A A C G C T G C G G A C A T C T A C - 3 ' ) 
for nse4a-2, and two specific primers for the corresponding 
gene: LPNSE4A-2 ( 5 ' - G C T C A A C A G G C G G T C A T T T G - 3 ' ) 
and RPNSE4A-2 ( 5 ' - A C A A A A G C C A C T T A A C T G C T A C A - 3 ' ) ; 
LPQRT1-4 ( 5 ' - T C T C T T C C C A G A A A A G G C T T C - 3 ' ) and RPQ 
RT1-4 ( 5 ' - C G T G G G T C T C A A G A A T C T T T G - 3 ' ) ; nse2-l plants 
were selected based on the mutant features (Ishida et al., 2009). 
Double mutants were generated by crossing and selection in F2 
and F3 generations. A l l lines were used as homozygotes unless 
stated otherwise. 

Data related to diploid controls were published in a separate 
study (Yang et al., 2021). Both diploid and tetraploid plants 
were cultivated under the same growth conditions. Tetraploid 
A. thaliana plants were generated by submerging 2 weeks old 
in vitro grown diploid plants in 0.1% (w/v) colchicine (Sigma -
Aldrich) in dark at room temperature for 1 h. Subsequently, 
plants were gently washed with copious amounts of tap 
water, transplanted to soil, and grown until maturity. Seeds 
were collected from individual plants, 20-30 biggest seeds 
were manually selected and propagated into plants for ploidy 
measurements (see below). 

For in vitro growth, Arabidopsis seeds were surface sterilized 
(70% ethanol with 0.5% TritonX-100 v/v) for 10 min and 
washed three times with sterile water. Dried seeds were sown 
on 0.5 x Murashige and Skoog (MS) agar medium, stratified 
in dark for 2 days at 4°C and then cultivated in a climatic 
chamber (Percival) under 16 h light/8 h dark cycle, 21°C day 
and 19°C night temperature. For cultivation in soil, 2-week-old 
diploid or tetraploid seedlings were transplanted to the moist 
soil after ploidy measurements, then the pots were moved to 
an air-conditioned chamber with controlled long-day conditions 
(16 h light/8 h dark cycle, 21°C day and 19°C night temperature, 
150 |xmol photons m ~ 2 s _ 1 light intensity provided by white-
light tubes). 

Ploidy Measurements and Flow 
Cytometry 
For tetraploid selection, plants grown from the big seeds 
produced by colchicine-treated plants were used. To determine 
the somatic ploidy levels, 1-2 young leaves were chopped 
with a razor blade in 500 |xL Otto I solution (0.1M citric 
acid, 0.5% Tween 20 v/v). The nuclear suspension was filtered 
through 50 |xm nylon mesh and stained with 1 m l of Otto II 
solution (0.4M N a 2 H P 0 4 - 1 2 H 2 0 ) containing 2 |xg D A P I (4',6-
diamidino-2-phenylindole). The ploidy was analyzed on a Partec 
PAS I flow cytometer with diploid W T plants used as an external 
standard. For the offspring ploidy measurements, seeds were 
collected per silique and all seeds per silique were sown (this 
avoids selection bias occurring when seed are collected per whole 
plant and the shrunk seeds are typically lighter and less round -
thus often coming late during standard sowing procedures) and 
analyzed as described above. 

Hoyer's Clearing 
Flowers with green or white closed anthers were manually 
emasculated. Two days later, ovules were dissected and cleared 
by Hoyer's solution as described (Liu and Meinke, 1998) with 
modifications. Dissolve 25 g Arabic gum in 25 m L distilled water 
in a glass beaker by heating to 60° C and stirring with a magnetic 
stirrer for about 1 h under a fume hood. A d d 100 g chloral 
hydrate and keep dissolving until the solution wil l be clear and 
have an amber color. Subsequently add 10 mL glycerol, mix and 
keep the solution in dark at room temperature. Dissect ovules 
on a clear microscopic slide, add 20 |xl Hoyer's solution and 
mount with a 24 x 40 m m coverslip without applying a pressure. 
The slides were kept at 4° C overnight (or longer) and examined 
with an inverted microscope Olympus IX 83 using differential 
interference contrast (DIC) optics. 

Pollen Viability Assays 
Fluorescein diacetate (FDA)-buffer mixture was prepared as 
described: 1 |xL F D A (Sigma-Aldrich) stock solution (2 mg/mL 
in acetone) was added to 1 mL of B K buffer [0.127 m M 
Ca(N03)2-4H20, 0.081 m M MgS04-7H20, 0.1 m M K N 0 3 , 
15% Sucrose w/v and 10 m M M O P S , p H 7.5]. 20 |xL F D A -
buffer mixture was dripped to a microscopic slide then one 
opened flower was dropped into the FDA-buffer mixture and 
covered with 24 x 40 m m coverslip carefully. Data for pollen 
viability analysis were collected from at least three plants per 
genotype. The fluorescein fluorescence was observed after 20 min 
of staining using an inverted microscope Olympus IX 83: 
at 543/620 nm excitation/emission wavelengths and the same 
region was photographed with D I C optics to get the number 
of all pollen grains. Imagel was used to merge the D I C and 
fluorescein channels. 

Cytological Experiments 
The fixation of flower buds and chromosome spreads were 
carried out as described (Sanchez Moran et al., 2001), including 
minor modifications to adapt the protocol for the study of 
autopolyploids (Parra-Nunez et al., 2020). Data for cytological 
analyses were collected from at least three plants per genotype. 
Meiocytes were analyzed with an Olympus BX-61 epifluorescent 
microscope and images were captured with an Olympus DP-71 
digital camera (Olympus, Germany). Using xlOO magnification 
oil immersion objective resulted in an ultra-high image resolution 
of 4080 x 3072 and 46.40 pixels/|xm. Manual mode was selected 
to allow the preferred image brightness to be set by clicking and 
dragging the slider positioned in the exposure time. The images 
were captured in grayscale and edited in Adobe Photoshop. 

For mitotic chromosome number counting, fresh 
inflorescences were fixed in ethanol: chloroform: acetic 
acid (6:3:1) solution overnight at room temperature then 
enzymatically digested in 0.3% (w/v) cellulase Onozuka R-10 
(Serva, Germany, catalog no. 1641903), cytohelicase from 
Helix pomatia (Sigma-Aldrich, St. Louis, catalog no. C8274) 
and pectolyase from Aspergillus japonicus (Sigma-Aldrich, St. 
Louis, catalog no. P3026) for 3 h at 37° C. After the enzymatic 
digestion, single flower buds were dissected and chopped 
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in 60% acetic acid and slides were placed on the heating 
block for 2 min at 50° C. Then, cells on slides were fixed in 
Carnoy's fixative. Chromosomes were counterstained with 
D A P I 1.5 p-g/mL (Vector Laboratories, United States). A l l slides 
were examined with Axio Imager Z.2 Zeiss microscope (Zeiss, 
Germany) equipped with Cool Cube 1 camera (Metasystems, 
Germany). We used x60 and x 100 objectives and filter for D A P I 
(emission spectrum '405 nm). Scale bars were adjusted to the 
objective that was applied. Image processing was carried out 
using ISIS software 5.4.7 (Metasystems, Germany) and Adobe 
Photoshop software (CS5). 

Software 
Microsoft Office Excel 2016, PowerPoint 2016, GraphPad Prism 
8.2.1, ImageJ 1.52p, Adobe Photoshop CS5 and Illustrator were 
used for graph and image composition. 

RESULTS 

Tetraploidy Enhances Fertility Defects in 
nse2-1 and nse4a-2 Plants 
The diploid (2x) Arabidopsis nse2 mutant plants have a 
significandy reduced fertility (Liu et al., 2014; Yang et al., 2021). 
To analyze the dosage-dependent role of NSE2, we produced 
autotetraploid wild-type (4x WT) and nse2-l (4x nse2-l) plants 
(Yang et al., 2021). With these lines, we noticed that 4x nse2-
1 plants had a reduced root length in the juvenile stage and 
a lower plant height at the adult stage compared with 4x W T 
(Figures 1 A,B). The same differences were observed also between 
2x nse2-l and 2x W T plants (Figures 1A,B), but both 4x W T 
and 4x nse2-l plants were bigger and had longer roots. In 
contrast, the siliques from 4x nse2-l were thicker but shorter than 
those of 2x nse2-l, possibly indicating that the autotetraploidy 
increases the seed size but enhances fertility defects of nse2-l, 
respectively (Figure 1C). 

To further explore this observation, we analyzed the seed traits 
of 4x W T and mutant plants. We included also tetraploid nse4a-
2 (4x nse4a-2) because NSE4A is another subunit of SMC5/6 
complex whose loss-of-function plants have fertility defects (Diaz 
et al., 2019). Dry seeds from 4x W T plants were larger than 
those from diploid W T (2x W T ) , but both were regular in shape 
and had a normal light brown color (Figure 2A). In contrast, 
both 2x and 4x mutants produced seeds with a variable shape, 
size, and color, including very large or littie seeds, shrunk, and 
colored from normal to dark brown (Figure 2A). Analysis of 
siliques 13 days after self-pollination (DAP) revealed that 4x W T 
produced 84.3% normal seeds, 10.2% aborted ovules and 5.5% 
abnormal seeds (plants/siliques/seeds = 3/15/899, Figures 2B,C 
and Table 1). Equally old 4x nse2-l and 4x nse4a-2 plants showed 
11.6 and 51.8% normal seeds, 72.6 and 31.1% aborted ovules, and 
15.8 and 17.1% abnormal seeds (plants/siliques/seeds = 3/15/739 
and 3/15/843, respectively; Figures 2B-D and Table 1). Hence, 
the frequencies of both aborted ovules and abnormal seeds 
were significandy increased in 4x mutants compared to 4x 
W T (Fisher's exact test, P < 0.00001; Figures 2C,D and 
Supplementary Table 1). In addition, the comparison of the 

traits in 4x mutants relative to the 2x mutants (data from 
Yang et al., 2021) revealed that the ovule abortion and seed 
abnormality were statistically significandy more pronounced in 
the 4x nse2-l compared to the 2x mutant plants (Fisher's exact 
test, P < 0.001, Supplementary Table 2). This suggested ploidy-
dependent fertility defects in tetraploid nse2-l mutants. However, 
no significant difference in the frequency of abnormal seeds 
was found for the 4x and 2x nse4a-2 plants (Fisher's exact test, 
P = 0.4299; Supplementary Table 2). It may be because nse4a-2 
is a partial loss-of-function allele (Diaz et al., 2019). 

To test for the contribution of the parents to the abnormal 
seeds, we performed reciprocal crosses between 4x W T and 
4x mutant plants. When 4x W T plants were fertilized by 
either 4x nse2-l or 4x nse4a-2, we observed 11.0 and 15.1% 
abnormal seeds 13 D A P (plants/siliques/seeds = 3/15/691 and 
3/14/802, respectively; Figures 2B-D and Table 1). On contrary, 
when 4x W T was used to pollinate 4x nse2-l or 4x nse4a-
2, there were only 6.9 and 3.5% abnormal seeds found 
(plants/siliques/seeds = 3/15/607 and 3/15/722, respectively). 
This generally matched 5.5% such seeds in self-pollinated 4x W T 
(plants/siliques/seeds = 3/15/899; Figures 2B-D and Table 1) 
and was significantly less than in the above mentioned reciprocal 
crosses (Fisher's exact test, P < 0.05; Supplementary Table 1). 
This suggests that the abnormal seed development is caused 
predominandy paternally, and to a minor extent also maternally, 
in 4x nse2-l and 4x nse4a-2 mutants. 

Tetraploid nse2 Leads to Defects in Both 
Male and Female Gametophytes 
Previously, we showed that 2x nse2-2 mutations cause ovule lethal 
defects (Yang et al., 2021). In contrast, the genetic material of 
the diploid microspores was at least partially transmissible and 
resulted in abnormal seed development. Here, we analyzed the 
female and male gametophyte development in the context of 4x 
nse2-l mutant plants. 

First, we inspected the female gametophyte development 
(Table 1). In crosses where 4x nse2-l was used as a mother, we 
found 42.5% aborted ovules. This suggests that 4x nse2 has a pre-
zygotic maternal dysfunction. To determine a possible source of 
this defect, we analyzed the morphology of 54 embryo sacs in 2x 
and 104 in 4x nse2-l plants, respectively. In 2x nse2-l, there were 
13.0% (7 out of 54) WT-like embryo sacs, 38.9% (21 out of 54) 
ovules without embryo sacs, 22.2% (12 out of 54) embryo sacs 
without nucleus and 25.9% embryo sacs with three nuclei (14 out 
of 54). In 4x nse2-l, only 4.8% of ovules (5 out of 104) carried WT-
like embryo sacs (with a smaller egg cell nucleus and larger central 
cell nucleus positioned closer and more distant to the micropylar 
pole, respectively) and the majority of the ovules (95.2%; 99 out 
of 104) showed diverse defects (Figure 3). In total, 72.1% (75 
out of 104) ovules fully lacked an embryo sac or it was without 
detectable nuclei (Figures 3B,C). In 23.1% (24 out of 104) of 
the ovules, embryo sacs contained nuclei, but they deviated from 
the W T parameters. There was only one nucleus, three nuclei, 
or occasionally also two nuclei that were abnormally positioned 
(Figures 3D-G). This suggests that tetraploidy in combination 
with nse2-l mutation results in severe female pre-zygotic sterility, 
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FIGURE 1 | Developmental phenotype of diploid (2x) and tetraploid (4x) WT and nse2-1 plants. (A) The phenotype of 2-weeks-old in vitro grown seedlings. Scale 
bar = 1 cm. (B) The whole plant phenotype of 5-week-old plants. Scale bars = 5 cm. (C) Representative siliques of the analyzed genotypes. Scale bar = 1 cm. 

but at least some of the embryo sacs with abnormal nuclei 
can be fertilized. 

Second, we assessed several male gametophyte traits. Using 
fluorescein diacetate (FDA) assay, we quantified the microspore 
viability. This revealed 29.4% (375 out of 1275) viable pollen in 4x 
nse2-l which was significantiy less than 62.2% (941 out of 1512, 
Fisher's exact test, P < 0.00001) of such pollen in 4x W T plants 
(Figures 4A,B)- It has to be noted that both 4x W T and nse2-l 
had also significantiy less viable pollen compared to 2x W T and 
2x nse2-l (95.3 and 65.0%, respectively; based on published data 
of Yang et al. (2021); Fisher's exact test, P < 0.00001) grown under 
the same cultivation conditions (Supplementary Table 3). 

The 4x W T and 4x nse2-l genotypes used in this study 
were produced in the qrtl-4 mutant background and were 
representing 4x W T qrtl-4 single and 4x nse2-l qrtl-4 double 
mutants. The qrtl mutations cause a stable association of the 
microspores arising from one meiosis which allows scoring for a 
constitution of the male meiotic products and also for abnormally 
developed (small and shrunk) microspores (Preuss et al., 1994). 
In 4x nse2-l qrtl-4, we found 32.5% (414 out of 1275) shrunk 
microspores (Figure 4A, arrows), which is similar with the 27% 
in 2x nse2-l qrtl-4 plants (Figure 4C). However, both 4x and 
2x W T qrtl-4 plants showed much lower frequencies (5.0 and 
0.7%, Figure 4C) of shrunken microspores in our experiments 
(75 out of 1512 and 4 out of 575, respectively; Figure 4A, arrows; 
Supplementary Table 4). This suggests that 4x W T plants have 

a seven-fold higher frequency of pollen abortion compared to 
the 2x W T and the pollen abortion rate remained similarly 
high in the mutants irrespective of their ploidy. Finally, we 
scored how many microspores were produced from one meiotic 
division (irrespective of their viability and shape). A l l meiotic 
products were tetrads in 4x W T qrtl-4, indicating that these 
plants undergo normal reductional division. On contrary, 4x 
nse2-l plants produced less than half (40.4%) of microspores 
in tetrads (Figure 4D). The remaining meiotic products were 
monads (9.6%), dyads (37.8%), triads (11.2%), and rarely even 
pentads (1.1%). This suggests abnormal meiosis in 4x nse2 with 
the possible absence of the reductional divisions (monads to 
triads) or multipolar spindle (pentads). 

Taken together, our results showed that 4x nse2 plants produce 
a high number of abnormal male and female gametes. 

Defective Male Meiosis Leads to 
Unreduced and Aneuploid Microspores 
in 4x nse2-1 Plants 
Meiotic progression in 2x nse2 pollen mother cells takes place 
normally at prophase I. During metaphase I five bivalents 
are formed, but they are more stretched and elongated 
than in 2x W T . At anaphase I, chromosome fragments are 
present in most cells. During second meiotic division different 
problems are revealed such as non-reduced nuclei, extensive 
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FIGURE 2 | Reduced fertility of tetraploid nse2-1 and nse4a-2 plants. (A) Representative dry seeds of diploid (2x) and tetraploid (4x) WT, nse2-1, and nse4a-2 
plants. Arrows indicate examples of shrunken seeds. Scale bars =1 mm. (B) Opened siliques 13 days after pollination (DAP). Aborted ovules are marked with 
arrowheads and abnormal seeds (typically shrunk, brown/pale, or partially transparent) with arrows. Scale bar = 1 mm. (C,D) Frequencies of normal seeds (NS), 
aborted ovules (AO) and abnormal seeds (AS) in manually pollinated 4xWT, 4xnse2-7, and 4xnse4a-2 plants and their F1 reciprocal crosses. Error bars represent 
standard deviation among the means of three individual plants. Significance in Fisher's exact test relative to 4x WT in the given group (NS, AO, AS): - = P > 0.05, 
* = P < 0.05, ** = P < 0.01, and *** = P < 0.001. Source values and basic counts are provided in Supplementary Table 1. 

chromosome fragmentation, and chromosome bridges, among 
others (Yang et al., 2021). 

Similar to the situation in 2x nse2, we found no apparent 
differences between 4x nse2-l and 4x W T plants at prophase 
I. In both genetic backgrounds, we observed nearly complete 
synapsis at pachynema with some unsynapsed regions due to the 
presence of synaptic partner switches produced by multivalent 
associations involving three or even four chromosomes 
(Figures 5A,B, arrowheads). At metaphase I, the different 
multivalent associations in tetraploids depend on the pattern 
of C O formation among the four homologous chromosomes. 
In 4x W T plants, we observed bivalents and quadrivalents, 
but occasionally also trivalents and univalents (Figure 5A, 
arrowheads). In 4x nse2-l plants, we did not detect apparent 
differences in chromosome associations from WT, with 
bivalent and quadrivalent associations also being the majority 
(Figure 5B). Nevertheless, the frequency of cells with univalents 
was twice (14.81%, 4 out of 27) that of the W T (7.30%, 6 
out of 82). Chromatin did not appear normal either, due to 

the frequent presence of constrictions and even fragments, 
which was similar to the observations in 2x nse2 plants (Yang 
et al., 2021). During anaphase I and telophase I, chromosomal 
fragmentation increased, spanning the region between the 
segregating chromosomes, being evidenced in all 45 cells 
analyzed (Figure 5B). During these stages, we did not observe 
fragmentation in 4x W T plants in any case and we only detected 
chromosome laggards in one of the cells analyzed (6.25%, 1 out 
of 16) (Figure 5A, bottom row, arrows). 

In the second meiotic division, the defects in 4x nse2-l 
plants were more drastic than in the first meiotic division, as 
a result of an accumulation of errors (Figures 5B,C). Meiotic 
irregularities were detected in almost all analyzed cells (93.0%, 40 
out of 43), namely: (i) chromosome fragmentation (27.9%), (ii) 
chromatin bridges (23.3%), (iii) abnormal segregation (13.9%), 
(iv) meiocytes with several problems including chromosomal 
bridges and fragments (16.3%), and (v) non-reduced meiocytes 
(11.6%). In contrary, only 68.75% of the meiocytes have second 
meiotic division defect in 2x nse2 pollen mother cells (Yang et al., 
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TABLE 1 | Seed phenotype of self-pollinated and reciprocally crossed between tetraploid (4x) WT, nse2-1, and nse4a-2 plants. 

Mother Father Events (n) Trait (%) 

Normal seeds Aborted ovules Abnormal seeds 

4xWT 4xWT 899 84.3 10.2 5.5 
4xnse2-1 4xnse2-1 739 11.6 72.5 15.8 
4xWT 4xnse2-1 691 20.3 68.7 11.0 
4xnse2-1 4xWT 607 50.6 42.5 6.9 
4x nse4a-2 4x nse4a-2 843 51.8 31.1 17.1 
4xWT 4x nse4a-2 802 53.2 31.7 15.1 
4x nse4a-2 4xWT 722 83.4 13.2 3.5 

TABLE 2 | Flow cytometry-based ploidy levels of F1 offspring plants from tetraploid (4x) WT, nse2-1, and nse4a-2 parents. 

Genotype Germination rate (%) Events (n) Ploidy (%) 

Mother Father Euploid Aneuploid 

4x 6x Total + -
4xWT 4xWT 72.7% 120 96.7 0.0 3.3 100.0 0.0 
4xnse2-1 4xnse2-1 48.7% 92 32.6 19.6 47.8 70.5 29.5 
4xWT 4xnse2-1 66.3% 163 75.4 8.6 16.0 88.5 11.5 
4xnse2-1 4xWT 84.9% 247 84.2 1.2 14.6 69.4 30.6 
4x nse4a-2 4x nse4a-2 89.1% 196 85.2 6.6 8.2 68.8 31.2 
4xWT 4x nse4a-2 55.8% 91 91.2 4.4 4.4 100.0 0.0 
4x nse4a-2 4xWT 88.6% 124 93.5 0.0 6.5 75.0 25.0 

4x = tetraploid, 6x = hexaploid. + = DNA gain, - = DNA loss. 

2021). In 4x W T plants, the irregularities were also detected in 
a low percentage of meiocytes (8.6%, 13 out of 150) during the 
second meiotic division (Figure 5C). O n contrary to 4x nse2-l, 
chromosomal bridges or fragments were never observed in 4x 
W T plants. However, they displayed incorrect segregation of one 
or two chromosomes (possibly due to the formation of univalents 
and multivalents in metaphase I). 

At the end of the meiotic division, only tetrads (n = 134) 
with apparendy balanced nuclei were observed in 4x W T 
plants (Figures 5A,D), although we cannot exclude occasional 
aneuploidies (as a consequence of improper segregation during 
the second meiotic division). These aneuploidies would only 
affect one or two chromosomes. In 4x nse2-l plants, we observed 
dyads (54.3%, 44 out of 81), triads (3.7%, 3 out of 81), tetrads 
(35.8%, 29 out of 81), and even tetrads with micronuclei (6.17%, 
5 out of 81) (Figures 5B,D). In 2x nse2 plants the tetrads 
represented 49.2% and no micronuclei were observed (Yang 
et al., 2021). In summary, analysis of meiosis in 4x nse2-l plants 
revealed that the defects during later stages of meiosis were 
enhanced compared to 2x nse2-l plants. 

Tetraploid nse2-1 and nse4a-2 Plants 
Produce Aneuploid Offspring 
The spectrum of meiotic defects in 4x nse2-l plants prompted us 
to analyze the ploidy levels of their progeny by flow cytometry. 
Among the offspring from self-pollinated 4x W T plants (« = 120), 
we found 96.7% tetraploids (117 out of 120) and 3.3% (3 out of 

120) putative aneuploids (Table 2). The three putative aneuploid 
W T plants showed minimal shifts of the flow cytometry peaks 
relative to the known tetraploid control. This is in contrast with 
an earlier study which showed that natural and synthetic 4x 
W T Arabidopsis plants produced about 30% aneuploid progeny 
(Henry et al., 2006). Since Henry and colleagues used more 
sensitive detection methods and also pointed to a lower sensitivity 
of flow cytometry to detect single chromosome addition/loss 
genotypes, our frequencies are most likely an underestimation. 

Among 92 plants derived from self-pollinated 4x nse2-l, we 
found 32.6% tetraploids (30 out of 92), 47.8% putative aneuploids 
(44 out of 92), and 19.6% hexaploids (18 out of 92) (Table 2 
and Figure 6). The hexaploids were most likely a product of 
a fusion of one reduced and one unreduced gamete. The flow 
cytometry analysis of the aneuploid mutant plants indicated that 
70.5% (31 out of 44) gained and 29.5% (13 out of 44) lost one 
or more chromosomes (Table 2). In the self-pollinated 4x nse4a-
2{n = 196), we found 85.2% tetraploids (167 out of 196), 8.2% 
putative aneuploids (16 out of 196), and 6.6% hexaploids (13 out 
of 196) (Table 2). Similar to 4x nse2-l, about two-thirds (68.7%) 
of the putative aneuploids gained and one-third (31.3%) lost one 
or more chromosomes (Table 2). 

To confirm the aneuploidy, we performed cytology analysis 
on the selected candidates that appeared to have either extra 
or missing chromosomes (Figure 5C). To address the parental 
contribution to the ploidy changes in the progeny, we performed 
reciprocal crosses between 4x W T and 4x nse2 plants and 
analyzed the ploidy of the resulting plants (Table 2). The 
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FIGURE 3 | Developmental defects in female gametophyte of tetraploid nse2-1. Cleared ovules from 4x nse2-1 were observed under a differential interference 
contrast microscope. The nuclei are marked with dashed circles and arrows. Scale bars = 10 |im. (A) A typical 4x WT-like embryo sac showing one egg cell nucleus 
(ecn) and one central cell nucleus (ccn). (B-G) 4x nse2-1 ovules displaying specific defects: (B) absence of embryo sac and (C) embryo sacs (C) without nuclei, (D) 
with two nuclei at the abnormal position, (E) only one nucleus, (F) two equally size nuclei, and (G) one smaller nucleus and two bigger nuclei. 

hexaploidy was caused 7.2-fold more frequently by the unreduced 
paternal over the maternal 4x nse2-l gametes (8.6 versus 1.2%, 
respectively; Table 2). In contrast, the aneuploidy was caused 
equally by the paternal (15.3%) and the maternal (14.2%) 4x nse2-
1 gametes (Table 2). We found similar trends for the induction of 
hexaploidy and aneuploidy in the progeny of 4x nse4a-2. There 
were 4.0% hexaploids in 4x W T x 4x nse4a-2 crosses versus 
0% hexaploids in reciprocal crossing direction (Table 2). The 
aneuploid offspring arose almost equally from both paternal and 
maternal gametes (4.4 and 6.5%, respectively; Table 2). 

Hence, the 4x SMC5/6 complex mutants produce higher-
polyploid and also aneuploid offspring from both parents. 

DISCUSSION 

Here, we analyzed the effects of polyploidy on the genome 
stability and reproductive success in the background of 
autotetraploid Arabidopsis SMC5/6 complex deficient mutants. 
Most of our experiments focused on NSE2, which encodes an 
important, but in Arabidopsis non-essential, E3 S U M O ligase 
subunit of the SMC5/6 complex (Ishida et al., 2009). For a 

subset of experiments, we analyzed also NSE4A, as the kleisin 
subunit of the SMC5/6 complex that is active in both somatic and 
reproductive tissues and is essential for plant survival (Diaz et al., 
2019). The strong loss-of-function alleles of NSE4A are lethal in 
Arabidopsis and the nse4a-2 allele used here is a partial loss-of-
function mutant. This is in agreement with our observations that 
the defects of both mutants are similar, but those of nse4a-2 plants 
are generally weaker. 

The SMC5/6 complex has multiple functions during meiosis. 
It is required for the repair of SPO11-induced D N A double-
strand breaks and its absence produces a severe chromosome 
fragmentation due to the presence of entanglements and 
concatenations generated as a consequence of an accumulation 
of joint molecules (JM) (Copsey et al., 2013; Xaver et al., 
2013; Menolfi et al., 2015). A recent study from Arabidopsis 
also suggested that RAD51 restrains the SMC5/6 complex from 
inhibiting the activity of meiotic recombinase D M C 1 (Chen et al., 
2021). In addition, nse2 mutants generate diplogametes (Yang 
et al., 2021). The non-reduced nuclei result from cells with 
an abnormal spindle organization in which organelles are not 
organized in a defined band after telophase I. Interestingly, this 
trait is recombination-independent. In this study, we analyzed 
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FIGURE 4 | Microspore phenotype of tetraploid (4x) nse2-1 plants. (A) Representative mature pollen stained by fluorescein diacetate from 4x nse2-1 qrt1-4 plants. 
Differential interference contrast (DIC) images were pseudocolored in violet. Viable microspores are indicated by fluorescein signals (green). Shrunk microspores are 
indicated by arrows. Scale bar = 20 |im. (B) Frequencies of viable pollen from 2x WT, 4x WT, 2xnse2-7, and 4xnse2-1 (all in qrt1-4 background). Error bars 
represent standard deviations among the means of two or three individual plants. Significance in Fisher's exact test: — = P > 0.05, * = P < 0.05, ** = P < 0.01, and 
*** = P < 0.001. Source values and basic counts are provided in Supplementary Table 3. (C) Quantification of normal-shape and shrunken pollen observed in 2x 
WT, 4x WT, 2xnse2-1, and 4xnse2-1 in qrt1-4 background. (D) Quantification of meiotic products with different numbers of microspores as observed in 2x WT, 4x 
WT, 2x.nse2-1, and 4xnse2-7 in qrt1-4 background. 

the consequences of polyploidy in the SMC5/6 complex mutants 
to find whether the duplication of the entire genome wil l buffer 
or enhance the defects present in the diploid mutant and whether 
there wi l l be new features compared to W T plants. We observed 
a higher frequency of univalents in 4x nse2 compared to the 4x 
W T plants. However, in the diploid mutant, five bivalents are 
invariably formed, as in the diploid control (Yang et al., 2021). 
The defects of the tetraploid mutant were more drastic in 

the second meiotic division. A higher percentage of meiocytes 
with abnormalities was observed with respect to the diploid 
mutant (93 vs. 69%, see also Yang et al., 2021). This could 
be explained by the role of the SMC5/6 complex in the H R 
process (Chen et al., 2021), which may be more important 
in the autotetraploid context as suggested by our data. The 
accumulation of JMs would be higher in a situation in which 
the chances of finding homologous sequences to recombine are 
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the different phenotype observed in 4x nse2-1 plants during second meiotic division. (D) Quantification of division products at the end of meiosis. Note: The data for 
2x WT and 2x nse2 plants were published previously (Yang et at, 2021; Figures 3, 4). 
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increased (Voorrips and Maliepaard, 2012). On the other hand, 
in 4x nse2 plants we detected a lower percentage (nearly half) 
of second division meiocytes displaying all chromosomes on one 
side of the organelle band (non-reduced) compared to 2x nse2 
plants (11.63 vs. 19.40%, see also Yang et al., 2021). Although 
the percentage of dyads was similar in the tetraploid and the 
diploid nse2-l plants, a lower percentage of tetrads was detected 
in 4x nse2 plants. In the 4x mutant, we also observed tetrads 
with micronuclei, which were not formed in the case of the 2x 
mutant. As mentioned above, non-reduced meiocytes appear as a 
consequence of recombination-independent problems generated 
by the absence of the SMC5/6 complex. In our recent study 
focusing on the meiosis of 2x nse2 plants, we showed that 
this may be related to the organization of the spindle, to the 
interaction of the kinetochores and the spindle or to delays in 
chromosome segregation (Yang et al., 2021). In this context, 
the improper localization of a defined organelle band prevents 
the formation of two defined nuclei with five chromosomes 
each (2x nse2) or ten chromosomes each (4x nse2). The fact 
that the frequency of non-reduced meiocytes is lower in the 
4x relative to the 2x mutant can be explained by the increase 
in the number of chromosomes. The location of all twenty 
chromosomes in a single nucleus is less likely than the location 
of the ten chromosomes. This would also explain why there 
are more aneuploidies in the tetraploid mutant and a greater 
reduction in fertility. 

The meiotic irregularities in SMC5/6 complex mutants have 
also profound effects on the seed development and offspring 
genomic constitution. The 4x nse2 plants are almost sterile, 
with less than 10% normal seeds, compared to about 35% such 
seeds in the 2x mutant. This is due to a strongly affected 
ovule development leaving only about 30% of ovules capable of 
seed development in 4x nse2-l. Many of the developing seeds 
are aneuploid, represented mosdy by addition of one or two 
chromosomes. Importandy, the aneuploidy was caused equally 
from both maternal and paternal sides. Rarely, also unreduced 
female gametes of tetraploid nse2 plants gave rise to the hexaploid 
offspring. These are tetraploidy-associated characters because 
we observed neither the aneuploidy offspring nor the viable 
unreduced female gametes in 2x nse2 plants. 

The analysis of polyploids makes it possible to explore some 
aspects of meiosis more in depth compared to diploids, since 
in a polyploid condition the chances of pairing and finding 
homologous sequences to recombine increase. Altogether, our 
results highlight that the mutations in the SMC5/6 complex 
cause partially common, but also some unique characters when 
comparing the phenotypes of diploid and the tetraploid plants. 
A similar situation has been described in other mutants, 
for example, those affecting suppressors of recombination 
like FANCONI ANEMIA COMPLEMENTATION GROUP M 
(FANCM). The fancm mutants produce a significant increase 
in H R in diploid plants (Crismani et al., 2012; L i et al., 2021). 
However, silencing F A N C M in tetraploid plants has less or no 
effect on recombination (Blary et al., 2018; Raz et al., 2021). 
This indicates that due to the specificities of tetraploid meiosis, 
the importance of certain molecular factors and complexes may 

increase or decrease. In summary, the described defects highlight 
the importance of studying the consequences of mutations in 
genes affecting meiosis and reproductive development in diploid 
versus polyploid conditions, especially in the crop species, where 
polyploids could provide the potential to increase agriculturally 
important traits. 
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Introduction 
Flowering plants undergo a series of complex 
developmental transitions including production of 
gametes and seeds during generative 
development. Double fertilization is the beginning 
of seed developmental process in flowering 
plants, which produces the diploid embryo and the 
triploid nutritive tissue endosperm. Structural 
maintenance of chromosomes (SMC) 5/6 complex 
has a crucial function in control of genome stability 
and DNA damage repair. However, precise 
molecular mechanisms of SMC5/6 complex 
functions in plants are unknown. This project will 
study the function of SMC5/6 complex during 
gametogenesis development in Arabidopsis. IASAPI N S E 6 
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I N T R O D U C T I O N 

Angiosperms undergo a series of complex developmental transitions including 
production of haploid gametes and seeds development during generative 
development. Double fertilization starts the seed development in flowering plants. 
Most seeds contain the diploid embryo and the triploid nutritive tissue endosperm. 
Structural maintenance of chromosomes (SMC) 5/6 complex has a crucial function 
in control of genome stability and DNA damage repair. However, the role of 
SMC5/6 complex in plant development and stress responses is little known. This 
project will study the function of SMC5/6 complex during generative development in 
Arabidopsis. 
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Introduction 

Angiosperms undergo a series of complex developmental transitions including production 
of haploid gametes and seeds development during generative development. Double 
fertilization starts the seed development in flowering plants. Most seeds contain the 
diploid embryo and the triploid nutritive tissue endosperm. Structural maintenance of 
chromosomes (SMC) 5/6 complex has a crucial function in control of genome stability and 
DNA damage repair. However, the role of SMC5/6 complex in plant development and stress 
responses is little known. This project will study the function of SMC5/6 complex during 
generative development in Arabidopsis. 
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1. Introduction 

The life cycle of plants includes vegetative and reproductive stages. The reproductive 

development involves the "alternation of generations" between a haploid gametophyte and 

a diploid sporophyte (Haig and Wilczek, 2006). The sporophyte produces haploid (n) spores 

through meiosis. Each spore develops into a gametophyte, generating haploid gametes 

through mitosis. During fertilization, the fusion of two haploid gametes gives rise to the 

diploid sporophyte, thus perpetuating the cycle. The reproductive development is tightly 

regulated as it leads to seed production and a new generation of plant individuals. 

The maintenance of genome stability is a vital issue for all organisms. Structural 

maintenance of chromosomes 5/6 (SMC5/6) complex is a crucial factor for preserving 

genome stability (Aragon, 2018). SMC5/6 complex is one of three eukaryotic SMC 

complexes (the other two are the cohesin and the condensin), which are highly conserved to 

regulate chromosome architecture and genome organization. It consists of a heterodimer 

formed by SMC5 and SMC6 proteins and additional six NON-SMC ELEMENTS (NSE1 to 

NSE6) in yeast (Sergeant et al., 2005; Zhao and Blobel, 2005). The SMC5/6 complex is well 

known for its functions in D N A damage repair (reviewed in Kegel and Sjogren, 2010; 

Aragon, 2018; Diaz and Pecinka, 2018). Recently, studies in plants revealed that the 

mutations of SMC5/6 complex subunits reduced plant fertility (Ishida et al., 2012; Liu et al., 

2014; Diaz et al., 2019; L i et al., 2019; Zhu et al., 2021). However, the affected mechanisms 

are still not well understood. In the first part of this thesis, I showed that loss-of-function 

mutations in NSE2 subunit of the SMC5/6 complex produce unreduced male gametes due 

to an absence of chromosome segregation in the first and/or the second meiotic division. 

Although the SMC5/6 complex is partly required to repair the SPOl 1-induced D N A double-

strand breaks, the newly identified non-reduction phenotype is independent of it. The 

unreduced male gametes lead to the production of triploid offspring in nse2 plants. And it 

may also cause seed abortion as the maternal and paternal genome dosage is disturbed in 

endosperm. The presence of aborted ovules showed that nse2 plants indicates any defects in 

female gametogenesis are maternally lethal. 

Polyploidy is a heritable condition of possessing more than two sets of homologous 

chromosomes. It is very common in plants. One of the major challenges for polyploids is the 

meiotic divisions due to the presence of additional set(s) of chromosomes. In newly formed 
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autopolyploids and some allopolyploids, multivalents are often observed in metaphase I, 

resulting in incorrect segregation and low fertility (Lloyd and Bomblies, 2016). However, 

our knowledge about the maintenance of polyploid genome stability is limited. In the second 

part of this thesis, I showed that our results confirmed that SMC5/6 complex is needed for 

the maintenance of autopolyploid genome stability in Arabidiopsis. Moreover, the results 

show that autotetraploid mutants in SMC5/6 complex subunits display several unique 

phenotypes that differ from their diploid counterparts. 
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2. Aims of the thesis 

The principal goal of this thesis is to obtain a deeper understanding of the functions of 

the SMC5/6 complex in plants using the model system of Arabidopsis thaliana. Particular aims 

are as follows: 

2.1 Characterization of the functions of SMC5/6 complex during reproductive 

development in the diploid Arabidopsis thaliana 

The first aim of the thesis is to understand the functions of the SMC5/6 complex during 

reproductive development. Our previous results uncovered that mutations of the SMC5/6 

complex subunit reduced plant fertility (Diaz et al., 2019). To obtain the potential mechanisms 

behind, mutants in several Arabidopsis thaliana SMC5/6 complex subunits are used to analyze 

the phenotypes in reproductive development including the stages of the production of haploid 

gametes and seed development with multiple genetic, molecular and cytological methods. 

2.2 Characterization of the functions of SMC5/6 complex for maintenance of 

tetraploid genome stability in Arabidopsis thaliana 

Polyploidization is a common phenomenon in the evolution of flowering plants. 

However, our knowledge about the maintenance of polyploid genome stability is very limited. 

The second aim of this thesis is to characterize the functions of the SMC5/6 complex for 

tetraploid genome stability in Arabidopsis thaliana. We produced autotetraploid mutants in 

several SMC5/6 complex subunits and used them to analyze the phenotypes in different 

developmental stages including the stages of vegetative and reproductive development. 
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3. Material and methods 

Plant materials and growth conditions 

A l l strains used in this study were in Columbia-0 (Col-0) background. We used following 

mutants: nse2-l/hpy2-l (Ishida et al., 2012), nse2-2/hpy2-2/mms21-2 (SAIL_77_G06), snil-3 

(SAIL_34_D11), smc6b-l (SALK_101968C), nse4a-2 (GK-768H08), nse4b-l 

(SAIL_296_F02), spoll-1-5 (SALK_009440), qrtl-4 (SALK_024104C), osdl-3 (kindly 

offered by Dr. Claudia Köhler) (Heyman et al., 2011), and reporter lines PwHTRlO.HTRlOm-

RFP (Ingouff et al., 2007). 

Tetraploid Arabidopsis was generated by submerging two weeks old in vitro grown 

diploid plants in 0.1% (w/v) colchicine (Sigma-Aldrich) in dark at room temperature for 2 hrs. 

After removing the colchicine, washing plants gently with copious amounts of tap water. Then, 

plants were transplanted to soil and grown until maturity. Seeds were collected from individual 

plants and bigger seeds were chosen and propagated into plants for ploidy measurements (see 

below). 

For cultivation in soil, plants grow in an air-conditioned chamber with controlled long-

day conditions (16h light / 8h dark cycle, 21°C day and 19°C night temperature, 150 umol 

photons m" 2 s"1 light intensity provided by white-light tubes). For in vitro growth, Arabidopsis 

seeds were surface sterilized (70% ethanol with 0.5% TritonX-100 v/v) for 10 min and washed 

three times with sterile water. Dried seeds were sown on 0.5x MS agar medium (Murashige 

and Skoog), stratified in dark for two days at 4°C and then grown in a climatic chamber 

(Percival) under the same condition as described above. 

Pollen viability assays and size measurements 

For pollen viability analysis, the F D A staining was performed as described (Li, 2011). 

The fluorescein fluorescence was observed after 20 min of staining using an inverted 

microscope Olympus IX 83 and the same region was photographed with DIC optics to get the 

number of all pollen grains. Images were captured with a H A M A M A T S U ORCA-ER digital 

camera c4742-80 controlled by xcellence rt software (Olympus). 

To estimate the mature pollen diameter, we used the same photos as for F D A assay 

analysis. Diameter measurements were done in Fiji/ImageJ on images calibrated using internal 

standards. 

Hoyer's clearing 

Clearing of ovules was performed as described (Liu and Meinke, 1998). 

Ploidy measurements and flow cytometry 
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The ploidy measurement was performed as described (Dolezel et al., 1992) with minor 

modification. To determine the somatic ploidy levels in diploid plants, the nuclei suspension 

was prepared by chopping of equal leaf tissues from mutant and WT. To determine the somatic 

ploidy levels in tetraploid plants, the nuclei suspension was prepared by chopping of equal leaf 

tissues from mutant or WT and 4x WT samples. 

To determine ploidy levels of male gametes, the samples were prepared as described 

(Borges et al., 2012). The different nuclei populations were sorted based on the D N A content 

on the slides by FACSAria (Becton Dickinson) flow-sorter. Slides were dried at room 

temperature for lh then mounted with 5uL Vectashield (Vector Laboratories) and covered with 

24 x 40mm coverslip. Then the nuclei were checked under the inverted microscope Olympus 

IX 83. Images were captured with a H A M A M A T S U ORCA-ER digital camera c4742-80 

controlled by xcellence rt software (Olympus). 

Chromosome spreading and analysis of meiosis (Performed by M.Sc. Nadia Fernandez-

Jimenez) 

Fixations of flower buds, chromosome spreads, and fluorescence in situ hybridization 

(FISH) were carried out as described (Sanchez Moran et al., 2001) with minor modifications 

included in (Martinez-Garcia and Pradillo, 2017). Data for cytological analyses were collected 

from at least three plants per genotype. 

Immunolocalization procedures were performed with a spreading technique previously 

described in (Armstrong et al., 2002). The antibodies used were: anti- a-tubulin (the primary 

antibody; Merck; mouse, 1:50), and FITC-conjugated anti-mouse (the secondary antibody; 

Agrisera; 1:100). Slides were analyzed with an Olympus BX61 epifluorescent microscope. 

Images were captured with an Olympus DP71 digital camera controlled by DP Controller 

software version 2.2.1.227 (Olympus) 

Mitotic chromosome number counting (Performed by Dr. Joanna Majka) 

Fresh inflorescences were fixed in ethanol: chloroform: acetic acid (6:3:1) solution 

overnight at room temperature and the slides were prepared as describe (Yang et al., 2021b). 

A l l slides were examined with Axio Imager Z.2 Zeiss microscope (Zeiss, Germany) equipped 

with Cool Cube 1 camera. We used x60 and xlOO objectives and filter for DAPI (emission 

spectrum 405 nm). Image processing was carried out using ISIS software 5.4.7 and Adobe 

Photoshop software (CS5). 
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4. Summary of results 

4.1 Characterization of the functions of SMC5/6 complex during reproductive 

development in diploid Arabidopsis thaliana 

SMC5/6 complex is an evolutionary conserved ATP-dependent molecular machine 

involved in the maintenance of nuclear genome stability (Aragon, 2018). Here, we found that 

loss-of-function mutants in SMC5/6 complex subunits NSE2, NSE4A and SNI1 cause male 

meiotic defects, form diploid microspores and generate triploid offspring in Arabidopsis 

Triploidy defects are traced to male meiosis. Chromosome fragmentation was observed 

during meiosis I, suggesting the SMC5/6 complex is partly required for the repair of SPOl 1-

induced D N A double-strand breaks. The resembles situation is in budding yeast, where 

SMC5/6 complex mutants cause the accumulation of HR intermediates resulting in joint 

molecules (JMs) (Copsey et al., 2013; Xaver et al., 2013; Menolfi et al., 2015). The meiotic 

cells containing high chromosome fragmentations are likely to produce non-viable gametes or 

may fail to enter meiosis II. Hence aneuploid nse2 offspring were not detected. The second 

defect was characterized by the absence of chromosome segregation mainly during meiosis I, 

which could lead to the formation of unreduced gametes and eventually the triploid offspring. 

Further experiments are required to investigate the SMC5/6 complex is involved in which 

regulatory network in this process. The presence of abnormal embryo sac structures from nse2 

ovules suggested that any defects in female gametogenesis will lead to maternally lethal. The 

viable unreduced male gametes fuse with haploid female gametes leading to triploid offspring. 

And it may also cause seed abortion due to the unbalanced maternal and paternal genome 

dosage in endosperm after fertilization with unreduced pollen. 

We concluded that the SMC5/6 complex acts as an important diplogamete suppressor in 

Arabidopsis. This work has been published in the Plant Cell (Yang et al., 2021a). 

4.2 SMC5/6 complex is necessary for tetraploid genome stability in 

Arabidopsis thaliana 

Here, we generated autotetraploid Arabidopsis WT and several SMC5/6 complex 

deficient mutant plants. The 4x mutans had severe defects in meiosis, reduced pollen viability 

and enhanced fertility defects. The analysis of meiosis in 4x mutant pollen mother cells showed 

that 4x mutants generate tetrads with micronuclei, which were not observed in the 2x mutant 

pollen mother cells. Many of the offspring of 4x mutant are aneuploids, equally caused 

maternally and paternally. Rarely, hexaploid plants occurred by unreduced female gametes in 

4x nse2 plants. The absence of aneuploid offspring in 2x nse2 plants supports these are unique 
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phenotypes of tetraploid plants, and the importance of certain molecular regulators may be 

changed when polyploidization occurs. 

In summary, the SMC5/6 complex is important to maintain the tetraploid genome 

stability in Arabidopsis. Our work in diploid and autotetraploid Arabidopsis supports that 

autotetraploid plants have a generally higher frequency but also higher tolerance for 

aneuploidy. This work has been published in Frontiers in Plant Science (Yang et al., 2021b). 
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5. Summary 

The maintenance of genome stability is a vital issue for all organisms. Structural 

maintenance of chromosomes 5/6 (SMC5/6) complex is a crucial factor for preserving genome 

stability. Recently, studies in plants showed the SMC5/6 complex is important for plant 

fertility. However, the mechanism is little known so far. This thesis aimed to investigate the 

functions of the SMC5/6 complex during generative development in diploid and autotetraploid 

plants of Arabidopsis (Arabidopsis thaliana) with multiple molecular biology methods, 

including the flow-cytometry ploidy measurement, immunostaining, and chromosome 

spreading method. 

The SMC5/6 complex is an evolutionary conserved ATP-dependent molecular machine 

involved in the maintenance of nuclear genome stability (Aragon, 2018). Here, we found that 

mutations in SMC5/6 complex subunits cause severe male meiotic defects: chromosome 

fragmentation and the absence of chromosome segregation. The absence of chromosome 

segregation, being recognized by the disorganized microtubules in the spindle and aberrant 

position of the chromosomes relative to the organelle band, occurs mainly in anaphase I and 

rarely in anaphase II, leading to the production of unreduced gametes. The unreduced gametes 

result in triploid progeny after fertilization and also may cause seed abortion as the maternal 

and paternal genome dosage is disturbed in the endosperm. The chromosome fragmentation 

phenotype supports that the SMC5/6 complex is necessary for the SPOl 1 -induced double-

strand breaks (DSBs) repair. However, the formation of unreduced gametes is independent of 

it. The presence of aborted ovules in mutant plants indicates any defects in female 

gametogenesis are maternally lethal. Taken together, we found that the SMC5/6 complex acts 

as an important player in the maintenance of gametophytic ploidy in Arabidopsis. 

Polyploidization is a common phenomenon in the evolution of flowering plants. To 

understand the functions of the SMC5/6 complex in tetraploid Arabidopsis, we first generated 

tetraploid (4x) Arabidopsis WT and several SMC5/6 complex deficient mutants plants. 4x 

mutant plants enhance the plant fertility defects by increasing the aborted ovules and abnormal 

seeds.4x mutant plants also cause more severe male meiotic defects compared to 2x ones, 

which lead to unreduced and aneuploid microspores. Hexaploid and aneuploid progeny were 

equally caused maternally and paternally, suggesting that autotetraploid Arabidopsis plants 

have a generally higher frequency of but also higher tolerance for aneuploidy compared to 

diploids. In conclusion, we found that the SMC5/6 complex is needed for the maintenance of 

tetraploid genome stability in Arabidopsis. 
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In summary, our work improves the knowledge on the maintenance of genome stability 

in Arabidopsis. Moreover, our results emphasize the importance of studying the consequences 

of mutations in genes regulating plant fertility in diploid versus polyploid conditions, which 

may facilitate agriculturally important traits as many crop species are polyploid. 
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8. Souhrn 

Stability genomu je důležitá pro všechny organismy. Komplex Strukturní údržby 

chromozomů 5/6 (SMC5/6) je zásadním faktorem pro zachování stability genomu. Nedávné 

studie na rostlinách ukázaly, že SMC5/6 komplex je důležitý pro úspěšný reprodukční vývoj a 

tvorbu semen pomocí neznámého mechanismu. Cílem této práce bylo prozkoumat funkce 

SMC5/6 komplexu během generativního vývoje u diploidních a autotetraploidních rostlin 

húseničku rolního (Arabidopsis thaliana) pomocí metod molekulární biologie, včetně měření 

ploidie průtokovou cytometrií, imunobarvení a cytologie. 

SMC5/6 komplex je evolučně konzervovaný molekulární stroj závislý na ATP a 

zapojený do údržby stability jaderného genomu (Aragón, 2018). Během své práce jsem zjistila, 

že mutace v podjednotkách SMC5/6 komplexu způsobují závažné defekty samčí meióze: 

fragmentaci a absenci segregace chromozomů. Absence segregace chromozomů se vyskytuje 

hlavně v anafázi I a zřídka v anafázi II mutantních rostlin a vede k produkci neredukovaných 

gamet. Neredukované gamety narušují poměr rodičovských genomů v endospermu semene což 

vede jejich časté aborci. V některých případech semena přežívají a tvoří triploidní potomstvo. 

Fenotyp fragmentace chromozomů podporuje, že komplex SMC5/6 je nezbytný pro opravu 

dvouřetězcových zlomů (DSB) indukovaných SPOl 1. Tvorba neredukovaných gamet je však 

na ní nezávislá. Přítomnost abortovaných zárodečných vaků v mutantních rostlinách naznačuj e, 

že defekty v samicí gametogenezi jsou letální. V souhrnu jsme zjistili, že komplex SMC5/6 

působí jako důležitý hráč při udržování gametofytické ploidie u Arabidopsis. 

Polyploidizace je běžný jev v evoluci kvetoucích rostlin. Abychom porozuměli funkcím 

komplexu SMC5/6 u tetraploidů, tak jsme vytvořili tetraploidní (4x) huseníček rolní jakož I 

několik mutant SMC5/6 komplexu. U tetraploidních mutantních rostlin docházelo je zvýšené 

frekvenci defektů v plodnosti, vyššímu počtu abortovaných zárodečných vaků a abnormálních 

semen. Tetraploidní rostliny vykazovaly také závažnější samčí meiotické defekty než diploiní 

rostliny, včetně produkce aneuploidních mikrospor. Jak paternální tak i maternální gamety 

vedly k tvorbě hexaploidního a aneuploidního potomstva, což naznačuje, že autotetraploidní 

rostliny mají vyšší frekvenci neredukovaných gamet, ale také vyšší toleranci k aneuploidii ve 

srovnání s diploidy. Závěrem jsme zjistili, že komplex SMC5/6 je potřebný pro udržení 

stability tetraploidního genomu u húseničku rolního. 

V souhrnu, má práce rozšiřuje znalosti o údržbě stability genomu u húseničku. Naše 

výsledky navíc zdůrazňují důležitost studia v důsledků mutací v genech regulujících fertilitu 
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rostlin v diploidních a polyploidních podmínkách. To může v budoucnu přispět k novým 

poznatkům v oblasti šlchtění rostlin, protože mnoho druhů plodin je polyploidní. 
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