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Abbreviations 

Abbreviation Definition 

A adenine 
aa amino acid 
ACC 1-aminocyclopropane-1-carboxylic acid 
ADK adenosine kinase 
Ado adenosine 
BAH bromo-adjacent homology domain 
BP T-DNA/knock-out border primer 
bp base pair 
C cytosine 
CALS5 CALLOSE SYNTHASE 5 
Cas9 CRISPR-associated protein 9 
CDC6 Cell Division Cycle 6 
cDNA complementary DNA 
CDT1 Chromatin Licensing and DNA Replication Factor 1 
Chr. chromosome 
CHS CHALCONE SYNTHASE 
COBL10 COBRA-LIKE PROTEIN 10 
Col Arabidopsis thaliana Columbia ecotype 
CRISPR clustered regularly interspaced short palindromic repeats 
CTAB cetyltrimethylammonium bromide 
DAP day(s) after pollination 
DAPI 4′,6-diamidino-2-phenylindole 
DAZ3 DUO1-ACTIVATED ZINC FINGER 3 
DIC differential interference contrast 
DNA deoxyribonucleic acid 
easiRNAs epigenetically activated small interfering RNAs 
EC1 EGG CELL 1 
ECS1 EGG CELL-SPECIFIC1 
EMS ethyl methane sulfonate 
F1 first filial generation 
F2 second filial generation 
G guanine 
GPI glycosylphosphatidylinositol 
GUS β-glucuronidase 
H2AK119ub1 histone H2A monoubiquitylation at lysine119 
H3K12ac histone H3 acetylation at lysine 12 
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H3K27me0/3 histone H3 none/tri-methylation at lysine 27 
H3K4me0/1/2/3 histone H3 none/mono/di/tri-methylation at lysine 4 
H3K9me2/3 histone H3 di/tri-methylation at lysine 9 
H3R2 histone H3 arginine 2 
H4K20me0/2/3 histone H4 none/di/tri-methylation at lysine 20 
HAP hour(s) after pollination 
HAP2 HAPLESS2 
Hcy homocysteine 
HDG silencing homology-dependent gene silencing 
HOG1 HOMOLOGY-DEPENDENT GENE SILENCING 1 
HTR12 HISTONE THREE RELATED 12 
kb kilobase 
Ler Arabidopsis thaliana Landsberg erecta ecotype 
LP left genomic primer 
Mb megabase 
MCM Minichromosome Maintenance Complex 
Met methionine 
MGH3 MALE GAMETE HISTONE 3 
mTP mitochondria-targeted peptide 
myr N-myristoylation 
MZT maternal-to-zygotic transition 
OC2 second outcross filial generation 
ORC origin of replication complex 
PCR polymerase chain reaction 
PEGs paternally expressed imprinted genes 
PHD plant homeodomain 
pmd paternal defective mutant 
PRC2 POLYCOMB REPRESSIVE COMPLEX 2 
pro promoter 
qRT-PCR real-time quantitative reverse transcription PCR 
RbFG Rainbow Female Gametophyte marker 
RbP Rainbow Pollen marker 
RNA ribonucleic acid 
RP right genomic primer 
RPM reads per million 
RT-PCR reverse transcription PCR 
SAH S-adenosyl-L-homocysteine 
SAHH SAH hydrolase 
SAM S-adenosyl-L-methionine 
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sgRNA single guide RNA 
SNP single nucleotide polymorphism 
SR2200 SCRI Renaissance 2200 
T thymine 
T-DNA transfer-DNA 
TEs transposable elements 
TFs transcription factors 
WT wild type 
ZGA zygotic genome activation 
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Summary 

In double fertilization of flowering plants, sperm cells rely on a vegetative cell to 

germinate a pollen tube which delivers them to the ovary, where one of the sperm cells fuses 

with an egg cell to form an embryo, and the other fuses with a central cell to form the nourishing 

endosperm. The de novo zygotic gene expression starts at the late karyogamy stage, followed 

by clearance of gametic transcripts, thus completing a maternal-to-zygotic transition. While our 

knowledge of pollen tube guidance and gametic interactions has grown considerably, the 

molecular signaling events orchestrating the onset of the zygotic genome activation remain 

elusive, especially those transmitted from the paternal side that has been suggested to be critical 

in initiating the zygotic program.  

A powerful tool to reveal novel paternal genes in zygotic genome activation is a forward 

genetic screen. Next-generation sequencing-based bulked-segregant analysis has been widely 

used in identifying mutations in Arabidopsis. However, the laborious process of phenotypic 

analysis in preparing mapping populations limits the application of the classic bulked-segregant 

analysis to fertilization mutations. Here, we developed a semi-high throughput mapping-by-

sequencing method for paternal-defective mutations. It allows mapping multiple mutants 

simultaneously with a limited workload. With this method, we corroborated the function of the 

known paternal genes, CALS5, COBL10, and HAP2, in pollen development, pollen tube 

guidance, and gametes fusion, respectively. We revealed a novel paternal gene encoding S-

adenosyl-L-homocysteine hydrolase 2 (SAHH2) which is expressed in the vegetative cell of 

pollen. The loss-of-function mutants exhibited reduced male fertility with defective pollen tube 

elongation in the female transmitting tract, suggesting a role in preovular pollen tube guidance. 

Additionally, potential causative candidates were identified for further study. Taken together, 

this work offers a new approach and novel insights into understanding the paternal impact upon 

fertilization in Arabidopsis. 

In addition, the Origin of Replication Complex (ORC) gene ORC1b was selected and 

characterized using a reverse genetic approach to reveal paternal factors in fertilization. ORC1b 

is a sperm nuclear protein enriched in chromocenters. The depletion of ORC1b in the T-DNA 

insertion allele orc1b-1 and the knock-out allele orc1b-2 led to reduced male fertility coupled 

with polytubey, defective gametic nuclear fusion, arrested embryo, and abnormal endosperm 

development. Furthermore, we isolated two mutant lines, orc1b-1-as and orc1b-2-as, that 

produced albino seeds with arrested embryo and endosperm in self-crossed siliques, which is 

presumably caused by disrupted genome integrity. Taken together, these results suggest that 
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ORC1 has additional functions apart from DNA replication in Arabidopsis. It acts as a paternal 

factor that contributes to gametes fusion, embryo/endosperm development, and genome 

integrity maintenance. These phenotypic analyses provide a solid basis for further deciphering 

the mechanism of ORC1b's function in fertilization and offer new perspectives on the novel 

function of ORC genes in plants.  

Furthermore, we constructed a set of fluorescent marker lines carrying several fluorescent 

marker cassettes labeling distinct cell structures of pollen and female gametophytes. These 

fluorescent marker cassettes can easily be introgressed into a mutant background by crossing 

and provide a powerful tool to study fertilization defects. 

In summary, this thesis provides a novel mapping method and fluorescent marker lines for 

characterizing fertilization mutations. Assisted by these tools, several paternal contributed 

genes in fertilization have been studied. These results collectively further our understanding of 

the paternal contribution to fertilization in flowering plants.
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Zusammenfassung 

Bei der doppelten Befruchtung von Blütenpflanzen werden die Spermienzellen von der 

vegetativen Zelle, die den Pollenschlauch bildet, zum Ovarium gebracht. Dort befruchtet eine 

der Spermienzellen die Eizelle und die andere die Zentralzelle, die das nährende Endosperm 

bildet. Zygotische Genexpression beginnt im späten Karyogamie-Stadium, gefolgt vom Abbau 

gametischer Transkripte, wodurch ein Übergang von maternaler zu zygotischer Genexpression 

vollzogen wird. Während unser Wissen über Pollenschlauchanlockung und Interaktionen der 

Gameten in den letzten Jahren erheblich gewachsen ist, sind die molekularen Signalereignisse, 

die den Beginn der Aktivierung des zygotischen Genoms steuern, wenig erforscht. Insbesondere 

über Signale, die von der väterlichen Seite übertragen werden, und von denen angenommen 

wird, dass sie für die Initiierung des zygotischen Programms entscheidend sind, ist unser 

Wissen noch sehr begrenzt.  

Um neue paternale Gene, die bei der Aktivierung des zygotischen Genoms eine wichtige 

Rolle spielen, aufzudecken, können genetische Screens ein wertvolles Werkzeug darstellen. Die 

auf Next Generation Sequencing basierende Bulked-Segregant-Analyse wurde häufig zur 

Identifizierung von Mutationen in Arabidopsis verwendet. Der mühsame Prozess der 

phänotypischen Analyse bei der Erstellung von Kartierungspopulationen schränkt jedoch die 

Anwendung der klassischen Bulked-Segregant-Analyse bei Befruchtungsmutationen ein. Hier 

haben wir eine Mapping-by-Sequencing-Methode mit mittelhohem Durchsatz für Mutationen 

mit paternalen Defekten entwickelt. Sie ermöglicht die gleichzeitige Kartierung mehrerer 

Mutanten mit begrenztem Arbeitsaufwand. Mit dieser Methode bestätigten wir die Funktion der 

bekannten paternalen Gene CALS5, COBL10 und HAP2 bei der Pollenentwicklung, 

Pollenschlauchführung bzw. Gametenfusion. Wir haben ein neues paternales Gen entdeckt, das 

für S-Adenosyl-L-Homocystein-Hydrolase 2 (SAHH2) kodiert. SAHH2 wird in der vegetativen 

Pollenzelle exprimiert, und die Loss-of-Function-Mutanten zeigten eine reduzierte männliche 

Fertilität mit defektem Pollenschlauchwachstum. Darüber hinaus wurden potenziell ursächliche 

Kandidaten für weitere Studien identifiziert. Zusammengenommen bietet diese Arbeit einen 

neuen Ansatz und neue Einblicke in das Verständnis des väterlichen Einflusses auf die 

Befruchtung bei Arabidopsis. 

Darüber hinaus wurde das ORC1b-Gen (Origin of Replication Complex) in einer revers-

genetischen Studie für paternale Gene bei der Befruchtung charakterisiert. ORC1b ist ein 

Kernprotein der Spermienzellen, das in den Chromozentren lokalisiert ist. Verlust von ORC1b 

Funktion im T-DNA-Insertionsallel orc1b-1 und im CRISPR knock-out-Allel orc1b-2 führte zu 



 Zusammenfassung 
 

8 
 

reduzierter männlicher Fertilität in Verbindung mit polytubey, defekter Karyogamy, gestörter 

Embryonalentwicklung und abnormaler Endospermbildung. Darüber hinaus identifizierten wir 

zwei mutante Linien, orc1b-1-as und orc1b-2-as, den weiße Samen in selbstgekreuzten Schoten 

produzierten, in denen das Embryo und Endospermwachstum zum Halt kommt. Dies ist 

vermutlich auf eine gestörte Genomintegrität zurückzuführen. Zusammengenommen legen 

diese Ergebnisse nahe, dass ORC1b neben der DNA-Replikation in Arabidopsis weitere 

Funktionen hat. Es wirkt als paternaler Faktor, der zur Gametenfusion, Embryo/Endosperm-

Entwicklung und Aufrechterhaltung der Genomintegrität beiträgt. Diese phänotypischen 

Analysen bilden eine solide Grundlage für die weitere Entschlüsselung des Mechanismus der 

Funktion von ORC1b bei der Befruchtung und bieten neue Perspektiven auf die neuartige 

Funktion von ORC-Genen in Pflanzen. 

Darüber hinaus haben wir eine Auswahl an fluoreszierender Markerlinien konstruiert, die 

mehrere Reportergen-Kassetten tragen, die unterschiedliche Zellstrukturen von Pollen und 

weiblichen Gametophyten markieren. Diese Fluoreszenz-Reportergene können durch Kreuzen 

leicht in einen mutanten Hintergrund eingeführt werden und bieten ein leistungsfähiges 

Werkzeug zur Untersuchung von Befruchtungsfehlern. 

Zusammenfassend stellt diese Arbeit eine neuartige Kartierungsmethode und 

fluoreszierende Markerlinien zur Charakterisierung von Fertilisationsmutationen bereit. Mit 

Hilfe dieser Werkzeuge wurden mehrere paternale Gene bei der Befruchtung untersucht. Diese 

Ergebnisse fördern gemeinsam unser Verständnis des paternalen Beitrags zur Befruchtung bei 

Blütenpflanzen. 
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1 Introduction 

1.1 Gametogenesis in flowering plants  

Flowering plants produce two types of spores, megaspores, and microspores, which after 

several mitoses give rise to female and male gametophytes. Taking Arabidopsis thaliana as an 

example, the female gametophyte develops in an ovule embedded inside the carpel. The 

megaspore undergoes three mitotic nuclear divisions thus forming a mature embryo sac 

containing seven cells: one egg cell at the micropyle, two synergid cells guarding the egg cell, 

one central cell with a 2n nucleus, and three antipodal cells sitting at the chalazal end (Yadegari 

and Drews 2004). The male gametophyte develops inside the anther of the stamen, where the 

microspore goes through two mitotic cell divisions to generate three-celled pollen with two 

sperm cells embraced in a big vegetative cell (Twell 2011). 

The female and male gametes are endowed with distinct epigenetic modifications. In 

Physcomitrella patens, sporophytic genes are silenced in gametic differentiation, where the two 

POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) H3K27me3 writer genes, FERTILIZATION 

INDEPENDENT ENDOSPERM (FIE) and CURLY LEAF (CLF), repress some sporophyte-

specific transcription factors in the gametophyte including PpBELL1 (Okano et al. 2009; Horst 

et al. 2016; Mosquna et al. 2009). Analogous to this in Arabidopsis pollen development, the 

generative nucleus gradually loses chromatin accessibility among sporophytic-specific 

accessible chromatin regions. Transposable elements (TEs) are also silenced in the sperm 

nucleus by DNA methylation shaped by the small RNA-directed DNA methylation pathway 

(RdDM) with 24-nucleotide small interfering RNAs (siRNAs) derived from the surrounding 

nurse cell tapetum (Long et al. 2021) and the vegetative nucleus (Martínez et al. 2016). These 

non-cell-autonomously transcribed siRNAs target transposons thus maintaining genome 

integrity in the male germline. Sperm differentiation is linked to increased chromatin 

accessibility by removal of the repressive marker H3K27me3 at genes required for diploid-to-

haploid transition, as well as at genes specifically expressed in re-initiation of the diploid life 

in the early embryo (Borg et al. 2020; 2021). In contrast to this, H3K27me3 is essential for 

maintaining vegetative cell fate, and H3K27me3 erasure results in vegetative cell fate shifting 

to the generative cell fate (Huang and Sun 2022). Compared with the sperm nucleus, the 

vegetative cell nucleus is highly diffused, and the depletion of the linker histone H1 and 

H3K9me2 gives rise to decondensation of the pericentromeric heterochromatin. The loose 

chromatin status further leads to the demethylation of pericentromeric DNA by the 



Introduction 
 

12 
 

gametophyte-specific DNA glycosylase DEMETER (DME), which allows transcription of TEs 

and epigenetically activated small interfering RNAs (easiRNAs) (He et al. 2019; Creasey et al. 

2014). This DME-mediated demethylation is further associated with cis-regulatory elements 

that are presumably bound to pollen-expressed transcription factors involved in vegetative cell 

differentiation (Borg et al. 2021).  

The epigenetic information of the female gametophyte is still obscurer. Unlike the egg cell, 

the central cell has decondensed chromatin and reduced repressive histone modifications (Pillot 

et al. 2010). Similar to the vegetative cell in pollen, the central cell shows a depletion of 

heterochromatin and the heterochromatic marker H3K9me2 (Pillot et al. 2010). DME-mediated 

demethylation is also active in the central cell. The demethylation preferentially targets TEs, 

which leads to the activation of siRNAs that are able to travel to the egg cell and silence their 

target genes (Ibarra et al. 2012).  

1.2 Double fertilization in flowering plants 

In flowering plants, the two sperm cells rely on the vegetative cell to form the pollen tube 

to deliver them to the ovary, where one of the sperm cells fuses with the egg cell to form an 

embryo and the other one fuses with the central cell to form the nourishing endosperm, 

respectively, thus achieving double fertilization (Johnson, Harper, and Palanivelu 2019). This 

process is coordinated by a series of signaling events between sporophytic and gametophytic 

cells as well as between the gametes themselves (Figure 1.1). 

1.2.1 Pollen hydration and germination 

After the dehiscence of an anther, pollen grains adhere to the surface of the pistil and 

initiate the process of self-pollination. Pollen grains are captured by the papilla cells, followed 

by hydration and formation of an adhesion zone consisting of the pollen coat components. Then, 

pollen undergoes polarity establishment and a pollen tube emerges at the germ pore near the 

adhesion site (Kandasamy, Nasrallah, and Nasrallah 1994). In Brassicaceae, pollen acceptance 

at the stigma is regulated by mechanisms of the stigma to reject incompatible pollen and allow 

the hydration of compatible ones (Watanabe, Suwabe, and Suzuki 2012). The hydration and 

germination of pollen on the stigma are regulated by molecules from both sides of pollen and 

papillae. Exo70A1 is a plasma-membrane-localized papillae protein involved in regulating 

polarized vesicle trafficking, and it delivers stigmatic components required for pollen hydration 

and germination in Brassica napus and Arabidopsis (Samuel et al. 2009). The level of 

phosphatidylinositol-4-phosphate (PI4P) is necessary for polarized secretion in plants, and it 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/brassica-napus
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is important for stigma-pollen interaction. An altered level of PI4P causes a reduced rate of 

pollen hydration on the stigma (Chapman and Goring 2011). Some pollen wall components, 

such as the arabinogalactan protein-encoding genes AGP6, AGP11, and FLA14, regulate water 

uptake in pollen germination (Coimbra et al. 2010; Miao et al. 2021). In the following, the 

pollen tube invades through the papilla cell and subsequently grows into the transmitting tissue 

of style, where it sets off on an intercellular journey (Kandasamy, Nasrallah, and Nasrallah 

1994). 

1.2.2 Preovular pollen tube guidance 

Pollen tube elongation along the female transmitting tract is described as preovular 

guidance. It starts with pollen tubes invading through papilla cells toward the transmitting tract. 

Pollen tubes continue their growth in the transmitting tract until they emerge out of the septum 

toward the funiculus where they switch to ovular guidance (Higashiyama and Takeuchi 2015).  

Pollen tubes perform tip-growth inside the maternal tissue, and the polarity is maintained 

by actin microfilament dynamics, polarized Ca2+ gradient, and membrane vesicle trafficking 

(Hepler, Vidali, and Cheung 2001). The ethylene precursor 1-aminocyclopropane-1-carboxylic 

acid (ACC) directly acts in pollen and stimulates pollen tube growth in tomato with or without 

ethylene perception (Althiab-Almasaud et al. 2021). COBL10 is a glycosylphosphatidylinositol 

(GPI)-anchored protein localized on the apical plasma membrane of the pollen tube. Mutations 

in COBL10 cause compromised pollen tube growth in the transmitting tract with defective 

pollen tube wall deposition on the apical tip, suggesting its essential role as a paternal mediator 

of directional pollen tube growth (Sha Li et al. 2013). VANGUARD1 (VGD1) encodes a pectin 

methylesterase specifically observed in pollen and pollen tube. It enhanced pollen tube growth 

in the transmitting tract probably by modifying pollen tube wall components thus mediating the 

interaction of the pollen tube with the female tissues (Jiang et al. 2005). ANXUR1 (ANX1) and 

ANX2 are the sister genes of the maternal receptor-like kinase FERONIA, and the pollen tube 

of anx1 anx2 mutants ruptures before the arrival at micropyle (Miyazaki et al. 2009). The 

expression of ANX1 and ANX2 is disrupted in the mutant of TURAN (TUN), a uridine 

diphosphate-glycosyltransferase encoding gene. The mutant tun shows a defect in pollen tube 

growth and integrity, suggesting that misglycosylated ANX1 and ANX2 might be responsible 

for the pollen tube defect of anx1 anx2 mutants (Lindner et al. 2015). 

1.2.3 Ovular pollen tube guidance 

Ovular guidance navigates pollen tubes to grow over the surface of the funiculus, target 
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ovule, and enter the micropyle, followed by pollen tube reception and sperm cell release inside 

the receptive synergid cell (Higashiyama and Takeuchi 2015).  

Synergid cell signaling is essential for the emergence of the pollen tube out of the 

transmitting tract. LURE1.1 to LURE1.5 are peptides secreted by synergid cells that guide 

pollen tubes to emerge out of the septum toward ovules (Okuda et al. 2009). LOST IN POLLEN 

TUBE GUIDANCE 1 (LIP1) and 2 (LIP2) represent two of the pollen tube receptor complex 

components in perceiving LURE1 signals (J. Liu et al. 2013). The pollen-specific receptor-like 

kinase 6 (PRK6) is another pollen tube receptor of LUREs, and it acts in cooperation with other 

PRK family receptors, PRK1, PRK3, and PRK8, in sensing the LURE1 attractants (Takeuchi 

and Higashiyama 2016). From the pollen side, PRK6 recruits the tip-growth machinery 

involving RopGEF12 in ovule targeting, which activates intracellular signaling components 

ROPs in various cellular responses (Takeuchi and Higashiyama 2016). Similarly, PRK2 also 

recruits RopGEF12 to maintain polar ROPs activity in pollen tubes (Zhang and McCormick 

2007). LURE1-PRK6 signaling specifically accelerates pollen tube growth of conspecific 

pollen in reproductive isolation at both septum penetration and micropylar attraction, whereas 

another recently identified LURE-related peptide XIUQIU secreted from the synergid cells 

promotes pollen tube emergence at the septum in a non-species-specific manner (Zhong et al. 

2019; M. Liu et al. 2021). The two preovular pollen tube guidance factors, ACC and COBL10, 

also take part in the ovular pollen tube guidance. ACC produced by the ovular sporophytic 

tissue stimulates transient Ca2+ elevation and promotes secretion of the pollen tube attractant 

LURE1.2, thereby acting as a maternally contributed molecule in pollen tube attraction 

independently of ethylene signaling (Mou et al. 2020). COBL10 is involved in pollen-mediated 

ovular guidance, and the pollen tubes of cobl10 mutant are defective in sensing ovular guidance 

cues (Sha Li et al. 2013).  

The pollen tube reception at the micropyle is mediated by signaling from the synergid cell, 

egg cell, and central cell. FERONIA (FER), ANJEA (ANJ), and HERCULES RECEPTOR 

KINASE 1 (HERK1) encode Catharanthus roseus RLK1-LIKE (CrRLK1L) receptor-like 

kinases that form a receptor complex on the membrane of the synergid cell which controls 

pollen tube reception at the micropyle (Escobar-Restrepo et al. 2007; Galindo‐Trigo et al. 2020). 

LORELEI (LRE) is another synergid-expressed gene encoding a small plant-specific putative 

GPI-anchored protein on the plasma membrane, and mutation in LRE led to failed pollen tube 

reception with pollen tube overgrowth in the embryo sac (Capron et al. 2008). TUN and EVAN 

(EVN) function in protein N-glycosylation in synergid cells. Mutations in TUN and EVN lead 

to a similar pollen tube acceptance defect with overgrowth and failed pollen tube rupture 
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(Lindner et al. 2015). GAMETE EXPRESSED 3 (GEX3) accounts for the egg cell signal in 

pollen tube reception, and the loss-of-function mutant of GEX3 showed non-fertilized ovules 

with pollen tubes on the funiculus that failed to enter the micropyle (Alandete-Saez, Ron, and 

McCormick 2008). CENTRAL CELL GUIDANCE (CCG) is the central cell-contributed factor 

in pollen tube reception. In ccg mutant ovules, pollen tubes were guided toward the ovule but 

failed to find the micropylar opening (Y. H. Chen et al. 2007). From the paternal side, MYB97, 

MYB101, and MYB120 are three pollen tube-expressed TFs function in pollen tube reception. 

The pollen tubes of the triple mutant exhibited a coiling structure inside the micropyle without 

pollen tube rupture and sperm discharge (Leydon et al. 2013). 

1.2.4 Plasmogamy 

Once the pollen tube ruptures and releases the sperms, interactions between proteins 

expressed on the surface of the male and female gametes are established, which enables cell 

recognition and adhesion, followed by the membrane fusion of the gametes (i.e. plasmogamy). 

GAMETE EXPRESSED 2 (GEX2) encodes a sperm membrane protein that is required for the 

attachment of male and female gametes (Mori et al. 2014). The egg cell secrets small cysteine-

rich EGG CELL 1 (EC1) which triggers the localization of the fusogen HAPLESS2 (HAP2) to 

the plasma membrane in the sperm cells and facilitates plasmogamy (Valansi et al. 2017; von 

Besser et al. 2006; S. N. Anderson et al. 2017; Dresselhaus, Sprunck, and Wessel 2016).  

1.2.5 Karyogamy 

Arabidopsis has adopted G2 karyogamy, in which sperm completes DNA synthesis prior 

to the deposition into an egg cell (Friedman 1999). The cell cycle of a sperm progresses 

alongside the process of pollination, which starts from the G1 phase in the mature pollen and 

achieves the S/G2 phase with 2C volume once the sperm reaches the ovule (Friedman 1999). 

Meanwhile, the egg cell stays in a quiescent status at the G0 phase and it is activated upon 

fertilization by the sperm cell (Peng et al. 2018). The male nucleus is transported in an F-actin-

dependent manner during its migration toward the female nucleus. The actin filaments in the 

egg cell form a meshwork surrounding the nuclei and move the sperm nucleus to the egg 

nucleus through the convergence of the actin meshwork (Kawashima et al. 2014; Ohnishi and 

Okamoto 2015). Two annexin genes in maize, ZmAnn6 and ZmAnn7, exhibit high and transient 

expression in both egg cells and early zygotes. They potentially link Ca2+ signaling to 

cytoskeleton dynamics and might be involved in cytoskeleton remodeling to set up the path for 

sperm nucleus transportation (J. Chen et al. 2017). After the attachment of the egg and the sperm 
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nuclei in rice, the egg chromatin unidirectionally migrates into the sperm nucleus, followed by 

decondensation of the sperm chromatin (Ohnishi and Okamoto 2015). GAMETE EXPRESSED 

PROTEIN 1 (GEX1) is a nuclear membrane protein required for nuclear fusion in both fertilized 

eggs and central cells (Nishikawa et al. 2020). In gex1-1 mutant seeds, the sperm nucleus failed 

in fusion with the central cell nucleus, resulting in abnormal endosperm proliferation and 

arrested embryo development shortly after the first zygotic cell division (Alandete-Saez et al. 

2011; Nishikawa et al. 2020).  

1.2.6 Polytubey block and fertilization recovery 

Polytubey describes the simultaneous attraction of multiple pollen tubes to a single ovule 

(Beale, Leydon, and Johnson 2012). Polytubey block and fertilization recovery are established 

by coordinated signaling between the pollen tube, septum cells, synergid cells, the egg cell, the 

central cell, and the sporophytic cells of ovules, thus achieving maximum reproductive success. 

Polytubey block starts at the septum which involves the FER-ANJ-HERK1 receptor complex 

expressed in the female transmitting tract and septum (Zhong et al. 2022). The pollen tube-

provided peptide ligands RAPID ALKANIZATION FACTOR 6 (RALF6), RALF7, RALF16, 

RALF36, and RALF37 interact with the septum-expressed FER-ANJ-HERK1 receptor 

complex coordinately in regulating polytubey block at the septum. When the pollen tube senses 

the attractants secreted by synergid cells and emerges out of the septum, it secrets RALFs to 

activate FER-ANJ-HERK1 signaling in the septum to block the emergence of a second pollen 

tube. Pollen tube acceptance and rupture in the receptive synergid cell leads to RALF signal 

fading, therefore releasing the pollen tube block at the septum. Once fertilization is achieved, 

the persistent synergid undergoes degeneration, which abolishes pollen tube attraction through 

an attractant outage (Zhong et al. 2022). Ethylene signaling induces the degeneration of the 

second synergid, and a constitutive ethylene response leads to premature synergid cell death 

(Völz et al. 2013). The aspartic endopeptidase genes EGG CELL-SPECIFIC1 (ECS1) and ECS2 

are involved in the degradation of the attractant LURE1. These two proteases are exclusively 

expressed in the egg cell and their secretion is triggered upon the successful fertilization of the 

egg cell, which accounts for the contribution of the egg cell to polytubey block (Yu et al. 2021). 

The central cell contributes to polytubey block independently of the egg cell by employing the 

FERTILIZATION-INDEPENDENT SEED (FIS) class PRC2 (FIS-PRC2), implying a potential 

role of the chromatin-remodeling pathway in a second pollen tube avoidance (Maruyama et al. 

2013). In addition, the integument-origin arabinogalactan protein AGP4/JAGGER regulates the 

elimination of the persistent synergid after fertilization (Pereira et al. 2016). In contrast, if the 
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gametic fusion failed, the fertilization recovery machinery is activated in the persistent synergid 

by the secretion of pollen attractants to trigger the emergence of a second pollen tube at the 

septum (Zhong et al. 2022).  

1.3 Zygotic genome activation in Arabidopsis 

Maternal-to-zygotic transition (MZT) describes the post-fertilization process in animals 

which constitutes of two major processes, the de novo zygotic genome activation (ZGA) and 

the clearance of maternal transcripts (Schier 2007; Tadros and Lipshitz 2009; Bai et al. 2018). 

MZT consists of two phases in animals: (i) maternally inherited transcripts and proteins regulate 

the early development of embryos; (ii) de novo transcription of the zygotic genome takes over 

the regulation of embryo development (Bai et al. 2018). This concept is adopted in flowering 

plants which exhibit a similar developmental process after fertilization (Baroux et al. 2008; Xin, 

Zhao, and Sun 2012). With growing knowledge of fertilization and early embryogenesis in 

flowering plants, the MZT in flowering plants is distinguished from animals by equal parental 

contribution to the zygote transcriptome and early activation timing of zygotic genome (P. Zhao 

et al. 2022).  

1.3.1 Timing of zygotic genome activation 

In worms, echinoderms, amphibians, fishes, and insects, ZGA takes place after the 

cleavage period (Baroux et al. 2008). However, in mammals, the zygotic genome is 

transcriptionally activated in the later zygotic to the two-cell stage (Sha, Zhang, and Fan 2019). 

In the fern species Marsilea vestita, polyadenylated mRNA from maternal origin supports the 

early embryo until the 16-cell stage (Kuligowski, Ferrand, and Chenou 1991). In contrast, 

transcription of the zygotic genome occurs at the zygote stage in higher plants. Transcriptome 

profiling in rice observed large-scale changes in zygotes (S. N. Anderson et al. 2017), which is 

in line with the identification of 3605 induced genes in zygotes at 12 hours after pollination (12 

HAP) in maize (J. Chen et al. 2017). In Arabidopsis, the transcriptional inhibitor α-amanitin 

has been used to block de novo transcription to define the ZGA timing. Zygotes treated at 8 

HAP failed in cell elongation and polarity establishment, while zygotes treated at 14 HAP 

elongated and performed asymmetrical division (P. Zhao et al. 2019). These results give rise to 

the assumption that, in contrast to animals, the maternal-inherited transcripts are not sufficient 

to orchestrate the development of the early embryo in Arabidopsis. Taken together, ZGA in 

higher plants occurs much earlier than in animals, and the de novo transcription of the zygotic 

genome is required for polarity establishment and first cell division of zygotes.  
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1.3.2 Transcriptional regulation of zygotic genome activation 

Current knowledge about ZGA is still limited, but the identification of a few key 

transcription factors (TFs) outlines a transcriptional regulation network in initiating the zygotic 

program. In Drosophila, a maternally transmitted zinc-finger protein Zelda is found to be a key 

TF that can bind to the cis-regulatory heptamer motif of 75% early transcribed genes in the 

embryo, and mutants lacking Zelda failed to activate genes essential for differentiation, sex 

determination, and pattern formation (Liang et al. 2008). In plants, the evolutionarily conserved 

homeodomain TFs have been suggested to be regulators in ZGA. In the unicellular alga 

Chlamydomonas reinhardtii, the two homeodomain TFs, the KNOX protein GAMETE 

SPECIFIC MINUS1 (GSM1) and the BELL protein GAMETE SPECIFIC PLUS1 (GSP1), act 

as factors contributed by the minus and plus gametes, respectively, in a two-component system 

that forms heterodimer upon fertilization and thus initiates a zygotic transcriptional program 

(Lee et al. 2008; Sekimoto 2017). The ortholog of KNOX in Marchantia polymorpha, 

MpKNOX1, is shown to be preferentially transcribed in the egg cell and translocated to both the 

male and female pronuclei after fertilization (Hisanaga et al. 2021). The mutant mpknox1 

showed defects in karyogamy at the nuclear membrane fusion step, indicating that egg-derived 

MpKNOX1 regulates the expression of genes that are required for nuclear membrane fusion. 

Consistent with the heterodimer function mode in algae, the paternal-derived MpBELL3/4 

contribute to the pronuclear translocation of MpKNOX1 after fertilization, thus achieving ZGA 

(Hisanaga et al. 2021). In contrast, in the other bryophyte model plant Physcomitrella patens, 

the BELL/KNOX proteins showed diverged functions in egg cell morphology, alternation of 

generations, and sporophyte development (Horst et al. 2016; Ortiz-Ramírez et al. 2017; Singer 

and Ashton 2007; Sakakibara et al. 2013). Along with gene duplication and 

neofunctionalization as land plants evolved, the ancestral role of BELL/KNOX proteins in ZGA 

shifted towards meristem maintenance (Hay and Tsiantis 2010; Meng et al. 2020). In flowering 

plants, the TF-encoding gene BABY BOOM (BBM) induces embryogenesis in somatic cells in 

Arabidopsis (Horstman et al. 2017). Its paternally provided orthologue BBML1 in rice is 

involved in the activation of de novo gene expression. Over-expression of BBML1 in the egg 

cell led to proliferation without fertilization (Khanday et al. 2019), while suppression of the 

function of BBML1 in zygotes resulted in a developmental arrest, suggesting that BBML1 

possesses an important role in initiating zygotic development (Rahman et al., 2019). 

1.3.3 Epigenetic regulation of zygotic genome activation 

Changes in chromatin histone content, chromatin structure, and transcription factors 
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appear to regulate the availability of the genome for transcription in the early embryo. The 

sperm genome is highly condensed in order to maintain its chromatin stability during the long 

journey to the egg cell. In Arabidopsis, histone 3 (H3) variants contributed by both the sperm 

and the egg cell nuclei are removed from the zygote chromatin and are replaced by de novo 

synthesis of H3 variants in a replication-independent manner (Ingouff et al. 2010). These 

changes in nucleosome composition enable transcription and expression from the paternal-

inherited chromatin.  

Genomic imprinting shaped by asymmetric DNA methylation between parental genomes 

contributes to biased parental gene expression. Up to date, imprinting is mainly found in the 

proliferation of endosperm in plants. It is shown that in the interploidy crossing, the increased 

activity of paternally expressed imprinted genes (PEGs) in the endosperm of triploid seeds 

causes failed cellularization of the endosperm, which further leads to a compromised embryo 

in short of sucrose supply (Wolff et al. 2015; Morley-Smith et al. 2008; Hehenberger, Kradolfer, 

and Köhler 2012). This paternal-regulated triploid barrier establishment is caused by an 

increased abundance of easiRNAs from 2n pollen, which negatively interferes with the 

repression of PEGs in the endosperm (Martinez et al. 2018). 

The paternal genome expression in the embryo is epigenetically regulated by some 

maternal components. The maternal SUVH4 histone methyltransferase KRYPTONITE (KYP) 

and the maternal-inherited RdDM pathway components suppress the transcription of many 

paternal alleles, and their progressive depletion during the development of embryos may lead 

to a gradual activation of the paternal genome (Autran et al. 2011).  

1.3.4 Parental contributions to the early embryo 

Opinions concerning parental contributions to the early embryo on the transcriptional level 

were divided (Autran et al. 2011; Nodine and Bartel 2012). Recent transcriptomic profiling of 

hybrid zygotes and early embryos derived from a reciprocal cross between Columbia (Col) and 

Landsberg erecta (Ler) ecotypes in Arabidopsis settled this dispute by showing that both parents 

contribute equally to the transcriptomes of elongated zygotes and early embryos (P. Zhao et al. 

2019; 2020). However, despite the equal transcriptional contribution, the parental control of 

early embryo development is biased, with the basal cell lineage showing a strong maternal effect 

(P. Zhao et al. 2020). Certain parent-of-origin genes exhibit a strong impact on zygotic and 

embryonic development. BBML1 in rice is a paternal-transmitted gene in the activation of the 

de novo gene expression in zygotes (Khanday et al. 2019). SHORT SUSPENSOR (SSP) is a 

paternal-transmitted gene that promotes polarity establishment in zygote and suspensor 
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development (Bayer et al. 2009). Corresponding to SSP from the paternal side, two maternal-

derived TF encoding genes, HOMEODOMAIN GLABROUS 11 (HDG11) and HDG12, 

contribute to the regulation of the polarity change and asymmetric division in zygotes (Ueda et 

al. 2017). 

1.3.5 Maternal transcripts clearing 

To finalize the MZT the maternally contributed RNAs have to be degraded. In Drosophila, 

Zelda and the Zelda-activated microRNA miR309 target maternally deposited transcripts and 

trigger the large-scale degradation of maternal transcripts (Bushati et al. 2008; Liang et al. 2008). 

In accordance with this, transcriptome profiling in Arabidopsis revealed that transcript 

abundance largely differs between the egg and zygote, with thousands of transcripts showing a 

decreased level in zygotes (P. Zhao et al. 2019). The elimination of maternal transcripts in 

endosperm seems to be essential for its proliferation. The sperm-transmitted miR159 promotes 

endosperm nuclear division by degradation of MYB33 and MYB65 transcripts in the fertilized 

central cell (Y. Zhao et al. 2018). The regulatory mechanisms involved in maternal transcripts 

clearance in the zygote are yet to be discovered
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2 Objectives and aims 

In flowering plants, a successful double-fertilization is achieved by the coordination of a 

series of signaling events between sporophytic and gametophytic cells as well as between the 

gametes themselves (recently reviewed in Johnson, Harper, and Palanivelu 2019; Dresselhaus, 

Sprunck, and Wessel 2016). With knowledge growing on pollen tube guidance and gametic 

interactions, the molecular signaling events orchestrating zygotic genome activation remain to 

be discovered. Despite the equal transcripts contribution from both parental sides in the early 

embryo (P. Zhao et al. 2020), certain paternal-of-origin genes exhibit a strong impact on zygotic 

and embryonic development, such as SSP in Arabidopsis (Bayer et al. 2009) and BBML1 in rice 

(Khanday et al. 2019). Therefore, the overall aim of this thesis was to reveal novel paternal-

contributed genes in fertilization and zygotic genome activation.  

Aim 1: Perform a forward genetic screen for paternal-defective fertilization mutants in 

Arabidopsis 

Forward genetic screen is a powerful tool to reveal novel genes. The forward genetic 

screen for paternal-defective fertilization mutants in an EMS-induced mutant population had 

been performed by the host lab. The first aim was to re-screened the already available 

candidates. Phenotyping of the mutant plants was based on crossings to wild type plants as 

pollen donors and subsequent microscopic analysis of the resulting seeds. Mutants that showed 

paternal defects ranging from pollen tube function, gamete fusion, and zygotic genome 

activation were selected and subjected to causative variant mapping.  

Aim 2: Tailor a mapping-by-sequencing method for identifying paternal-defective 

fertilization mutations 

Sequencing-based bulked-segregant analysis has been widely used to identify causative 

genes in forward genetic screen. However, this approach is poorly suited to identifying variants 

with fertilization defects due to the depletion of homozygous parents and the laborious 

phenotypic work required. The second aim of the thesis was to develop a mapping-by-

sequencing method that is specifically tailored to identify causative genes underlying paternal 

fertilization defects of the mutants obtained from the forward genetic screen in Aim 1. 

Aim 3: Characterize an Origin of Replication Complex gene ORC1b in fertilization 

ORC1b encodes an Origin of Replication Complex gene that is expressed highly in 

proliferating tissues including sperm cells and developing embryos (Diaz-Trivino et al. 2005; 

P. Zhao et al. 2019; Borges et al. 2008), suggesting a potential role as a paternal gene in 

fertilization. The third aim of this thesis was to use the reverse genetic approach to study the 
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function of ORC1b in fertilization. A T-DNA insertion mutant allele orc1b-1 and a knock-out 

allele orc1b-2 generated by the CRISPR-Cas9 system were used to characterize the function of 

ORC1b. 

Aim 4: Design fluorescent marker lines to assist phenotypic analysis of fertilization-

defective mutants 

Fertilization and early embryo development in Arabidopsis occur inside the embryo sac 

that is deeply embedded inside the sporophytic tissue, which makes it challenging to obtain 

phenotypic information on a cellular and sub-cellular level. Therefore, the fourth aim of this 

thesis was to design a set of fluorescent marker lines to assist phenotypic analysis during 

fertilization. Several fluorescent proteins were introduced into specific cell structures in pollen 

and female gametophyte to visualize the fertilization process.  

Taken together, this thesis aimed to provide novel methods and new insights into 

understanding the paternal contribution to fertilization in flowering plants. 



A novel mapping-by-sequencing method for paternal-defective fertilization mutations 

25 
 

3 A novel mapping-by-sequencing method for paternal-defective 

fertilization mutations 

Forward genetic screen assisted by sequencing-based bulked-segregant analysis has been 

widely used to discover novel genes. However, this approach is poorly suited to the 

identification of variants with fertilization defects in plants due to the depletion of homozygous 

parents and the laborious phenotypic work required. Here, we describe a semi-high-throughput 

mapping-by-sequencing method that is specifically tailored to identify genes underlying 

paternal fertilization defects. This approach enables the mapping of multiple mutants 

simultaneously with a limited workload. We employed this method to capture a set of both 

known and novel paternal genes in fertilization. Taken together, this study greatly enhances our 

ability to discover novel signaling mechanisms in fertilization and offers new insights into 

understanding the paternal contribution to fertilization in flowering plants.  

3.1 Introduction 

In flowering plants, the pair of sperm cells rely on the vegetative cell to form the pollen 

tube to deliver them to the ovary. Here, one of the sperm cells fuses with the egg cell to form 

an embryo and the other one fuses with the central cell to form the nourishing endosperm, thus 

achieving double-fertilization. Successful fertilization depends on a series of signaling events 

performed synergistically between sporophytic and gametophytic cells as well as between the 

gametes themselves (Dresselhaus, Sprunck, and Wessel 2016). Pollen is captured by papilla 

cells on the surface of the pistil, followed by pollen hydration and germination of a pollen tube, 

which invades through the female transmitting tract towards ovules (Kandasamy, Nasrallah, 

and Nasrallah 1994). The synergid cell-secreted peptides LURE1s are perceived by the pollen 

tube receptor complex components, the pollen-specific receptor-like kinase PRK6, LIP1, and 

LIP2, hence guiding the pollen tube to emerge out of the septum (Okuda et al. 2009; Takeuchi 

and Higashiyama 2016). FER, ANJ, and HERK1 encode CrRLK1L receptor-like kinases that 

form a receptor complex on the membrane of the synergid cell and control pollen tube reception 

at the micropyle (Escobar-Restrepo et al. 2007; Galindo‐Trigo et al. 2020). In addition, the egg 

cell expressed GEX3 and the central cell expressed CCG also contribute to pollen tube guidance 

at the micropyle (Y. H. Chen et al. 2007). MYB97, MYB101, and MYB120 are three transcription 

factor genes in pollen tubes that serve as pollen components in pollen tube rupture and sperm 

release (Leydon et al. 2013). GEX2 encodes a sperm membrane protein, which is required for 

attachment between male and female gametes (Mori et al. 2014). The egg cell secreted small 
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cysteine-rich EC1 triggers the localization of the fusogen protein HAP2 (Valansi et al. 2017; 

von Besser et al. 2006) to the plasma membrane in sperm cells and facilitates plasmogamy (S. 

N. Anderson et al. 2017; Dresselhaus, Sprunck, and Wessel 2016). The egg cell stays in a 

quiescent status at the G0 phase and it is activated upon fertilization with the sperm cell (Peng 

et al. 2018). GEX1 is a nuclear membrane protein required for sperm nuclear fusion in both 

fertilized egg cells and central cells (Nishikawa et al. 2020). In gex1-1 mutant seeds, deficiency 

in sperm nuclear fusion in the central cell caused abnormal endosperm proliferation, and 

embryo development was arrested shortly after the first zygotic cell division (Alandete-Saez et 

al. 2011; Nishikawa et al. 2020).  

MZT describes the post-fertilization process in animals which constitutes two major 

processes: the de novo ZGA and the clearance of maternal transcripts (Schier 2007; Tadros and 

Lipshitz 2009; Bai et al. 2018). Current knowledge about zygotic activation is still limited, but 

the identification of several key TFs outlines a transcriptional regulation network in initiating 

the zygotic program as described in chapter 1. With more high-quality transcriptomic data 

available in recent years, we have gained a better understanding of the transcripts that shape the 

development of zygotes and early embryos, but the molecular signaling events orchestrating 

the onset of the zygotic program remain to be discovered.  

Forward genetic screen is a powerful tool to reveal novel genes, which could be adopted 

in identifying molecules involved in ZGA. The exemption of prior assumptions and the 

unbiased selection among the whole genome in a forward genetic screen is instrumental for 

capturing key players in biological processes that are barely understood. The nature of single 

nucleotide polymorphism (SNP) among genomes of different Arabidopsis ecotypes is essential 

for the identification of the causative genes behind phenotypic variations. Map-based cloning 

(also known as positional cloning) is the traditional PCR-based marker detection method to 

identify the genetic basis of a mutant phenotype based on the linkage to genetic markers whose 

physical location in the genome is known (Jander et al. 2002). With more than 50,000 genetic 

markers available, it is possible to reach a 40-kb resolution, though phenotypic and genotypic 

analysis of each individual in a fine-mapping population of 3,000 to 4,000 plants is 

recommended (Jander et al. 2002). Bulked-segregant analysis, which involves phenotype-based 

separation of two populations each containing individuals showing mutant or WT-like 

phenotypes, has drastically reduced the number of PCR reactions required to establish genome 

linkage of mutations (Lukowitz, Gillmor, and Scheible 2000). However, the laborious work of 

verifying all the candidate genes in a broad genetic interval is hindering the efficiency of map-

based cloning. The development of whole-genome sequencing-based bulked-segregant analysis 
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has rendered the mapping approach faster and more affordable. It is able to provide genotypic 

information on a variant-level resolution rather than an interval-level resolution in map-based 

cloning. Nonetheless, due to the requirement of identifying homozygous mutants in an F2 

mapping population for these methods, they cannot be used to identify lethal and poorly 

transmitted variants. Utilization of SNP-ratio mapping has lifted the restriction of lethal 

mutations and managed to map gametophyte lethal mutations, where the causative variant 

segregates by 1:1 while the phenotype-unlinked variants segregate by 1:3 in the second 

backcross progenies (Lindner et al. 2012). However, it still requires phenotyping of segregated 

individual plants in the second backcross population (Lindner et al. 2012), which is not feasible 

for high-throughput mapping of hard-to-score phenotypes, such as subtle fertilization defects 

and hypomorphic mutations.  

To address this limitation, we tailored a semi-high throughput mapping-by-sequencing 

method based on SNP-ratio mapping that allows the identification of paternal-defective 

mutations with a limited phenotyping workload of a few individual plants. Adopting this 

method, we corroborated several known paternal genes involved in pollen development, pollen 

tube guidance, and gametes interaction. We also revealed a novel paternal gene, SAHH2, which 

we showed to be involved in pollen tube guidance in the female transmitting tract. Additionally, 

a list of potential causative candidates was generated for further study. The identification of 

these variants demonstrates the power of our improved mapping method to elucidate the 

paternal impact on fertilization in flowering plants. 

3.2 Results 

3.2.1 Phenotypic characterization of the paternal-defective mutants 

Using a forward genetic screen, we examined 3500 ethyl methane sulfonate (EMS)-

mutated M2 plants in Ler for paternal fertilization defects. Phenotyping based on crossings to 

wild type plants and subsequent microscopic analysis of the resulting seeds was performed to 

screen for paternal-defective mutations. The paternal defects during the fertilization process 

ranged from pollen germination, pollen tube growth, pollen tube reception, gamete fusion, and 

zygotic development to early embryo development. These defects converged in a seed abortion 

phenotype with a reduced seed set rate, which serves as an indicator in the mutant screen. Pollen 

from mutants was obtained and crossed to WT pistils. The resulting siliques were dissected and 

the seed set pattern was recorded: (i) a completely failed seed set indicates defects in pollen 

development or pollen tube germination rather than in fertilization, which was ruled out in the 

screen; (ii) a basal part seed abortion in siliques indicates defects in pollen tube elongation and 
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guidance; (iii) a randomly distributed seed abortion in siliques indicates that the mutated pollen 

behaves comparably to WT pollen at pollen tube reception, and the defects rather reside in 

gametes fusion, zygotic genome activation, or early embryo/endosperm development. 

Furthermore, an early abortion of the defective seeds in siliques suggests a failure in fertilization, 

whereas a late abortion of defective seeds that manage to expand to the size of WT or a smaller 

size than WT suggests a misregulation in the embryo or/and endosperm development. These 

traits of the seed set enable the capture of paternal defects at certain steps during fertilization. 

More subtle phenotypes were characterized by light microscopy of ovules after fertilization 

assisted by clearing and staining techniques. Altogether, 19 mutants displaying paternal defects 

during fertilization were selected and named paternal-defective mutant 1-19 (pmd1-19). These 

mutants were further subjected to mapping as described below. 

3.2.2 Design of the mapping approach 

Generating F2 mapping populations for fertilization-defective mutations is rendered 

problematic by the difficult-to-score phenotypes. Segregation distortion can occur without 

losing seed set such as in the context of pollen competition. Furthermore, hand pollination 

makes the seed set phenotype variable with full or limited pollination, which makes scoring by 

counting misleading and prone to observe bias. Rather than phenotypically sorting each 

individual in F2, we decided to leverage the reduced paternal transmission of the mutants. In 

our mapping strategy (Figure 3.1 A), each paternal-defective mutant in Ler was crossed to Col-

0 as the maternal parent to generate the heterozygous F1 with 50% Ler genome. A single F1 

mutant was selected to outcross to Col-0 as the pollen donor to generate the outcross 2 (OC2) 

population. The male gametes carrying the mutation failed in fertilization, thus abolishing the 

transmission to the resulting OC2 population. Therefore, we generated a wildtype pool with a 

25% Ler genome. There are two optional approaches to generating mutant pools. The first 

involved self-crossing of the EMS mutant in Ler, and the second involved self-crossing of the 

selected F1 plant which resulted in the F2 population with equal parental genome contribution. 

These two approaches were both used in this study and their mapping efficiency will be 

compared in the following sections. Approximately 1000 seedlings of each mapping population 

were pooled for sequencing. Segregation distortion of Ler SNP frequency at the region of the 

causative mutation was expected in the wildtype pool OC2 due to the abolished transmission, 

and the candidate interval would be determined accordingly. A causative variant in the candidate 

interval would be identified in the corresponding mutant pool M or F2 (Figure 3.1 B). As a 

control to avoid natural genome bias, an OC2 pool generated from Ler-0 and Col-0 was adopted. 
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As shown in the mapping workflow (Figure 3.2), sequencing results of each mapping 

population were subjected to the control mapping module, the interval mapping module, the 

causative variant mapping module, or the interval and causative variant mapping module 

accordingly. The Col-Ler variants generated by the control mapping module from the control 

OC2 were adopted to perform variant filtering in the interval mapping process. The candidate 

interval determined by interval mapping in OC2 was further employed for causative variant 

mapping in M or F2. In the OC2 mapping population, the SNPs in the flanking region of the 

causative variant would exhibit a rather low frequency since they have been co-selected due to 

genetic linkage. These SNPs are prone to be excluded with standard settings in variant detection 

for their similarity to the spurious variation caused by sequencing artifacts. Therefore, we adjust 

the observation thresholds with an alternate fraction of 0.01 instead of 0.05 by default in the 

genetic variant detector (Garrison and Marth 2012) to preserve these valuable low-frequency 

SNPs. In analyzing the causative variants generated from the M and F2 populations, the variant 

annotation and SNP effect prediction were performed. The SNPs located in the non-coding 

region were filtered out, and typical EMS-induced GC-to-AT nucleotide change, as well as 

Figure 3.1 Crossing and mapping scheme of the novel mapping-by-sequencing method for paternal-
defective fertilization mutations. (A) Crossing combinations for generating the mapping populations. 
Drawings of single chromosome pairs were used as representatives for the full genome. The chromosomes 
outlined by dashed lines indicate the infertility of the gametes. EMS mutant in Ler background was self-
crossed to generate the M population, and the EMS mutant was outcrossed to Col-0 as the maternal parent 
to generate the heterozygous F1. Single F1 mutant was selected to outcross to Col-0 as the pollen donor 
to generate the OC2 population. This single F1 mutant was self-crossed to generate the F2 population. 
(B) The mapping strategy to reveal the paternal-defective mutation. Ler SNP frequency of the OC2 and 
F2 populations was adopted to map the candidate interval. The EMS SNP analysis in M and F2 
populations revels the causative mutation. Ler SNP frequency is indicated by orange curves, the candidate 
interval is indicated by arrows, and the causative mutation is indicated by red dots.  
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insertion-deletion mutations (InDels) with relatively high impact effect types, were included, 

such as missense variants, frameshift variants, stop gained variants, start lost variants, and 

intron splicing-related variants. The candidate gene list was further filtered according to the 

available transcriptome data of pollen and sperms (Borges et al. 2008; Loraine et al. 2013). 

3.2.3 Mapping-by-sequencing reveals causative variants 

First, the control OC2 pool generated from Ler-0 and Col-0 was analyzed and the Ler SNP 

frequency was calculated and plotted against their chromosomal position (Figure 3.3 A). As 

expected, the overall Ler SNP frequency was around 25% along the genome. Ler SNP 

frequency in the centromeric regions displayed a rather noisy pattern, probably due to the poor 

reads assembly at the highly repetitive centromeric regions. In addition, a small fluctuation at 

the end of Chr. 1 was observed in the control OC2, as well as all the other OC2 and F2 mapping 

populations, which might be caused by a bias introduced during crossing or sampling.  

The sequencing results revealed promising segregation distortions in 7 out of the 19 OC2 

mapping populations (Table S3.1). The mutant pdm7 exhibited a segregation distortion on Chr. 

2 in its OC2 sequencing result, while the distortion was missing in F2. This was probably due 

to the dependency of the segregation distortion on some environmental factors. Since the 

reduced transmission appeared to be not stable in pdm7, the mutant was excluded for further 

analysis. Taking mutant pdm1 as an example, the Ler SNP frequency dropped down on the right 

arm of Chr. 4 in both OC2 and F2 (Figure 3.3 A). To investigate which one of OC2 and F2 fits 

better for defining the candidate interval, the distribution of Ler SNPs identified on Chr. 4 in 

OC2 and F2 of pdm1 was plotted against their chromosomal position (Figure 3.3 B). In theory, 

the Ler SNPs frequency should drop from 50% to 25% in the causative interval in F2, while 

ideally all the Ler SNPs should be preserved. In line with this, more Ler SNPs were identified 

in F2 (2581.05 per Mb) than in OC2 (429.05 per Mb). The Ler SNPs in F2 were equally 

distributed along the chromosome, while in OC2, the Ler SNPs number was reduced in the 

flanking region of the causative mutation due to genetic linkage, which largely affected the 

determination of the causative interval as shown in Figure 3.3 C. The stretched Ler SNP 

frequency plot of Chr. 4 in OC2 exhibited a rather noisy plot pattern, whereas F2 showed a 

Figure 3.2 Mapping workflow. The sequencing result of each mapping population was proceeded to the 
control mapping module (green), the interval mapping module (orange), the causative variant mapping 
module (blue), and the interval & causative variant mapping module (pink) accordingly. The Col-Ler 
variants generated by the control mapping module from the control OC2 was adopted to perform variant 
filtering in interval mapping. The candidate interval determined by interval mapping was further 
employed for causative variant filtering. In each module, nodes with a colored background represent 
important input/result files, whereas nodes with white background represent the main analysis steps and 
the tools used. 



A novel mapping-by-sequencing method for paternal-defective fertilization mutations 

32 
 

 
considerably improved resolution (Figure 3.3 C). Fitting linear regression lines to the distorted 

chromosome arm from the left side and the right side enabled us to define the chromosomal 

position with the lowest Ler SNP frequency, thus narrowing down the causative interval size. 

Figure 3.3 Comparison of the mapping results for OC2 and F2 populations. (A) Ler SNP frequency 
plots of control OC2, pdm1 OC2, and pdm1 F2. The five panels per row represent five chromosomes. 
Each grey dot indicates the average frequency per 50 kb. Orange lines indicate LOWESS (locally 
weighted scatterplot smoothing) regression lines fitted to the plots. The control OC2 exhibited 25% Ler 
SNP frequency along the genome. Significant Ler SNP frequency distortions were observed on Chr. 4 in 
both pdm1 OC2 and pdm1 F2. (B) The distribution of Ler SNPs identified on Chr. 4 in pdm1 OC2 and 
pdm1 F2. Each blue dot indicates a Ler SNP. The histone grams above indicate the number of Ler SNPs 
on Chr. 4. Blue lines indicate the distribution tendency of Ler SNPs. (C) Stretched Ler SNP frequency 
plots of Chr. 4 in pdm1 OC2 and pdm1 F2. Each grey dot indicates the average frequency per 50 kb. 
Linear regression lines were fitted to the distorted chromosome arm from the left side (indicated by the 
orange line) and the right side (indicated by the blue line), leaving the left chromosome arm aside 
(indicated by the grey line). 
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Finally, a causative interval of 2 Mb (at the genome position of 6-8 Mb) flanking the point with 

the lowest Ler SNP frequency was selected for causative variant mapping in the mutant pool of 

pdm1.  

Candidate intervals of pdm1-6 obtained from the interval mapping module were subjected 

to the candidate variant mapping module, and a candidate gene list was generated. Four genes 

on the candidate list were further verified to be the causative genes for the paternal defects 

(detailed information see Table S3.2.), and they will be described below. 

3.2.4 Identification of causative variants in known paternal genes 

We identified the causative variants for the pdm1 and pdm2 which reside in pollen genes 

that have been characterized during fertilization in previous literature. These mutant alleles will 

be briefly described in this subsection. 

A reading frameshift mutation caused by a single thymine deletion in the coding sequence 

of HAP2 on chromosome 4 (Chr. 4) was found in mutant pdm1 (hereafter referred to as hap2-

3/+, Figure 3.4 A). The known HAP2 mutant allele, hap2-2/+, was used as a control to confirm 

the causative mutation (von Besser et al. 2006). The mutant hap2-3/+ showed a reduced seed 

set rate in self-crossed siliques (68.80% ± 10.38% b), which is similar to the self-crossed seed 

set rate of hap2-2/+ (65.48% ± 10.49% b). When crossed to WT as the pollen donor, hap2-3/+ 

showed reduced paternal fertility with a seed set rate of 62.12% ± 6.80% b (vs 93.73% ± 4.00% 

a in WT) (Figure 3.4 C). WT ovules fertilized by hap2-3/+ pollen 24 HAP were dissected out 

and stained with Renaissance staining. It was observed that in some ovules more than one pollen 

tube entered the micropyle, which is referred to as polytubey. Polytubey occurred with an 

elevated frequency of 32.21% ± 6.00%, whereas the frequency derived from WT pollen was 

9.06% ± 3.82%.  

To characterize the cause of the paternal-induced polytubey phenotype in hap2-3/+, 

Rainbow Pollen marker (RbP) was introduced into hap2-3/+. The resulting mutant was crossed 

to Rainbow Female Gametophyte marker (RbFG) and ovules at 24 HAP were dissected out and 

stained with Renaissance staining for microscopy. As shown in Figure 3.4 B, the vsfGFP-0 

signal on the egg cell membrane was still observable, suggesting that the egg cell failed in 

fertilization. The absence of the mScarlet signal in the synergid cells suggests that the maternal 

machinery for fertilization recovery was activated, which was proved by the arrival of the 

second pollen tube. The sperm cells were attached to the egg cell membrane, and the 

colocalization of the mRuby2 signal on the sperm membrane and MGH3-NeonGreen in the 

sperm nuclei indicated a failure in plasmogamy. These phenotypes resembled the gamete fusion 
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defects of mutants with disrupted HAP2 as described previously (Beale, Leydon, and Johnson 

2012; von Besser et al. 2006). To confirm that the single thymine deletion in HAP2 was the 

cause of the reduced paternal fertility of pdm1/hap2-3/+, a rescue assay was performed by 

introducing HAP2-mScarlet into hap2-3/+. The resulting lines restored the fertility defect, 

producing a replete seed set in the self-crossed siliques (Figure 3.2 C, D). Taken together, 

pdm1/hap2-3/+ harbors a single thymine deletion in HAP2 and represents a newly discovered 

hap2 allele that produces defective pollen giving rise to gametic fusion failure. 

 
Our mapping method is capable of detecting multiple mutations as we were able to show 

in mutant pdm2. Two segregation distortions were detected on Chr. 2 and Chr. 3 in mutant pdm2, 

Figure 3.4 Phenotypic analysis of pdm1 and its rescue line. (A) The causative variant of pdm1 is a 
frameshift deletion located in HAP2 (hereafter referred to as hap2-3/+). Boxes indicate exons, arrow 
indicates gene direction, red line indicates the deletion mutation, and numbers below indicate the 
nucleotide position. (B) SR2200 staining of Rainbow Female Gametophyte (RbFG, expressing 
proEC1.2en-EC1.1:myr-vsfGFP-0 and proMYB98:mTP-mScarlet) ovules fertilized by pdm1 pollen 
labeled by Rainbow Pollen marker (RbP, expressing proHTR12:HTR12-mCherry, proMGH3:MGH3-
NeonGreen and proDAZ3:myr-mRuby2) at 24 HAP. (a) GFP channel detecting vsfGFP-0 on the 
membrane of the unfertilized egg cell and NeonGreen in the sperm nuclei. (b) RFP channel detecting 
mScarlet in the synergid mitochondria, mRuby2 on the sperm membrane, and mCherry on the sperm 
centromeres. (c) DAPI channel detecting SR2200 signal on the cell perimeter. (d) Merged image of all 
the channels. White arrowheads indicate the arrival of two pollen tubes, hollow arrowheads indicate the 
unfused sperm cells. (C) Seed set rate of hap2-2/+, hap2-3/+ and the rescue line HAP2-mScarlet in hap2-
3/+. Letters above boxes refer to individual groups in a one-way ANOVA with a post hoc Tukey test (p < 
0.05). (D) Cleared siliques of hap2-2/+, hap2-3/+, and the rescue line HAP2-mScarlet in hap2-3/+. 
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and G-to-A mutation in the coding regions of CALLOSE SYNTHASE 5 (CALS5) and COBRA-

LIKE PROTEIN 10 (COBL10) were found on Chr. 2 and Chr. 3, respectively (Figure 3.5 A, B). 

These two mutant alleles are named cals5-6 and cobl10-5 after the existing alleles. In order to 

verify the causative mutations by rescue assay, two fluorescent protein-tagged rescue cassettes 

expressing CALS5-mScarlet and COBL10-YPet driven by their native promoters were 

introduced into WT and were further introgressed into mutants by crossing. The rescue lines 

exhibited decent fluorescent signals in WT, with both CALS5-mScarlet and COBL10-YPet 

visible in the vegetative cell of mature pollen (Figure 3.5 C). CALS5 is required for exine wall 

formation of pollen grains, pollen tube wall deposition, and callose plug formation in an 

elongating pollen tube (Dong et al. 2005; Abercrombie et al. 2011). In line with this, the 

glutamic acid-to-lysine mutation in the glucan synthase domain at position 1662 of the amino 

acid sequence of CALS5 in cals5-6 led to abolished pollen development, which is similar to 

that in the T-DNA allele cals5-2 as indicated by Alexander staining in Figure 3.5 D, suggesting 

that this single amino acid plays a major role in its protein function. Introducing CALS5-

mScarlet into cals5-6 rescued the pollen development defect and produced healthy-looking 

pollen grains inside the anther (Figure 3.5 D). The causative gene on Chr.3, COBL10, is known 

to mediate directional pollen tube growth (Sha Li et al. 2013). Correspondingly, the observed 

threonine-to-isoleucine mutation at position 169 of the amino acid sequence of COBL10 in 

cobl10-5/+ caused malfunction of the pollen tube, leading to a reduced seed set rate in self-

crossed siliques (58.35% ± 7.11% c), which was even lower than the seed set rate of the T-DNA 

allele cobl10-2/+ (72.49% ± 14.63% b). The seed abortion was observed primarily in the basal 

part of the siliques in cobl10-5/+, which mirrored the seed set pattern in cobl10-2/+ (Figure 3.5 

F), reinforcing its role in pollen tube growth and directional guidance. Introducing COBL10-

YPet into cobl10-5 restored the seed set defect in the self-crossed siliques, giving out a seed set 

rate of 92.32% ± 2.18% a (vs 94.39% ± 3.47% a in WT) (Figure 3.5 E), reassuring that COBL10 

was the causative gene for the malfunctioned pollen.  

These causative mutations in genes with known functions demonstrate that our mapping 

method is capable of mapping both single and multiple EMS-induced mutations in the 

Arabidopsis genome. A novel paternal candidate gene derived from this mapping method will 

be presented in the following subsection.  

3.2.5 SAHH2 is a novel paternal gene in pollen tube guidance 

Segregation distortion was observed on Chr. 3 in pdm3 (Figure 3.6 A), and a C-to-T 

transition mutation caused a glycine-to-serine mutation at position 25 in the amino acid 
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sequence of the novel paternal gene, S-adenosyl-L-homocysteine hydrolase 2 (SAHH2), was 

identified, which is referred to as sahh2-1 hereafter. SAHH2 is a key enzyme for the 

maintenance of cellular transmethylation potential (C. H. Li et al. 2008), however, its role in 

fertilization remains unknown. Three additional loss-of-function mutant alleles each carrying a 

Figure 3.5 Phenotypic analysis of pdm2 and its rescue lines. (A) Ler SNP frequency plot of pdm2 OC2. 
The five panels represent five chromosomes. Each grey dot indicates the average frequency per 50 kb. 
Orange lines indicate LOWESS (locally weighted scatterplot smoothing) regression lines fitted to the 
plots. Significant Ler SNP frequency distortions were observed on Chr. 2 and Chr. 3. (B) The causative 
variants of pdm2 located in CALS5 and COBL10 (hereafter referred to as cals5-6 and cobl10-5, 
respectively). Boxes indicate exons, arrows indicate gene direction, red lines indicate the mutations, and 
numbers below indicate nucleotide positions. (C) Expression of CALS5-mScarlet and COBL10-YPet in 
mature pollen driven by their native promoters. (D) Alexander staining of anthers of cals5-2, cals5-6, and 
the rescue line CALS5-mScarlet in cals5-6 before anthesis. (E) Seed set rate of cobl10-2/+, cobl10-5/+, 
and the rescue line COBL10-YPet in cobl10-5/+. Letters above boxes refer to individual groups in a one-
way ANOVA with a post hoc Tukey test (p < 0.05). (F) Cleared siliques of cobl10-2/+, cobl10-5/+, and 
the rescue line COBL10-YPet in cobl10-5/+. 
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T-DNA insertion in the SAHH2 gene locus, sahh2-2, sahh2-3, and sahh2-4, were used to 

support the functional characterization of SAHH2 in fertilization (Figure 3.6 B).  

It has been shown that SAHH2 fused to a β-glucuronidase (GUS) was specifically 

expressed in anthers of the floral organ (C. H. Li et al. 2008). To investigate the expression 

pattern of SAHH2 inside the male gametes, a reporter cassette expressing proSAHH2:SAHH2-

YPet was introduced into WT. The fluorescent signal was observed in both the vegetative 

cytoplasm and the vegetative nuclei, whereas the signal was missing in sperm cells (Figure 3.4 

C panel a). The expression of SAHH2 in fertilization was investigated by pollinating WT pistil 

with pollen from the reporter line. A distinct SAHH2-YPet signal was observed in the pollen 

tube at the micropyle at 24 HAP, suggesting SAHH2-YPet was expressed during the whole 

process of pollen tube growth and reception (Figure 3.4 C panel b-c). 

Male fertility was reduced in the sahh2 alleles. When crossed to WT as pollen donors, 

sahh2-1, sahh2-2, sahh2-3, and sahh2-4 all exhibited reduced paternal fertility, displaying seed 

set rate of 65.46% ± 17.55% b in sahh2-1, 67.22% ± 10.17% b in sahh2-2, 63.81% ± 15.49% 

b in sahh2-3, and 65.47% ± 10.95% b in sahh2-4, while the seed set rate derived from WT 

pollen was 94.10% ± 3.16% a. (Figure 3.6 D). To check the maternal fertility of sahh2-2, WT 

pollen was pollinated to sahh2-2 and the seed set was checked at 3 DAP. The resulting seed set 

(91.00% ± 4.10% a) showed no difference from WT, suggesting that maternal fertility of sahh2-

2 was not affected. The seed abortion was primarily observed in the basal part of the siliques as 

shown in Figure 3.6 E. Compromised pollen viability would be a possible reason for reduced 

fertilization in siliques. Therefore, Alexander staining was used to check pollen viability. The 

staining results demonstrated that all four mutant alleles produced viable pollen with a healthy 

appearance (Figure S3.1). To investigate if the aborted seeds in the basal part were caused by 

failed pollen tube attraction to ovules, sahh2-1 and sahh2-2 pollen were crossed to WT pistil, 

and the growth of pollen tubes inside the transmitting tract inside the pistils at 24 HAP was 

indicated by aniline blue staining, which stains callose on the pollen tube wall (Figure 3.6 F). 

A comparable amount of sahh2-1, sahh2-2, and WT pollen germinated on the stigma, 

suggesting that pollen germination was not affected. However, only a few pollen tubes of 

sahh2-1 and sahh2-2 were observed in the lower half of the transmitting tract, leaving most of 

the ovules in the basal part unfertilized. In contrast, a considerable number of WT pollen tubes 

penetrated down the transmitting tract to the bottom of the pistil. These observations are 

suggesting that the reduced pollen tube growth in the female transmitting tract was the main 

cause of the seed abortion in the basal part of the siliques.  

A rescue assay was conducted to verify the causative gene. The functional reporter cassette 
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Figure 3.6 Phenotypic analysis of pdm3, its T-DNA insertion alleles, and rescue lines. (A) Ler SNP 
frequency plot of pdm3 OC2. The five panels represent five chromosomes. Each grey dot indicates the 
average frequency per 50 kb. Orange lines indicate LOWESS (locally weighted scatterplot smoothing) 
regression lines fitted to the plots. Significant Ler SNP frequency distortions were observed on Chr. 3. 
(B) The causative variant of pdm3 located in SAHH2 (hereafter referred to as sahh2-1). Boxes indicate 
exons, arrow indicates gene direction, red line indicates the causative mutation, black lines indicate T-
DNA insertion sites of the T-DNA insertion alleles, and numbers indicate nucleotide positions. (C) 
Expression of SAHH2-YPet driven by its native promoter. (a) Signal of SAHH2-YPet was observed in the 
vegetative cells and vegetative nuclei of mature pollen. (b) Signal of SAHH2-YPet was observed in the 
pollen tube at the micropyle in the WT ovule pollinated by pollen expressing proSAHH2:SAHH2-YPet at 
24 HAP. (c) Merged image of YPet channel and bright field channel of the ovule in (b). Pollen tubes are 
indicated by arrowheads. The early zygotes are outlined by dashed lines. (D) Seed set rate of sahh2-1, 
sahh2-2, sahh2-3, and sahh2-4 crossings and the rescue line. Letters above boxes refer to individual 
groups in a one-way ANOVA with a post hoc Tukey test (p < 0.05). (E) Cleared siliques of sahh2-1, 
sahh2-2, sahh2-3, sahh2-4, and the rescue line. (F) Aniline staining image of sahh2-1 and sahh2-2 pollen 
tubes in WT pistils at 24 HAP. WT pollen was adopted as a control. Asterisks indicate ovules without 
pollen tube arrival. 
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expressing proSAHH2:SAHH2-YPet failed to restore the fertility defects in both sahh2-1 and 

sahh2-2 (data not shown). Whereas introducing the tag-free rescue cassette expressing 

proSAHH2:SAHH2 into sahh2-2 restored the fertility defect, producing a wild-like seed set 

(Figure 3.6 D, E). Thus, we assume that SAHH2 is either sensitive to C-terminal tagging, or 

that the additional YPet hampered its normal function in pollen. 

Taken together, we identified a novel pollen gene, SAHH2, involved in paternal fertility 

regulation. It is expressed in the vegetative cell of pollen, and the loss-of-function mutants show 

reduced male fertility with defective pollen tube guidance in the transmitting tract. 

3.2.6 Potential causative genes for further study 

The mutants pdm4, pdm5, and pdm6 demonstrated paternal defects in pollen tube reception, 

embryo development, and endosperm proliferation, respectively. Here, the phenotypic 

characterization, mapping results, and potential candidate variants are described. 

The mutant pdm4 showed reduced fertility when crossed to WT as a pollen donor, resulting 

in a seed set rate of 70.03% ± 12.54% (vs 94.19% ± 3.20% in WT) (Figure 3.7 A). Seed abortion 

occurred early after fertilization without ovule expansion. To further investigate the cause of 

failed fertilization, pdm4 pollen was crossed to the RbFG marker, and ovules at 24 HAP were 

 

Figure 3.7 Phenotypic analysis of pdm4. (A) Seed set rate of pdm4 crossed to WT as a pollen donor. 
***: P<0.001, Student’s t-test. (B) SR2200 staining of the Rainbow Female Gametophyte (RbFG, 
expressing proEC1.2en-EC1.1:myr-vsfGFP-0 and proMYB98:mTP-mScarlet) ovules fertilized by pdm4 
pollen at 24 HAP. (a) GFP channel detecting vsfGFP-0 on the membrane of the unfertilized egg cell. (b) 
RFP channel detecting mScarlet in the synergid mitochondria. (c) DAPI channel detecting SR2200 signal 
on the pollen tube perimeter. (d) Merged image of all the channels. The unfertilized egg cell is outlined 
by dashed lines. pdm4 pollen tubes lost directional guidance at micropyle of ovules. 
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dissected out and stained by SR2200. Pollen tube arrival was observed in the majority of the 

ovules, suggesting that ovular pollen tube guidance was not affected. However, in these ovules 

showing fertilization failure, pollen tubes lost directional guidance and showed random 

overgrowth at the micropyle (Figure 3.7 B). Taken together, pdm4 shows a paternal-derived 

defect in pollen tube reception at the micropyle. 

The mutant pdm5 produced a reduced seed set when crossed to WT as a pollen donor. The 

resulting siliques showed a seed set rate of 76.30% ± 16.07% (vs 94.19% ± 3.20% in WT) 

(Figure 3.8 A) with aborted seeds randomly distributed in the siliques. To characterize the 

fertilization defects, WT ovules fertilized by pdm5 pollen were dissected out, cleared by 

Hoyer’s solution, and imaged by DIC microscopy (Figure 3.8 B). At 1 DAP, when the WT-like 

embryo was at the one-cell stage (Figure 3.8 B panel d), the development of zygotes in the 

defective ovules was delayed and remained not elongated (Figure 3.8 B panel a-c). At 2 DAP, 

the WT-like embryo reached the 8-cell stage (Figure 3.8 B panel h), whereas the defective 

 

Figure 3.8 Phenotypic analysis of pdm5. (A) Seed set rate of pdm5 crossed to WT as a pollen donor. 
***: P<0.001, Student’s t-test. (B) Hoyer’s solution clearing and DIC imaging of WT ovules fertilized by 
pdm5 pollen at 1 DAP (a-d), 2 DAP (e-h), and 3 DAP (i-l). Delayed embryo development and aberrant 
cell divisions are outlined by dashed lines. Panel a-e and panel f-l share the same scale bar, respectively. 
Embryo development was delayed and aberrant cell divisions were observed in ovules fertilized by pdm5 
pollen. 
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ovules were at the elongated zygote stage or one-cell stage (Figure 3.8 B panel e-f), and oblique 

embryonic cell division was also observed (Figure 3.8 B panel g). At 3 DAP, the WT-like 

embryo reached the globular stage (Figure 3.8 B panel h), while some of the defective ovules 

exhibited a smaller size with embryos just finishing the first cell division of the embryo proper 

(Figure 3.8 B panel i). The other defective ovules expanded to the size of WT but showed 

irregular cell divisions in the embryos (Figure 3.8 B panel j-k). In summary, pdm5 exhibited 

paternal-induced embryo development delay and aberrant cell division in the embryos. 

The mutant pdm6 showed reduced fertility when crossed to WT as a pollen donor, resulting 

in a seed set rate of 73.24% ± 18.21% (vs 94.19% ± 3.20% in WT) (Figure 3.9 A). Seed abortion 

occurred early after fertilization, and the arrested ovules exhibited shriveled integuments. To 

characterize embryo development after fertilization, WT ovules fertilized by pdm6 pollen at 3 

DAP were dissected out, cleared by Hoyer’s solution, and imaged by DIC microscopy. At 3 

DAP, the wild-like ovule was at the globular stage (Figure 3.9 B panel d), while in the defective 

ovules, endosperm proliferation was compromised (Figure 3.9 B panel a-c). The lacking of 

endosperm development was presumably the reason for the shriveled integuments. In addition, 

 

Figure 3.9 Phenotypic analysis of pdm6. (A) Seed set rate of pdm6 crossed to WT as a pollen donor. 
***: P<0.001, Student’s t-test. (B) Hoyer’s solution clearing and DIC imaging of WT ovules fertilized by 
pdm6 pollen at 3 DAP. (C) Albino seeds were observed in pdm6 self-crossed siliques and they showed a 
wizened appearance at the mature stage. Some of the aberrant seeds are indicated by black arrowheads. 
(D) Hoyer’s solution clearing and DIC imaging of albino seeds from pdm6 self-crossed siliques at mature 
green stage. Endosperm development was compromised in ovules fertilized by pdm6 pollen, and pdm6 
produced aberrant seeds with arrested embryos when self-crossed. 
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Figure 3.10 Mapping results for OC2 and F2 populations of pdm4, pdm5, and pdm6. Ler SNP 
frequency plots of OC2 and F2 populations of pdm4, pdm5, and pdm6. The five panels per row represent 
five chromosomes. Each grey dot indicates the average frequency per 50 kb. Orange lines indicate 
LOWESS (locally weighted scatterplot smoothing) regression lines fitted to the plots. Ler SNP frequency 
distortions were observed on Chr. 2 in both pdm4 OC2 and pdm4 F2; Chr. 3 in both pdm5 OC2 and pdm5 
F2; Chr. 5 in both pdm6 OC2 and pdm6 F2, and additional Ler SNP frequency distortion was observed 
on Chr. 4 in pdm6 F2. 
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pdm6 produced albino seeds in the self-crossed siliques, resulting in aberrant seeds with a 

wizened shape at the mature stage (Figure 3.9 C). The embryo development was checked in 

these albino seeds by Hoyer’s solution clearing and DIC microscopy. At the green mature stage, 

the WT-like embryo turned green and the cotyledons bent (Figure 3.9 D panel c). While in the 

albino seeds, embryos stayed colorless and displayed defects in cotyledon bending (Figure 3.9 

D panel a). Some cotyledons bent to the side (Figure 3.9 D panel b) but were still much shorter 

than the WT-like embryo. Taken together, pdm6 pollen is defective in fertilizing the central cell, 

resulting in a compromised endosperm, and an additional recessive mutation in pdm6 causes 

late-stage embryo arrest. 

The mapping results revealed segregation distortions in the OC2 and F2 mapping 

populations of the three mutants mentioned above (Figure 3.10). The segregation distortion for 

pdm4, pdm5, and pdm6 was on the right arm of Chr. 2, the left arm of Chr. 3, and the left arm 

of Chr. 5 in both OC2 and F2, respectively. Additional segregation distortion was found on the 

right arm of Chr. 4 in pdm6 F2, which might be derived from a recessive mutation in the genome. 

Stretched plots were drawn and linear regression lines were drawn to help define the causative 

intervals of these chromosomes with segregation distortions (Figure 3.11). Based on this, a 

causative interval of 2 Mb was selected for causative variant mapping in pdm4 (Chr. 2: 18-20 

Mb), pdm5 (Chr. 3: 6-8 Mb), and pdm6 (Chr. 4: 13-15 Mb; Chr. 5: 2-4 Mb).  

A candidate variant list was generated by the causative variant mapping module with F2 

as an input (Table 3.1). The G-to-A mutation with the SNP effect of “stop gained” was identified 

 

Figure 3.11 Candidate intervals and candidate variants for pdm4, pdm5, and pdm6. Stretched Ler 
SNP frequency plots of Chr. 2 in pdm4 F2, Chr. 3 in pdm5 F2, Chr. 4 and Chr.5 in pdm6 F2. Each grey 
dot indicates the average frequency per 50 kb. Linear regression lines were fitted to the distorted 
chromosome arm from the left side (indicated by the orange line) and the right side (indicated by the blue 
line), leaving the other chromosome arm aside (indicated by the grey line). Grey shadows indicate the 2-
Mb candidate intervals.  
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in the candidate interval on Chr. 4 in pdm6. The mutation locates in a WD repeat protein- 

encoding gene TANMEI/EMB2757 (TAN) required for embryo development. The T-DNA allele 

tan-1 displayed similar albino seeds with embryonic lethality as described previously 

(Yamagishi et al. 2005). Thus, we presume that TAN is the causative gene for the segregation 

distortion on Chr. 4 in pdm6. The potential causative genes responsible for these above-

described intriguing phenotypes in pdm4, pdm5, and pdm6 still need to be further investigated. 

Table 3.1 The candidate variant list for pdm4, pdm5, and pdm6  

Mutant SNP position Reference Variant SNP effect Gene Other 
name 

pdm4 
Chr. 2:19077275 G A missense variant AT2G46480 GAUT2 
Chr. 2:19570391 G A missense variant AT2G47780 LDAP2 

pdm5 
Chr. 3:6764304 AGTCGGGG AGTTGGGC missense variant AT3G19510 HAT3.1 
Chr. 3:7046790 C T missense variant AT3G20190 PRK4 
Chr. 3:7403856 C T missense variant AT3G21110 PUR7 

pdm6 

Chr. 4:13846064 CTTCC CTCC frameshift variant AT4G27760 FEY 

Chr. 4:14108366 G A splice donor variant & 
intron variant AT4G28540 CKL6 

Chr. 4:14278822 G A missense variant AT4G28950 ROP9 

Chr. 4:14503107 G A missense variant AT4G29550  

Chr. 4:14604550 G A stop gained AT4G29860 TAN 

Chr. 5:1572305 C T missense variant AT5G05310  

Chr. 5:3040955 C T missense variant AT5G09790 ATXR5 
Chr. 5:3248371 G A stop gained AT5G10330 HPA1 

 

3.3 Discussion 

3.3.1 The novel mapping-by-sequencing method enables the identification of paternal-

defective mutations 

Whole-genome sequencing-based bulked-segregant analysis has been widely utilized in 

revealing mutations in forward genetic screens. It requires crossing of a mutant to a WT plant 

in a different genome background as a reference and isolation of homozygous individuals for 

sequencing. Sequencing enables the identification of a candidate interval with a decreased 

reference allele frequency and the causative variation with a frequency of 100% in the candidate 

interval (Schneeberger et al. 2009). However, the classic bulked-segregant analysis is not 

applicable to map gametophyte lethal mutations, since it is impossible to obtain homozygotes. 

Therefore, SNP-ratio mapping is used in mapping lethal mutations, which discriminates 

background variation from causal mutations thus identifying a genomic region that contains the 

causative (Lindner et al. 2012). Based on the SNP-ratio mapping, we tailored a semi-high 

throughput mapping-by-sequencing method specific for paternal-defective mutations. The 
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bottleneck for mapping these paternal-defective mutations lies in the phenotypic analysis of the 

difficult-to-score phenotypes. To isolate enough mutant individual plants with fertilization 

defects in the F2 population for pooling, a series of laborious work is required, such as 

pollination of WT plants with mutant pollen and clearing and/or staining-based microscopy.  

To address this limitation, we leveraged the paternal lethality of the mutants to do the 

phenotype sorting. The heterozygous F1 is obtained by pollinating mutants in Ler with Col-0 

pollen. Phenotyping work in the whole mapping process is only required at this step to select a 

single mutant in F1. In principle, the mutation segregates by 1:1 in F1, so, one mutant plant 

should be easily obtained in every two plants. This F1 mutant is either self-crossed to generate 

F2 or outcrossed to Col-0 as a pollen donor to generate OC2. In the resulting F2, the causative 

variant segregates by 1:3 while the phenotype-unlinked variants segregate by 1:1. In the 

resulting OC2, the causative variant is fully ruled out and the phenotype-unlinked variants 

segregate by 1:3. These discriminations in SNP-ratio of the causative variant and the unlinked 

variants allow the identification of a candidate interval. 

Since F2 possesses both segregation distortion as in OC2 and causative variant as in M, 

we compared the mapping efficiency between OC2 and F2 in candidate interval mapping. More 

Ler SNPs were identified in F2 than in OC2, and the Ler SNPs positions in F2 showed a 

relatively more even distribution, which offers a better data basis for a less-noisy plot with a 

clearer tendency (Figure 3.3 B-C). This is probably due to the limited sequencing coverage (35-

fold on average in pmd1 OC2), which makes it impossible to distinguish variants with a 

frequency lower than 2.86% that are co-selected with the causative variant. In contrast to this, 

a 1:3 SNP ratio is easily distinguished in F2 with similar coverage (29-fold on average in pmd1 

F2). However, a self-crossed population may generate additional segregation distortions, such 

as the additional segregation distortion on the Chr. 4 in pmd6 F2 (Figure 3.10), due to some 

other possibly existing recessive mutations or sporophytic mutations, which would 

tremendously hinder defining the candidate interval. Therefore, combining OC2 with F2 is 

necessary to achieve efficient and precise mapping. Furthermore, F2 serves better as a mutant 

pool than M in causative variant mapping, even though they share the same causative variant 

ratio of 1:3. One needs to be careful when applying candidate intervals identified in the Col 

genome to M in Ler genome for causative variant mapping, considering the existence of 

genome position difference and large-scale inversions. F2 allows interval mapping and variant 

mapping using Col as a reference in the same sequencing dataset, which is accurate and time-

saving. Thus, using a combination of F2 and OC2 is recommended. Tools involved in this 

mapping method are all well-developed and widely used, and data analysis does not require 
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advanced statistical methods.  

With this method, we identified 8 candidate intervals in 19 mutants. Reasons for some 

mutants showing no segregation distortions might be (i) these are epigenetic alleles with no 

difference on a sequence level; (ii) these are mutations on a chromosome level such as large-

scale inversions which cannot be detected by short-reads sequencing; (iii) the paternal 

penetrance of the mutations is partially abolished when crossed to Col; (iv) or simply mistakes 

during F1 phenotyping. Segregation distortion was observed on Chr. 2 in pmd7 OC2 but absent 

in pmd7 F2, which is presumably caused by the instability of the mutant defect, such as high 

sensitivity to environmental factors or poor heritability. The additional segregation distortion 

observed on Chr. 4 in pmd6 F2 suggests that recessive mutations causing abolished fertility 

could also be detected using this mapping method. Candidate variants were mapped in the 6 

candidate intervals related to paternal defects in fertilization. With the assistance of SNP effect 

prediction and available transcriptome data of pollen and sperms, the candidate number for each 

mutant shrank to a few (Table S3.1), which requires a low workload in confirmation of the 

causative gene. The detection of deletion mutations in the candidate variant mapping in pdm1 

emphasizes the need for an advanced variant detection that takes InDels into consideration since 

these atypical mutations can be selected in screen. Collectively, this mapping method is capable 

to perform semi-high throughput mapping of paternal-defective mutations with a limited 

workload in mapping, data analysis, and the follow-up work in causative variants confirmation. 

With good sequence information available, this method could also be transferred to a wide range 

of other easy-to-propagate species.  

In this screen, among four of the identified candidate genes, three have been characterized 

in previous studies. These known paternal-defective genes nicely confirm our improved 

mapping method. A novel paternal gene SAHH2 was revealed using the mapping method, which 

will be discussed in the following section. We did not reveal any novel candidate genes in ZGA 

as initially intended. This might be a limitation of the non-biased screen, which is not sensitive 

enough to capture subtle defects during the short time window of fertilization and zygotic 

activation. To address this question, an advanced screen method involving a sensitized 

background with specific markers will be required.  

3.3.2 SAHH2 is essential for preovular pollen tube guidance 

In plant fertilization, pollen germinates on the stigma, and pollen tubes invade through 

papilla cells toward the transmitting tract, which is later attracted to ovules for gametes fusion 

(Johnson, Harper, and Palanivelu 2019). Pollen tubes perform tip-growth in the female 
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transmitting tract, and their polarity is maintained by actin microfilament dynamics, polarized 

Ca2+ gradient, and membrane vesicle trafficking (Hepler, Vidali, and Cheung 2001). Several 

mutants with altered pollen wall deposition showed defective preovular pollen tube guidance, 

such as mutations in COBL10 (Sha Li et al. 2013) and VGD1 (Jiang et al. 2005). In this study, 

we identified a novel pollen gene SAHH2 involved in pollen tube growth in the transmitting 

tract. SAHH2 encodes a key enzyme for the maintenance of cellular transmethylation potential 

(Rocha et al. 2005). It is expressed in the pollen vegetative cell and pollen tube (Figure 3.4 C). 

The loss-of-function mutants exhibited reduced male fertility with a reduced seed setting rate 

in the basal part of the siliques (Figure 3.4 D, E). Pollen development is not affected in the 

sahh2 mutant alleles (Figure S3.1), while pollen tubes germinated from sahh2-1 and sahh2-2 

showed reduced growth in the female transmitting tract (Figure 3.4 F), suggesting a 

compromised peovular pollen tube guidance.  

SAHH functions in the methyl cycle as described previously (Figure 3.12, Moffatt and 

Weretilnyk 2001). S-adenosyl-L-methionine (SAM) is the major source of methyl groups for 

biological transmethylation reactions. When the methyl group of SAM is transferred to 

acceptors, S-adenosyl-L-homocysteine (SAH) is generated, which inhibits methyltransferases 

and transmethylation reactions. SAHH catalyzes SAH into adenosine (Ado) and homocysteine 

(Hcy) in a reversible manner. The continuous removal of the products Hcy and Ado is a 

prerequisite to drive the reaction toward SAH hydrolysis. The product Ado is converted into 

AMP by adenosine kinase (ADK), and Hcy is converted into methionine (Met), which is further 

 

Figure 3.12 Methyl cycle and ethylene synthesis. SAM serves as a methyl donor and produces SAH 
after transmethylation reactions. SAHH catalyzes the repressive product SAH into Ado and Hcy in a 
reversible manner. Ado and Hcy are converted into AMP and Met, respective, to promote the hydrolysis 
reaction. Met is further salvaged by SAM synthetase which generates SAM for further transmethylation 
reactions. Additionally, SAM serves as substrate for ACC and ethylene synthesis (Moffatt and Weretilnyk 
2001). 
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catalyzed by SAM synthetase into SAM for further transmethylation reactions. In addition, 

SAM also serves as a substrate for the synthesis of the ethylene precursor 1-

aminocyclopropane-1-carboxylic acid (ACC) and ethylene (Moffatt and Weretilnyk 2001).  

The two paralogues of SAHH in Arabidopsis, SAHH1 and SAHH2, share a 96% identity 

in their amino acid sequences (Rocha et al. 2005), suggesting they might have highly similar 

functions. The GUS-fused reporter lines showed that SAHH1 was observed in cotyledon, root, 

leaf, and floral organs but depleted in anthers, while SAHH2 was exclusively found in anthers, 

hypocotyl, and trichomes (C. H. Li et al. 2008). These exclusive expression patterns of SAHH1 

and SAHH2 suggest that these two paralogues might diverge in expression patterns rather than 

in biological function. 

Existing knowledge of SAHH1 might hint at the role of SAHH2 in pollen tube elongation. 

SAHH1, also known as HOMOLOGY-DEPENDENT GENE SILENCING 1 (HOG1), was first 

identified in the restoration of homology-dependent gene silencing (HDG silencing) (Furner, 

Sheikh, and Collett 1998). HDG silencing is a phenomenon frequently observed when 

introducing transgenes into the genome leading to gene silencing and/or silencing of its 

homologous endogenous genes (Meyer and Saedler 1996). The CHALCONE SYNTHASE (CHS) 

is induced when exposed to strong light or high sucrose leading to anthocyanin biosynthesis 

and a purple appearance. Introducing another copy of CHS into WT impaired its anthocyanin 

biosynthesis by hypermethylation at endogenous CHS, but mutation in HOG1 demethylated 

CHS locus and reactivates its expression (Furner, Sheikh, and Collett 1998). The SAM:SAH 

ratio decreased in hog1-1 and genome-wide demethylation of CpG sites was observed (Rocha 

et al. 2005). In addition, the two important enzymes for the non-CG DNA methylation pathway, 

SUVH, and CMT3, are susceptible to the perturbations in SAHH1 activity, and the disruption 

of SAHH1 expression caused depletion of the H3K9me2-guided non-CG DNA methylation 

(Mull, Ebbs, and Bender 2006). The hog1-7 allele reduced the centromeric-localized H3K9me2, 

whereas most DNA methylation at the chromocenters was maintained, suggesting a novel role 

of SAHH1 in chromatin modification (Baubec et al. 2010). In line with this, the majority of the 

up-regulated genes in hog1-1 are located in the pericentromeric heterochromatin with one-third 

annotated as transposons (Jordan et al. 2007). Collectively, these findings suggest that a proper 

function of SAHH1 is required for maintaining DNA methylation and histone modification in 

gene silencing, which is presumably achieved by modulating cytosine methyltransferase and 

histone methyltransferase activity via tuning the SAM:SAH ratio.  

It has been shown that chromatin accessibility shaped by DNA methylation in the 

vegetative nucleus is important for pollen tube function. The vegetative cell nucleus exhibits 
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increased chromatin accessibility in regions containing genes that are unique for pollen 

functions, and DME-mediated DNA demethylation is significantly associated with genes 

upregulated in growing pollen tubes (Borg et al. 2021). In line with this, the mutant 

dme/+ showed reduced male fertility, and the pollen tubes lost orientation in the transmitting 

tract forming aberrant trajectories (Khouider et al. 2021). This raises the possibility that 

misregulated DNA methylation status at genes indispensable for pollen tube function could be 

the cause of the defective pollen tube behavior in sahh2 mutants. Thus, it would be worth 

exploring if SAHH2 plays a similar role to SAHH1 in maintaining DNA methylation and histone 

modification. 

Further evidence for the role of SAHH1 resides in ACC signaling. sahh1 produces short 

roots with less root hair, and the defect can be restored by applying all the precursors in the 

methyl cycle involved in ethylene synthesis, including Hcy, SAM, and ACC, implying that 

SAHH1 might also affect ethylene-related pathways (Wu et al. 2009). ACC is capable of acting 

independently of ethylene in signal transduction in fertilization. ACC produced by ovular 

sporophytic tissue stimulates transient Ca2+ elevation and promotes secretion of the pollen tube 

attractant LURE1.2 in pollen tube attraction (Mou et al. 2020). It also directly acts in pollen 

and stimulates pollen tube growth in tomato with or without ethylene perception (Althiab-

Almasaud et al. 2021). To investigate if the pollen tube defects in sahh1 alleles were caused by 

a shortage of ACC, flower buds before anthesis were treated with ACC (5 µM) and Hcy (300 

µM), and the seed set rate of the resulting siliques was recorded. The seed set rate in these 

siliques after treatment appeared to be no different from the mock control in both sahh2-1 and 

sahh2-2 (Figure S3.2). It was difficult to evaluate if the chemicals penetrated through the tissue 

layers and arrived at the cells where they were supposed to function. These results might be 

improved by performing the chemical treatment assay directly on pollen germination media 

containing ACC, Hcy, or SAM which serves as the direct substitute for ACC synthesis. 

In conclusion, we developed a semi-high-throughput mapping-by-sequencing method for 

paternal-defective mutations with a limited workload. With this method, we corroborate three 

known paternal genes including HAP2, CALS5, and COBL10 in fertilization. A novel paternal 

gene, SAHH2, was identified and further characterized to function in preovular pollen tube 

guidance in the female transmitting tract. This discovery hints at the importance of maintaining 

transmethylation potential in pollen tube function. Taken together, this study offers both a new 

mapping approach and novel insights into understanding the paternal impact on fertilization in 

flowering plants. 
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3.4 Materials and methods 

3.4.1 Plant materials and growth conditions 

The T-DNA insertion lines hap2-2 (SALK_152706) (von Besser et al. 2006), cals5-2 

(SALK_026354) (Dong et al. 2005), cobl10-2 (SAIL_1306_E02) (Sha Li et al. 2013) have been 

described previously. The sahh2-2 (GK-139A12) (Rosso et al. 2003) allele in Col-0 background 

carries a T-DNA insertion in the second exon, the sahh2-3 (SALK_205579) allele in Col-0 

background carries a T-DNA insertion in the intron, and the sahh2-4 (SALK_134541) allele in 

Col-0 background carries a T-DNA insertion in the first exon. The allele-specific genotyping 

primers are listed in Table S3.5.  

Insertion lines were provided by the Nottingham Arabidopsis Stock Center (NASC) 

(Scholl, May, and Ware 2000). The Rainbow Pollen marker and Rainbow Female Gametophyte 

marker used in this study are described in chapter 5. Plants used in this study were grown under 

long-day conditions as described previously in (Babu et al. 2013). 

3.4.2 EMS-induced mutagenesis in Arabidopsis 

The EMS-mutagenized M2 Ler population for a forward genetic screen for paternal effect 

mutations used in this study was described in (Babu et al. 2013). 

3.4.3 Plasmid construction 

For the construction of binary vectors proMGH3:HAP2-mScarlet, the coding sequence of 

HAP2 was amplified from cDNA of Col-0 inflorescence and cloned into the binary vector pGIIk 

containing the MGH3 expression cassette using ligation-based molecular cloning. For the 

proCALS5:CALS5-mScarlet expression vector, the promoter sequence starting from 2093 bp 

upstream of the start codon and the full-length genomic sequence was amplified and cloned 

into the binary vector pMB3300 containing mScarlet-tNos using In-Fusion® Snap Assembly. 

For the proCOBL10:COBL10-YPet expression vector, the promoter sequence starting from 

1254 bp upstream of the start codon and the full-length genomic sequence were amplified and 

cloned into the binary vector pMB1300 containing YPet-tNos using In-Fusion® Snap Assembly. 

For the proSAHH2:SAHH2-YPet expression vector, the promoter sequence starting from 2161 

bp upstream of the start codon and the full-length genomic sequence were amplified and cloned 

into the binary vector pMB1300 containing YPet-tNos using In-Fusion® Snap Assembly. For 

the proSAHH2:SAHH2 expression vector, the promoter sequence starting from 2161 bp 

upstream of the start codon and the full-length genomic sequence was amplified and cloned 

into the binary vector pMB3300 containing tNos using In-Fusion® Snap Assembly. All the 

https://www.arabidopsis.org/servlets/TairObject?type=germplasm&id=1005898129
https://www.arabidopsis.org/servlets/TairObject?type=polyallele&id=500168515
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/exons
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expression vectors were transformed into Col-0 or mutants by Agrobacterium-mediated 

transformation via floral dip as previously described (Clough and Bent 1998).  

3.4.4 Phenotypic analysis of mutants 

Hoyer’s solution clearing of ovules 

Ovules were dissected and cleared in Hoyer’s solution as described previously in (Bayer 

et al. 2009). Cleared samples were examined by DIC microscopy with Zeiss Axio Imager.Z1 

microscope equipped with an AxioCam HRc camera.  

Fluorescence and confocal laser scanning microscopy  

Mature pollen was mounted in 10% glycerol for microscopy. Ovules at 24 HAP were 

dissected out and stained by SR2200 as described previously in (Musielak et al. 2016). Confocal 

scanning microscopy was performed with Zeiss LSM780NLO.  

Aniline blue staining of pollen tubes in pistils 

Pollen grains were collected from freshly opened flowers and pollinated to pistils 

emasculated 24 h earlier. Pistils were excised at 24 HAP and proceeded to fixation and aniline 

blue staining as described previously in (Zhong et al. 2022). Pistils after staining were mounted 

in 10% glycerol and examined with Zeiss LSM780NLO.  

Pollen viability staining 

Anthers before anthesis were collected in Carnoy’s fixative for 2 h and stained with the 

simplified Alexander staining as described in (Peterson, Slovin, and Chen 2010). Images were 

taken with a Zeiss Axio Imager.Z1 microscope equipped with an AxioCam HRc camera.  

Silique clearing 

Mature siliques were fixed and cleared as described in (Pereira et al. 2016). Images were 

taken with a Zeiss Axio Zoom.V16 microscope equipped with a Prime BSI Express sCMOS 

camera. 

3.4.5 DNA preparation for library preparation 

Seeds of the mapping populations were sowed out on 1/2 MS media with 0.1% agar, pH 

5.7, and the whole seedlings were collected before the proliferation of a true leaf. Seedlings 

were grounded with mortar and pestle in liquid nitrogen. About 500 mg of plant powder was 

collected and subjected to CTAB DNA preparation as described previously (Healey et al. 2014). 

3.4.6 Illumina sequencing and data preprocessing 

DNA libraries were prepared with the NEBNext® Ultra II FS DNA Library Prep Kit for 

Illumina and the NEBNext® Multiplex Oligos for Illumina (Index Primers Set 1). The quality 
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of libraries was accessed by Agilent 2100 Bioanalyzer with the Agilent High Sensitivity DNA 

Kit. Every 10 libraries were pooled and sequenced in one lane in HiSeq 3000 platform in-house. 

Raw sequencing reads were assembled to TAIR10 (Giraut et al. 2011) or Ler-1 genome 

(Schneeberger et al. 2011) by Hisat2 (Kim et al. 2019); non-reference SNPs were analyzed by 

FreeBays (Garrison and Marth 2012); SNP frequency was plotted in Matplotlib (Hunter 2007); 

SNP effect prediction was annotated by SnpEff (Cingolani et al. 2012). 
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3.5 Supplementary information 

Table S3.1 The mapping results for the paternal-defective mutants in this study 

Mutant Candidate interval Number of 
candidate 

variant M2 plant Name OC2 F2 
9-30 pdm1 Chr. 3: 6-8 Mb Chr. 3: 6-8 Mb 2 

10A13 pdm2 Chr. 2: 4.5-6.5 Mb; Chr. 3: 6-8 Mb - 1; 3 
7D74 pdm3 Chr. 3: 7.5-9.5 Mb - 1 
3B67 pdm4 Chr. 2: 18-20 Mb Chr. 2: 18-20 Mb 2 

10A22 pdm5 Chr. 3: 6-8 Mb Chr. 3: 6-8 Mb 3 
10A43 pdm6 Chr. 5: 2-4 Mb Chr. 4: 13-15 Mb; Chr. 5: 2-4 Mb 5; 3  
5C13 pdm7 Chr. 2: 17.5-19.5 Mb 0 - 
2-25 pdm8 0 - - 
2A80 pdm9 0 0 - 
3A38 pdm10 0 - - 
3E15 pdm11 0 0 - 
4-60 pdm12 0 0 - 
7A29 pdm13 0 - - 
7B2 pdm14 0 - - 

7D43 pdm15 0 - - 
8A35 pdm16 0 - - 
8C48 pdm17 0 - - 

10A32 pdm18 0 - - 
10A69 pdm19 0 - - 

 

Table S3.2 Verified causative SNP list 

Mutant SNP position Reference Variant SNP effect Gene Other 
name 

pdm1 Chr. 4:7065707 CTTTTAAG CTTTAAA frameshift variant and 
missense variant AT4G11720 HAP2 

pdm2 
Chr. 2:5451611 G A missense variant AT2G13680 CALS5 

Chr. 3:7254133 G A missense variant AT3G20580 COBL10 

pdm3 Chr. 3:8648733 C T missense variant AT3G23810 SAHH2 

 

 

Figure S3.1 Alexander staining of sahh2-1, sahh2-2, sahh2-3, and sahh2-4 anthers before anthesis. 
Pollen viability of sahh2-1, sahh2-2, sahh2-3, and sahh2-4 exhibited no difference from WT.  
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Table S3.3 Specific genotyping primers for sahh2 mutant alleles 

Mutant 
allele Primer sequence PCR product length 

sahh2-2 

LP 5’-TTCCATTCGTTTCAAGGTTTG-3’ 
LP+RP: 1034 bp in WT; none in mutant 
BP+RP: none in WT; ~600 bp in mutant BP 5’-ATAATAACGCTGCGGACATCTACATTTT-3’ 

RP 5’-TTCTGACCCTTGAGGATGTTG-3’ 

sahh2-3 

LP 5′-ACTCTGTCACCAAGAGCAAGG-3’ 
LP+RP: 1109 bp in WT; none in mutant 
BP+RP: none in WT; ~600 bp in mutant BP 5′-ATTTTGCCGATTTCGGAAC-3’ 

RP 5′-CAATATTTGGTCACACGCATC-3’ 

sahh2-4 

LP 5′-TTTAGTGACGAACATCCGATG-3’ 
LP+RP: 1030 bp in WT; none in mutant 
BP+RP: none in WT; ~600 bp in mutant BP 5′-ATTTTGCCGATTTCGGAAC-3’ 

RP 5′-ACCCCAGTCAAGAGCTCTCTC-3’ 

Figure S3.2 ACC and Hcy treatment of sahh2-1 and sahh2-2 flower buds before anthesis. (A) Seed 
set rate of the resulting siliques of sahh2-1 flower buds after ACC and Hcy treatment. (B) Seed set rate 
of the resulting siliques of sahh2-2 flower buds after ACC and Hcy treatment. “ns” indicates “not 
significant” in a one-way ANOVA with a post hoc Tukey test. 
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4 ORC1b is a sperm nuclear protein required for fertilization 

4.1 Introduction 

DNA replication sets up the basis for cell division and it starts at hundreds or thousands of 

separate sites called origins of replication. Origin licensing is the first step in DNA replication. 

This process is conserved in eukaryotes and involves the recruitment of four crucial groups of 

proteins including the Origin of Replication Complex (ORC), Minichromosome Maintenance 

2-7 Complexes (MCM2-7), Cell Division Cycle 6 (CDC6), and Chromatin Licensing and DNA 

Replication Factor 1 (CDT1) (Makarova and Koonin 2013).  

The ORC consists of six proteins called ORC1-ORC6 which form a hetero-hexametric 

protein complex to bind to DNA and histones as a scaffold where origin licensing takes place 

during late mitosis and the G1 phase. ORC1-ORC5 together with CDC6 share conserved AAA+ 

folds which include Walker A and Walker B ATP-binding domains for ATP-dependent DNA 

encirclement and Sensor-1 and Sensor-2 motifs for facilitating ATP hydrolysis as well as a 

carboxy (C)-terminal winged-helix (WH) DNA-binding domain (Iyer et al. 2004; Duncker, 

Chesnokov, and McConkey 2009; Speck et al. 2005). Crystallographic studies in 

Drosophila showed that CDC6 assembles into the ORC hexametric complex together with 

ORC1-ORC5 forming a two-layered six-subunit ring of AAA+ ATPase and WH domains 

around DNA. The resulting complex in turn recruits the MCM2–7 replicative helicase and its 

associated CDT1 chaperone via the WH ring layer (Bleichert, Botchan, and Berger 2015). 

ORC6 shows less similarity with other ORC members, and it does not contribute to the 

hexameric protein complex, but rather mediates the interaction with CDT1 and loads MCM2-

7 onto DNA (S. Chen, De Vries, and Bell 2007). Later in the S phase, cyclin-dependent kinases 

(CDKs) promote the origin firing and MCM activation, thereby establishing directional 

replisomes (Yeeles et al. 2015). 

DNA replication does not occur simultaneously along the genome, instead, it is temporally 

programmed in a fine-tuned manner. In mice and humans, euchromatin replicates during the 

early and the middle S phase and heterochromatin replicates in the late S phase. These early 

and late replication regions form compartments that differ in nuclease accessibility, 

transcriptional activity, and epigenetic modifications (Woodfine et al. 2004; Yaffe et al. 2010; 

Pope et al. 2014; Kirstein et al. 2021). It is confirmed that Arabidopsis shares similar features 

in DNA replication, where chromosome arms tend to replicate early while pericentromeric 

regions replicate late (Wheeler et al. 2020; Concia et al. 2018). In the early S phase, early 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/atpase
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replication activity is in line with an open chromatin structure while strong initiation is depleted 

in the condensed centromeric and pericentromeric regions, implying that the temporal 

replication is probably modulated by chromatin accessibility (Wheeler et al. 2020; Concia et al. 

2018). Profiling of newly synthesized DNA in Arabidopsis further linked replication origins to 

the specific epigenetic environment which is correlated with a higher GC content, but a lower 

CG methylation, and is enriched in histone H2A.Z, H3K4me2, H3K4me3, and acetylated H4K5, 

but depleted in H3K4me1 and H3K9me2 (Costas et al. 2011). 

It is critical to ensure each origin of replication only fires once. Re-replication gives rise 

to double-strand DNA breaks, which in turn, triggers DNA damage response, causing a cell 

cycle arrest and apoptosis (Arias and Walter 2007). In Arabidopsis, DNA methylation and 

histone modification markers are responsible for the repression of re-replication. Mutations of 

the H3K27 monomethyltransferase genes, ATXR5 and ATXR6, result in re-replication in 

heterochromatin and activation of transposable elements (Jacob et al. 2010). Loss of DNA 

methylation suppressed the re-replication phenotype of atxr5/6 (Stroud et al. 2012). 

Furthermore, introducing a mutation in a DNA repairing gene, TONSOKU (TSK), into an 

atxr5/6 mutant suppressed the replication and transcriptional de-repression of heterochromatin 

(Davarinejad et al. 2022). Mutations in TSK cause loss of gene silencing and altered 

heterochromatin organization, suggesting its role in the maintenance of epigenetic states 

(Takeda et al. 2004). TSK recognizes H3K27me0 on the newly synthesized copies of the 

replication-coupled H3 variant H3.1 and repairs broken replication forks. ATXR5/6 

specifically mediate the monomethylation at H3K27 to prevent the binding of TSK on mature 

DNA, ensuring heterochromatin stability and silencing (Davarinejad et al. 2022). In contrast to 

this, the human copy of TSK, TONSOKU-LIKE (TONSL), interacts with H4K20me0 to 

achieve DNA repairing via its ankyrin repeat domain (ARD) which is lacking in the plant TSK 

(Saredi et al. 2016). Interestingly, the crystal structure of the ARD reveals a surface aromatic 

cage that resembles the tri-methylated lysine binding pocket of the plant homeodomain (PHD) 

(Gao et al. 2009), suggesting that the PHD might take over the H4K20me0 interaction of ARD 

in plants. 

Among the 6 ORCs, ORC1 is arresting for its additional bromo-adjacent homology (BAH) 

domain at the N-terminus (Schmidt and Bleichert 2020). BAH is an evolutionarily conserved 

motif that appears in proteins involved in DNA methylation, DNA replication, and 

transcriptional regulation (Callebaut, Courvalin, and Mornon 1999). The BAH of ORC1 in 

budding yeast contributed to several distinct functions of ORC1 within and beyond DNA 

replication: (1) Genome-wide analyses in budding yeast indicate that BAH contributes to the 
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recognition of the most replication origins and the stable association of ORC1 with chromatin 

(Müller et al. 2010). (2) The BAH in yeast ORC1 is highly related to SIR3, a transcriptional 

silencing regulator of the mating-type loci, and the deletion of BAH in yeast ORC1 led to a 

dramatic reduction of mating efficiency, indicating a function in transcriptional silencing (Bell 

et al. 1995). (3) ORC1 binds nucleosomes across the genome irrespective of the chromatin 

accessibility and the binding is essential to maintain the integrity of ribosomal RNA genes 

(rDNA) borders during meiosis (De Ioannes et al. 2019). In humans, a mutation in the ORC1 

BAH domain has been implicated in the primordial dwarfism Meier-Gorlin syndrome (MGS) 

(Bicknell et al. 2011). The human ORC1 BAH domain specifically recognizes H4K20me2 

which is enriched in the replication origin, and the disrupted recognition in the mutant impairs 

ORC chromatin loading and cell-cycle progression. In addition, human ORC1, but not the 

mutant with impaired H4K20me2 binding, restored the MGS-like phenotype in zebrafish orc1 

mutants, suggesting an H4K20me2 effector role of ORC1 in DNA replication via its BAH 

domain (Kuo et al. 2012).  

Plant ORC1 proteins possess a plant homeodomain (PHD), a small zinc finger structural 

fold, embedded in BAH forming a plant-specific fused BAH-PHD cassette (Sisi Li et al. 2016). 

PHD acts as a histone modification reader in a sequence-dependent manner for H3K4me3, 

H3K4me0, H3R2, as well as H3K12ac, to promote both gene expression and repression (R. 

Sanchez and Zhou 2011). PHD is not confined to the plant kingdom as the name may suggest, 

instead, it was shown that misregulation of PHD fingers in humans is associated with several 

cancers in the prerequisite of H3K4me2/3 recognition (Park et al. 2022). PHD always presents 

in proteins in a multisubunit either with PHD copies or with other effectors, which together 

mediate a high specificity for modification recognition and biological readout (Mellor 2006; 

Musselman and Kutateladze 2011). There are only four BAH-PHD cassette-containing proteins 

found in the Arabidopsis genome. This uncommon hybrid domain is probably endowed with 

the ability to recognize certain chromatin configurations via the distinct reader combination. 

SHORT LIFE (SHL) and EARLY BOLTING IN SHORT DAYS (EBS) are two of the BAH-

PHD-containing proteins that share a similar function as a replacement of animal POLYCOMB 

REPRESSIVE COMPLEX 1 (PRC1) in the context of polycomb-mediated gene silencing (Z. 

Li et al. 2018). In animals, PRC2 catalyzes H3K27me3 at the target sites which is read and 

interpreted by PRC1 for further addition of ubiquityl moiety to histone H2A at Lys119 

(H2AK119ub1), leading to chromatin compaction and gene silencing (Blackledge, Rose, and 

Klose 2015). In the absence of PRC1, plants recruit EBS and SHL to form a complex together 

with EMBRYONIC FLOWER 1 (EMF1) for reading and effecting the H3K27me3 mark and 
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mediating genome-wide transcriptional repression through their BAH domain (Z. Li et al. 2018). 

In the meanwhile, EBS and SHL can also read H3K4me2/3 through their PHD fingers. In the 

chromatin-mediated repression of floral initiation, SHL and EBS bind to the regulatory regions 

of the floral integrator SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1) and 

FLOWERING LOCUS T (FT), respectively, via the recognition of H3K4me2/3. The binding 

prevents a high level of H3 acetylation in the regulatory region, which in turn maintains an 

inactive chromatin configuration for transcriptional repression (López-González et al. 2014).  

The other two BAH-PHD-containing genes in Arabidopsis are the two ORC1 homologs, 

ORC1a and ORC1b. With the 87% sequence identity throughout the entire sequence and 88% 

sequence identity within the BAH-PHD region of ORC1a and ORC1b, however, they diverge 

in a different expression pattern, with ORC1a expressed exclusively in endoreplicating tissues 

and ORC1b in proliferating cells (Diaz-Trivino et al. 2005). The activity of ORC1b promoter 

indicated by GUS-fusion expression was observed strongly in proliferating tissues including 

shoot, root meristem, anther, and developing embryos (Diaz-Trivino et al. 2005). ORC1a and 

ORC1b each contain an E2F binding site in the promoter and the expression is regulated by the 

RBR/E2F pathway (Diaz-Trivino et al. 2005). The opinions on the epigenetic binding capacity 

of the BAH-PHD cassette in ORC1a and ORC1b are divergent. A pull-down assay from 

Arabidopsis extracts showed that ORC1b was able to pull down H3K4me3 whereas no binding 

to H3K9me3, H4K20me3, and the unmodified histones H3 or H4 was detected. Plants 

expressing ORC1b with a mutated PHD which reduced its H3K4me3 interaction resulted in 

impaired binding of ORC1b to the promoters of its targeted genes followed by reduced 

transcriptional activity (M. D. L. P. Sanchez and Gutierrez 2009). On the contrary, the isolated 

BAH-PHD cassette of ORC1b exhibited a strong preference for the unmodified H3 N-terminal 

peptide in an isothermal titration calorimetry (ITC) assay. This was further supported by 

structural studies revealing that the BAH-PHD specifically recognizes the unmodified H3 tail 

by clamping the histone target from the opposing sides with the two domains in a sandwich 

manner (Sisi Li et al. 2016). However, binding of ORC1b BAH-PHD to unmodified H3 tails 

seems unlikely related to DNA replication since Arabidopsis replication origins are 

characterized by H3K4me2/3 marks (Costas et al. 2011), suggesting an additional role of 

ORC1b outside of the origin licensing complex.  

With such a versatile potential of the BAH-PHD cassette in reading and effecting multiple 

epigenomic modifications, the function of ORC1 within and/or beyond DNA replication in 

plants is still elusive. The absence of phenotypic characterization of the loss-of-function 

mutants of ORC1 in Arabidopsis is hampering our understanding of its biological function. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/isothermal-titration-calorimetry
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Whether ORC1 is endowed with additional roles independently of the other ORC subunits in 

epigenetic regulation needs to be further addressed. Here, by characterizing the expression 

pattern and the phenotypes of loss-of-function mutants of ORC1b, we show that ORC1b 

preferentially localizes to the centromeric area in the sperm nucleus. Furthermore, the depletion 

of ORC1b expression led to reduced fertility with defective gametic nuclear fusion and arrested 

embryo and endosperm development. These phenotypic analyses provided a solid basis for 

further deciphering the mechanism of ORC1b function in fertilization and seed development. 

Hypophyses of the potential role of ORC1b in plant reproduction are discussed. 

4.2 Results 

4.2.1 ORCs show diverse expression abundance 

As qPCR analysis of ORCs' relative transcript level suggested, ORCs are differentially 

expressed in different plant tissues in Arabidopsis (Diaz-Trivino et al. 2005). ORCs appear 

preferentially in proliferating tissues, with ORC4, ORC5, and ORC6 showing a higher 

expression level, while the transcript abundance is much lower for ORC1a, ORC1b, ORC2, and 

ORC3 (Diaz-Trivino et al. 2005). To study the expression pattern of ORCs during reproduction, 

available transcriptomic data of Arabidopsis pollen, egg cell, zygote, and embryo was checked 

(Loraine et al. 2013; P. Zhao et al. 2019). We observed that the expression abundance of ORCs 

also diverges in pollen (Figure 4.1 A), egg cell, and embryo (Figure 4.1 B). In pollen, ORC6 

showed a higher-level expression than the other ORCs. ORC1a expression was much lower 

than ORC1b. Reverse transcriptase (RT)-PCR was carried out with cDNA prepared from WT 

pollen RNA to confirm the presence of ORC1a and ORC1b in the male gamete. ORC1b 

transcripts were more abundant in pollen but no ORC1a transcripts were detected (Figure 4.1C). 

In egg cell and embryo, ORC1a and ORC1b were much less expressed than the other subunits. 

It is worth noting that ORC1a and ORC1b were expressed in a complementary manner. ORC1a 

was expressed in egg cell but absent in zygote and early embryo, while ORC1b was absent in 

egg cell but appeared in the spherical zygote (Zy14) and early embryo (Figure 4.1 B).  

4.2.2 ORC1b is enriched in the sperm nucleus 

A functional reporter line expressing proORC1b:ORC1b-YPet was generated, and the 

centromere-specific histone 3 variant HTR12 (CENH3) reporter line expressing 

proHTR12:HTR12-mCherry was introduced into it. ORC1b-YPet expression was observed in 

the nucleus of the microspore, the generative nucleus of the bicellular microspore, and the 

nucleus of the sperm cell in mature pollen and germinating pollen tube but not in the vegetative 
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nucleus (Figure 4.1 D). The ORC1b-YPet signal was not uniformly distributed in the nucleus, 

instead, it preferentially colocalized with centromeres marked by HTR12-mCherry. During the 

development process of pollen, the ORC1b-YPet signal appeared to be gradually confined to 

the centromeric region, with less signal observed in the non-centromeric area in mature pollen 

(Figure 4.1 D). 

 

4.2.3 ORC1b loss-of-function mutants show reduced fertility 

To investigate the function of ORC1a and ORC1b in reproduction, T-DNA insertion alleles 

Figure 4.1 The expression pattern of ORCs. (A) The relative expression level of ORCs in pollen in 
reads per million (RPM) (Loraine et al. 2013). (B) The relative expression level of ORCs in the egg cell, 
zygote, and early embryo in RPM (P. Zhao et al. 2019). EC, egg cells; Zy14, spherical zygotes; Zy24, 
elongated zygotes; 1C, one-cell embryos; 32C, 32-cell embryos. (C) RT-PCR of ORC1a and ORC1b in 
WT pollen. Actin2 was used as control. 30 reaction cycles were adopted. Rep. 1 and Rep. 2 indicate two 
PCR reaction replications. (D) ORC1b-YPet expression in the reporter line expressing 
proORC1b:ORC1b-YPet and proHTR12:HTR12-mCherry. Dashed lines in HTR12-mCherry panels 
indicate the pollen periphery. 
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Figure 4.2 ORC1b loss-of-function mutants show reduced fertility. (A) Schematic representation of 
orc1b-1, orc1b-2, and orc1a-1 mutant alleles. White boxes represent exons, grey boxes indicate UTRs, 
and the black arrows indicate gene directions. The red lines indicate the positions of T-DNA insertions in 
the two genes. Oligo nucleotide primers used for RT-PCR are indicated by small arrows on the sides. The 
dashed white box represents the deletion in the CRISPR-Cas9 modified allele. The numbers below 
indicate the nucleotide position. (B) The relative expression level of ORC1a and ORC1b in orc1b-1 
pollen. The expression values were normalized to WT which was set as 1. “ns” indicates “not significant” 
in Student’s T-test. (C) The seed set rate of orc1b-1, orc1b-2, and orc1b-2/+ when crossed to WT as the 
pollen donors at 3 DAP, and the seed set rate in the self-crossed siliques of orc1a-1. Letters above boxes 
refer to individual groups in a one-way ANOVA with a post hoc Tukey test (p < 0.05). (D) The 
transmission rate of orc1b-2 allele, n represents the number of progenies genotyped. (E) Aberrant seeds 
were observed in orc1b-1 and the seeds showed poor germination. (F) Polytubey rate of crossing 
combinations between orc1b-1, orc1b-2, orc1b-2/+, orc1a-1 and WT. (G) Aniline staining image of 
orc1b-2 and orc1b-2/+ pollen tubes in WT pistils at 24 HAP. Asterisks indicate ovules which showed 
polytubey.  
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orc1a-1, orc1b-1, and a CRISPR-Cas9 knock-out allele orc1b-2 with a 2231-bp out-of-frame 

deletion were phenotypically characterized (Figure 4.2 A). A qPCR analysis was carried out to  

check ORC1a and ORC1b expression in orc1b-1 pollen. The relative transcript level of the 

ORC1b fragment on the 3’ side of the T-DNA insertion was not significantly reduced. It could 

be possible that fragments are still partially transcribed. The change in ORC1a expression level 

was not significant compared to WT pollen (Figure 4.2 B).  

The sperm-specific expression pattern of ORC1b suggests that it might play a potential 

role in sperm function during fertilization. To address if paternal disruption of ORC1b affects 

fertilization, orc1b mutants were crossed to WT as pollen donors and the seed set in siliques at 

3 DAP was checked (Figure 4.2 C). When crossed to WT as a pollen donor, orc1b-1 gave out a 

mostly full seed set (93.82% ± 5.67% a) similar to WT (93.94% ± 3.96% a), while the seed set 

rate of orc1b-2 (85.54% ± 6.82% b) and orc1b-2/+ (87.08% ± 8.89% b) was significantly 

reduced. In addition, orc1a-1 (96.78% ± 3.73% a) showed no fertility defect when it was self-

crossed (Figure 4.2 C). These results showed that the absence of ORC1b led to malfunctioned 

pollen which failed in fertilization, while the disruption of ORC1a expression did not affect 

fertility.  

Though orc1b-1 pollen gave out a seed set similar to WT pollen in siliques at 3 DAP, some 

aberrant seeds were observed at the mature stage in self-crossed seeds, while orc1a-1 seeds 

showed no observable difference from WT. As shown in Figure 4.2 E, two different kinds of 

aberrant seeds were found in orc1b-1, with some showing a smaller size than WT seeds and 

others showing a wizened appearance. To test if these aberrant seeds are viable or not, they 

were carefully put on a 1/2 MS media for seed germination. After 12 days of incubation, the 

wizened seeds were not capable to germinate at all, since they mostly bore nothing inside the 

seed coat. Most of the seeds with a smaller size germinated, but the seedlings arrested at the 

cotyledon stage with a short root, and some seedlings even failed to produce a root (Figure 4.2 

E). 11 out of 32 of these defective seedlings survived in soil and showed no difference to orc1b-

1 plants germinated from normal-looking seeds.  

To address the transmission rate of the orc1b-2 allele with reduced fertility, a reciprocal 

cross between orc1b-2/+ and WT was performed and the genotypes of F1 progenies were 

checked (Figure 4.2 D). When crossed to WT as a pollen donor, the paternal orc1b-2 allele 

segregation was distorted, with 44.29% of F1 individuals carrying orc1b-2/+. Interestingly, 

when orc1b-2/+ was crossed to WT as the maternal parent, the orc1b-2 allele also showed 

slightly reduced transmission, with 46.86% of F1 individuals carrying orc1b-2/+, even though 

ORC1b transcripts were not found in the egg cell (Figure 4.1 B, Zhao et al. 2019). Consistent 
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with both reduced paternal and maternal transmission rates, the self-crossed progenies of orc1b-

2/+ showed more severe segregation distortion, giving out a ratio of (31.94% WT) : (48.61% 

orc1b-2/+) : (19.44% orc1b-2). These observations indicate that both parental transmission 

rates of orc1b-2 are reduced, and they additively affect the allele segregation of their progenies. 

To investigate if the cause of the reduced paternal fertility in orc1b mutants resides in the 

pollen tube function or the sperm function, the directional guidance of orc1b pollen tube to 

ovules was checked. Pollen grains from orc1b-1, orc1b-2, and orc1b-2/+ were crossed to WT, 

and ovules at 24 hours after pollination (24 HAP) were dissected out and stained with 

Renaissance staining. Pollen tubes germinated from orc1b-1, orc1b-2, and orc1b-2/+ pollen all 

managed to arrive at the micropyle, suggesting a normal function in ovular pollen tube guidance 

and pollen tube reception. In some ovules, more than one pollen tube entered the micropyle, 

which is referred to as polytubey. The polytubey rates of WT × orc1b-1 (28.31% ± 6.00% a), 

WT × orc1b-2 (24.62% ± 3.40% ab), and WT × orc1b-2/+ (21.46% ± 6.49% ab) are 

significantly higher than that of WT × orc1a-1 (12.13% ± 1.63% c) and WT × WT (10.97% ± 

4.16% c) (Figure 4.2 F). Aniline blue which stains callose, one of the main components on the 

pollen tube wall, was used to observe pollen tube growth in the female transmitting tract. In 

pistils at 24 HAP, a comparable amount of orc1b-2, orc1b-2/+, and WT pollen germinated on 

the stigma, and pollen tube elongation along the transmitting tract showed no difference 

between them (Figure 4.2 G). An increased polytubey rate was also observed in pistils when 

pollinated with orc1b-2 and orc1b-2/+ pollen, and the second-pollen tube arrival happened 

randomly in pistils. Taken together, these results suggest that the paternal fertility defect resides 

after pollen tube reception and the defect triggers the second pollen tube attraction. 

In accordance with the reduced maternal transmission rate, orc1b-2 also showed an 

increased polytubey rate when crossed as the maternal parent (Figure 4.2 F). Both orc1b-2 × 

orc1b-2 (19.53% ± 7.59% b) and orc1b-2 × WT (21.95% ± 7.87% ab) crossing combinations 

showed an increased polytubey rate, implying that ORC1b might also function maternally in 

pollen tube attraction. 

4.2.4 ORC1b loss-of-function mutants exhibited paternal defects in karyogamy 

The polytubey phenotype is triggered by the failure of establishing the pollen tube block 

at the septum or triggered by fertilization recovery (Zhong et al. 2022). To characterize the 

cause for paternal-induced polytubey phenotype in orc1b-1, Rainbow Pollen marker (RbP) was 

introduced into orc1b-1 and the resulting mutant line is referred to as orc1b-1-RbP. As shown 

in Figure 4.3 A, the orc1b-1-RbP pollen showed a healthy-looking appearance, suggesting that 



ORC1b is a sperm nuclear protein required for fertilization 

64 
 

 

Figure 4.3 ORC1b loss-of-function mutants exhibit paternal defects in karyogamy, embryo, and 
endosperm development. (A) Fluorescent signals expressed in Rainbow Pollen marker (RbP, expressing 
proHTR12:HTR12-mCherry, proMGH3:MGH3-NeonGreen and proDAZ3:myr-mRuby2) in orc1b-1. The 
sperm nucleus is labeled by NeonGreen, the sperm membrane is labeled by mRuby2, and the sperm 
centromeres are labeled by mCherry. (B) SR2200 staining of Rainbow Female Gametophyte marker 
(RbFG, expressing proEC1.2en-EC1.1:myr-vsfGFP-0 and proMYB98:mTP-mScarlet) ovules fertilized 
by orc1b-1-RbP at 24 HAP. White filled arrowheads indicate the arrival of pollen tubes, hollow 
arrowheads indicate the unfused sperm nuclei. The developing embryo is outlined by dashed lines. (C) 
Hoyer’s solution clearing and DIC imaging of WT ovules fertilized by orc1b-1 pollen at 3 DAP. 
Arrowheads indicate endosperm nuclei of uneven sizes. Aberrant embryos are outlined by dashed lines. 
(D) Hoyer’s solution clearing and DIC imaging of WT ovules fertilized by orc1b-2 pollen at 3 DAP. White 
arrowheads indicate endosperm nuclei of uneven sizes. Aberrant embryos are outlined by dashed lines.  
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the disrupted ORC1b expression did not affect the cytological development of pollen. Then, 

orc1b-1-RbP pollen was crossed to Rainbow Female Gametophyte marker (RbFG) and ovules 

at 24 HAP were dissected out and stained with Renaissance staining for microscopy (Figure 4.3 

B). The GFP signal on the egg cell membrane (proEC1.2en-EC1.1:myr-vsfGFP-0) was no 

longer observable, suggesting that the egg cell was fertilized. The absence of the mScarlet signal 

in the synergid cells (proMYB98:mTP-mScarlet) showed that the maternal machinery for pollen 

tube attraction was already abolished. Extra sperm cells were observed in the ovules with 

polytubey, and the second pollen tube burst and released the sperm cells since the sperms were 

no longer wrapped inside the pollen tube. Interestingly, some sperm nuclei carrying MGH3-

NeonGreen localized at the basal part of the developing embryo without the presence of the 

mRuby2 signal on the sperm membrane, suggesting that plasmogamy between sperm and egg 

cell was achieved, but these sperm nuclei failed to fuse the egg nuclei. Taken together, orc1b-

1-RbP sperm showed failure in gametic nuclei fusion, and the polytubey phenotype was 

probably triggered by fertilization recovery rather than failed pollen tube block. 

In addition to the fertilization defects in orc1b-1, the paternal effect of orc1b-1 on the early 

embryo and endosperm development 3 days after pollination (3 DAP) was characterized by 

Hoyer’s solution clearing and DIC imaging (Figure 4.3 C). Consistent with the absence GFP 

signal on the egg cell membrane in the crossing of RbPF × orc1b-1-RbP at 24HAP, the ovules 

at 3 DAP were all fertilized with developing embryos inside the embryo sac. But a small number 

of ovules showed delayed embryo development (Figure 4.3 C panel c) or aberrant cell division 

in the embryo proper (Figure 4.3 C panel d). Some others showed defects in endosperm 

development, including failed endosperm with unexpanded seed coat (Figure 4.3 C panel a)and 

abnormal endosperm with uneven nuclear size (Figure 4.3 C panel b). Similar defects were also 

observed when orc1b-2 pollen was crossed to WT (Figure 4.3 D).  

Collectively, loss-of-function mutants of ORC1b exhibit paternal defects in gametic 

nuclear fusion, early embryo development, and endosperm development. 

4.2.5 ORC1b loss-of-function mutants produce albino seeds with aberrant embryos and/or 

endosperm 

In the self-crossed siliques of orc1b-2 at late developmental stages, about 9% of albino 

seeds with normal or smaller sizes were observed. To investigate the development of embryo 

and endosperm inside these albino seeds, seeds from siliques at the development phase of the 

torpedo stage, the linear cotyledon stage, and the mature green stage were dissected out, cleared 

by Hoyer’s solution, and imaged by DIC microscopy. As shown in Figure 4.4, some early-
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arrested ovules with shriveled integuments (Figure 4.4 E, J, O) and late-stage seed abortion 

with failed embryo and/or endosperm development were observed. At the torpedo stage, in the 

defective ovules, the embryo development retarded at the globular stage (Figure 4.4 D) or the 

heart stage (Figure 4.4 B, C), and the endosperm nuclei accumulated around the periphery of 

the embryo sac. At the linear cotyledon stage, the delayed embryos seemly were not able to 

catch up. The seed coat expanded together with the development of the endosperm, but the 

endosperm nuclei clumped around the peripheric area without going through cellularization 

(Figure 4.4 H, I). At the mature green stage, embryos were arrested at the heart stage in the 

albino seeds of normal size (Figure 4.4 M). Some delayed embryos managed to get to the 

torpedo stage but were arrested for the absence of a proper endosperm (Figure 4.4 N).  

 
It is worth noting that a single offspring of orc1b-2, produced 31.48% ± 2.77% albino 

seeds in the mature siliques, which is much more than the other mutant individuals (about 9%). 

This single offspring is referred to as orc1b-2-albino seeds (orc1b-2-as) hereafter. These albino 

seeds appeared no different from others at early embryonic development stages, but are 

Figure 4.4 Mutant orc1b-2 produced albino seeds with an arrested embryo or endosperm. Hoyer’s 
solution clearing and DIC imaging of abnormal seeds from silique at the torpedo stage (A-E), the linear 
cotyledon stage (F-J), and the mature green stage (K-O). Arrowheads indicate the abnormal accumulation 
of the endosperm nuclei.  
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Figure 4.5 Two ORC1b loss-of-function mutant lines induced albino seeds. (A) Albino seeds in the 
self-crossed siliques of orc1b-1-as, orc1b-2-as and WT. Asterisks indicate albino seeds. (B) Hoyer’s 
solution clearing and DIC imaging of abnormal seeds from silique of orc1b-2-as at the globular stage, the 
heart stage, and the mature stage. White filled arrowheads indicate the uneven size of endosperm nuclei, 
white hollow arrowheads indicate the over-accumulated chalazal endosperm, black filled arrowheads 
indicate irregular cellularization, and white boxes in panel i-n indicate the magnified embryo proper. (C) 
Hoyer’s solution clearing and DIC imaging of abnormal seeds from silique of orc1b-1-as at the heart 
stage. Arrowheads indicate the uneven size of endosperm nuclei.  
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distinguished from the rest at the maturation stage. While normal seeds began the accumulation 

of chloroplasts and chlorophyll (greening of the embryo), these defective seeds stayed colorless 

(Figure 4.5 A). Along with seed maturation, the advanced accumulation of tannins in the seed 

coat turned these albino seeds brown, indicating that the seed coat development was not 

abolished. Later in the mature silique, these abnormal seeds collapsed and ended up with a 

wizened appearance (Figure 4.5 A). The formation of these albino seeds was tracked at the 

development phase of the globular stage, the heart stage, and the mature stage by Hoyer’s 

solution clearing and DIC microscopy (Figure 4.5 B). In contrast to the WT-like seeds (Figure 

4.5 B panels a, f, k), embryonic development was arrested at the globular stage and the shape 

of the embryos deformed at the mature stage, forming a clump of turgid cells (Figure 4.5 B 

panels i-n). Abnormal development of endosperm was seen to coincide with arrested embryos. 

Variable endosperm abnormalities were observed, including uneven endosperm nuclear sizes 

(Figure 4.5 B panels e, h-j, n) and over-accumulated chalazal endosperm (Figure 4.5 B panels 

g, h, n). In addition, a cloudy structure formed around some endosperm nuclei, especially in the 

area close to the chalazal end, which might arise from the irregular cellularization (Figure 4.5 

B panels b-e, g, h, n).  

Since only one single plant from orc1b-2 mutants exhibited the over-production of albino 

seeds, we cannot rule out the possibility that the phenotype was triggered by non-genetic 

disruptions. Hence, we investigated the inheritance of the phenotype in progenies of orc1b-2-

as. The 8 out of 16 progenies of orc1b-2-as produced 29.88% ± 6.58% albino seeds in the self-

crossed siliques similar to the mother plant, indicating that the albino seed defect was 

inheritable. The segregation of the phenotype implied that the phenotype is independent of the 

ORC1b genotype. Interestingly, these abnormal seeds were only seen in self-crossed siliques, 

but not in out-crossed siliques when the mutant was crossed to WT as the pollen donor, 

suggesting that it is not a paternal defect. These observations suggest that the over-production 

of albino seeds in orc1b-2-as is genetically inheritable, and it is probably caused by an 

additional genetic disruption independent of orc1b-2. 

Taking the CRISPR-Cas9 knock-out background of orc1b-2, the phenotype of over-

produced albino seeds could be an off-target effect. In this case, the segregation of the 

phenotype independent of the orc1b-2 genotype would be plausible. To investigate if the 

phenotype is triggered by ORC1b depletion or not, we searched for a similar phenotype in the 

T-DNA insertion allele orc1b-1. We found a single mutant of the orc1b-1 allele also produced 

an increased number of albino seeds (24.47% ± 7.49%) (Figure 4.5 A), which is referred to as 

orc1b-1-albino seeds (orc1b-1-as) hereafter. In the albino seeds of orc1b-1-as, the embryos 
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showed more dramatic cell division defects, leading to an unordered tumor-like pattern (Figure 

4.5 C). The abnormal endosperm proliferation with uneven nuclear sizes was also observed 

(Figure 4.5 C panels a-c). The phenotype of over-produced albino seeds in orc1b-1-as also 

segregated by 1:1 despite the ORC1b genotype. Since both the knock-out allele and T-DNA 

insertion allele showed an over-production of albino seeds, it is more likely to be a genetic 

disruption induced by mutations in ORC1b rather than an off-targeting effect.  

The phenotype of albino seeds with arrested embryos in orc1b-1-as and orc1b-2-as is 

reminiscent of the embryos produced by mutant meristem unstructured-1 (mun-1). MUN 

encodes a kinetochore complex protein localized at the centromere with HTR12, and mun-1 

exhibits chromosome segregation defects and DNA aneuploidy (Shin et al. 2018). To check if 

the genome integrity is disrupted on a chromosome level in orc1b-2-as, the RbP marker was 

introduced into the mutant. HTR12-mCherry signal on the sperm centromeres revealed the 

centromere number in mutant pollen. Only four centromeres were observed in some sperms 

(Figure 4.6 A-C), whereas five centromeres were observed in the others (Figure 4.6 D). These 

observations suggest that the genome integrity of orc1b-2-as is disrupted. 

 

Figure 4.6 Mutant sperms labeled by Rainbow Pollen (RbP) marker cassettes. Mutant sperms with 
four centromeres observed (A)-(C). Mutant sperms with five centromeres observed (D). Signals of myr-
mRuby2 on the sperm membrane and HTR12-mCherry on the sperm centromeres were detected. 
Arrowheads indicate centromeres labeled by HTR12-mCherry.  
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4.3 Discussion 

4.3.1 ORC1b is dispensable for DNA replication during microspore development 

ORC consists of six proteins named ORC1-ORC6 which form a hetero-hexametric protein 

complex for DNA binding as the cryo-electron microscopy (cryo-EM) structure of DNA-bound 

ORC in Drosophila showed (Schmidt and Bleichert 2020). Contrary to the synergistic working 

mode of the 6 ORC subunits, their expression abundance dramatically diverges, with ORC1a, 

ORC1b, ORC2, and ORC3 showing a lower expression level compared to the others (Diaz-

Trivino et al. 2005). In a solved crystal structure of Drosophila ORC·DNA·CDC6, ORC1 and 

ORC2 represent each end of the ring structure while CDC6 is in between to close the ring 

(Schmidt and Bleichert 2020). Even though mutants lacking ORC4 or ORC5 are not viable, the 

complex lacking ORC1 or ORC2 still retains the ability of origin licensing, indicating the 

complex is more tolerant of missing the open ends than being segmented (Bell 2017). In this 

study, ORC1b-YPet expression was observed in the generative nuclei in pollen throughout 

microspore development (Figure 4.1 D), whereas the mutant allele orc1b-2 produced healthy-

looking pollen which managed to complete two mitoses (Figure 4.3 A). These observations 

suggest that ORC1b is dispensable for DNA replication in Arabidopsis. The additional function 

of ORC1b independent of its classic role in origin licensing will be discussed in the following 

sections. 

4.3.2 ORC1b loss-of-function mutants exhibit gametic transmission distortions  

ORC1b loss-of-function mutants showed reduced fertility and the reciprocal cross between 

orc1b-2/+ and WT had both reduced paternal (44.29%) and maternal (46.86%) transmission 

rates. The expected segregation ratio of the self-crossed orc1b-2/+ based on the parental 

transmission rates was 29.60% (+/+) : 49.64% (+/-) : 20.76% (-/-), which fits the segregation 

ratio obtained from genotyping of orc1b-2/+ self-crossed progenies (Figure 4.7 A, B). In the 

reciprocal cross between orc1b-2 and WT, polytubey was observed in orc1b-2 as both paternal 

and maternal parents (Figure 4.2 F), suggesting that a fertilization recovery machinery could be 

triggered by both orc1b-2 male and female gametes. A model for parental transmission of 

orc1b-2 mutant allele is shown in Figure 4.7 C. As shown in the model, when crossing orc1b-

2/+ to WT as a pollen donor, failed sperm-egg cell fertilization with the mutant sperm triggers 

the attraction of another pollen tube by the persistent synergid cell. The egg cell has a second 

chance to meet a WT pollen, and this fertilization recovery machinery raises the WT progeny 

number by 6%. When crossing orc1b-2/+ to WT as a maternal parent, some mutant egg cells 
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fail in fertilization. The fertilization recovery machinery is triggered but could not complement 

the maternal defects, resulting in a 6% seed abortion which further leads to a 3% reduction in 

the female transmission rate. When orc1b-2/+ is self-crossed, the reduced gametic transmission 

additively affects the segregation of the progenies, leading to a segregation ratio of 30% (+/+) : 

50% (+/-) : 20% (+/+). How the depletion of ORC1b causes the transmission distortions of both 

male and female gametes will be discussed below. 

4.3.3 ORC1b is involved in sperm-egg cell nuclear fusion 

orc1b-2 pollen triggered polytubey when crossed to WT (Figure 4.2 F, G). Combined with 

the failure in sperm-egg cell nuclear fusion (Figure 4.3 B), it seems that in the polytubey ovules, 

plasmogamy between the first sperm and the egg cell was accomplished but the following 

karyogamy failed, leading to activation of fertilization recovery and the attraction of the second 

pollen tube. Concerning the function of ORCs in origin licensing in DNA replication, it would 

be possible that the karyogamy failure is caused by the unsynchronized cell cycle between the 

sperm and the egg cell.  

In rice, the cell cycle of a rice egg cell is estimated as the G1 phase with 1C DNA volume, 

and the genome replication progresses after karyogamy to reach the 4C volume in zygotes 6–

10 h after gamete fusion (Sukawa and Okamoto 2018). In contrast, Arabidopsis has adopted G2 

karyogamy, in which sperm cells complete DNA synthesis prior to the deposition into an egg 

cell (Friedman 1999). The cell cycle of sperm progresses along the process of pollination. It 

starts from the G1 phase in mature pollen and achieves the S/G2 phase with 2C volume once 

arrived at the ovule (Friedman 1999). The egg cell stays in a quiescent status at G0 and is 

activated upon fertilization by the sperm cell (Peng et al. 2018). The synchronizing signals 

exchanged between the male and female gametes are not yet understood. ORC1b transcripts are 

missing in the egg cell but appear in the spherical zygote and early embryo (P. Zhao et al. 2019), 

which fits a paternal transmitted expression in a manner similar to SHORT SUSPENSOR (SSP), 

the parent-of-origin regulator for the asymmetric first division in the early embryo (Bayer et al. 

2009). We propose that ORC1b acts as the paternal factor carried over by the sperm in switching 

on the S-phase progression in the egg cell, where nuclear fusion is delayed because of the 

unsynchronized cell cycle of the two gametes when ORC1b is absent from the sperm. It has 

been shown in tobacco that pollination accelerates the S-phase progression in the egg cell, while 

in the absence of fertilization, the synchronization of the cell cycle of the egg cell is still 

completed but delayed for more than a day (Weterings and Russell 2004). Similarly, in 

Arabidopsis, the expression of AtTMPK, a thymidylate kinase gene activated during the G1/S-
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phase transition, was observed in the unfertilized embryo sac at 44 h after emasculation 

(Ronceret et al. 2008). The autonomous catch-up of the G1/S-phase transition in the egg cell 

could explain that orc1b-1 and orc1b-2 pollen still produced embryos when crossed with WT 

(Figure 4.3 C, D). In this scenario, the incompatible cell cycle causes the karyogamy delay of 

the first sperm and triggers polytubey for fertilization recovery. Then, the egg cell starts S-phase 

progression autonomously and rescued karyogamy without the paternal signal. In addition, 

ORC1b seems not required for this autonomous synchronization of cell cycle in the egg cell, 

since orc1b-2 self-crossed ovules showed increased polytubey (19.53% ± 7.59%) but with a 

mostly-full seed set (84.05% ± 7.83%) (Figure 4.2 C, F). 

4.3.4 ORC1b is involved in sperm-central cell nuclear fusion 

When orc1b-1 and orc1b-2 were crossed to WT as pollen donors, in some ovules the 

integument expansion failed with arrested seed coat development and uneven endosperm 

nuclear size, while the embryo appeared to be normal (Figure 4.3 C panel a; D panel a, b). It 

has been shown previously that endosperm goes through early syncytial development, 

cellularization, and degeneration autonomously together with a normal seed coat initiation 

independent of the embryo development, as observed in the single-fertilization mutant dmp8/9 

seeds without an embryo (Xiong, Wang, and Sun 2021). On the contrary, single fertilization 

leading to embryo only is not sufficient to initiate the development of surrounding integument, 

as observed in the dmp8/9 seeds and kokopelli (kpl) seeds containing only embryos, where seed 

coat development was abolished and the integument began to degenerate at the globular stage 

(Xiong, Wang, and Sun 2021). Seed coat initiation is regulated by the crosstalk between the 

integument and the endosperm by a dosage-sensitive polycomb signaling pathway. Polycomb 

group (PcG) proteins represent conserved gene-silencing machinery that forms the PRC2 which 

acts as an H3K27me3 writer (Derkacheva and Hennig 2014). EMBRYONIC FLOWER2 

(EMF2) and VERNALIZATION2 (VRN2) are two sporophytic PcG proteins that suppress seed 

coat development in the absence of fertilization. The type I MADS-box transcription factor 

AGL62 activates a mobile signal upon fertilization to relieve PcG repression in the integuments 

and to initiate seed coat formation (Roszak and Köhler 2011). In the ovules with arrested seed 

coat development from siliques of WT × orc1b-1 and WT × orc1b-2, the failed endosperm 

proliferation seems to account for the failure in the seed coat. The abnormal endosperm failed 

to alleviate the PRC2 suppression of seed coat development, leading to the deformation of the 

integument at the globular stage. 

A similar phenotype with uneven sizes of the endosperm nuclei is observed in the mutants 
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of two immunoglobulin binding protein genes (BiP) BIP1 and BIP2, as well as the two ER-

resident J-protein genes P58IPK and ERdj3A that are required for polar nuclear-membrane 

fusion in female gametophyte development. The double mutants bip1 bip2 and erdj3a p58ipk 

produce polar nuclei closely attached without fusion (Maruyama et al. 2014; Maruyama, Endo, 

and Nishikawa 2010). These unfused polar nuclei are defective in sperm nuclear fusion, leading 

to aberrant endosperm proliferation with irregular nucleus size and retarded paternal gene 

expression, emphasizing that a proper nuclear fusion between sperm and central cell is critical 

for endosperm proliferation (Maruyama et al. 2020). The arrested endosperm proliferation in 

the ovules fertilized by orc1b-1/2 pollen with only a few nuclei of uneven size could be a 

consequence of failed sperm-central cell nuclear fusion, and the large-sized nuclei could be 

derived from the autonomous division of the polar nucleus, while the small size nuclei could 

be the unfused sperm nucleus (Figure 4.3 C panel a, D panel b). In addition, the uneven size of 

the endosperm nuclei was also seen in the ovules with a normal seed coat development. As 

shown in Figure 4.3 C panel b, a few endosperm nuclei were extra-large at the micropylar area 

while the rest appeared to be normal. The function of the endosperm seemed to be not disturbed 

since the seed coat expanded as planned. It could be that polytubey brought an extra pair of 

sperm, one of which fused with the egg cell and the other one accidentally fused with one of 

the 3n endosperm nuclei that are already dividing.  

The endosperm defects were more dramatic at late stages in the self-crossed ovules of 

orc1b-2 (Figure 4.4). Some ovules failed in seed coat development with no endosperm 

proliferation (Figure 4.4 E, J, N, O). In some of the ovules of normal size, the seed coat 

expanded together with the development of the endosperm, but the endosperm nuclei clumped 

around the peripheric area without going through cellularization (Figure 4.4 C, D, H, I). In 

earlier studies, the failure in endosperm cellularization could be triggered by pollination with 

pollen donors of higher ploidy. In the interploidy crossings, the increased activity of paternally 

expressed imprinted genes (PEGs) in the endosperm of triploid seeds causes failed 

cellularization of endosperm, which further leads to a compromised embryo in short sucrose 

supply (Wolff et al. 2015; Morley-Smith et al. 2008; Hehenberger, Kradolfer, and Köhler 2012). 

ADMETOS (ADM), SUVH7, PEG2, and PEG9 are four of these PEGs, and the suppression of 

pectin hydrolysis in adm, suvh7, peg2, and peg9 promotes cell wall formation and 

cellularization in the endosperm (Wolff et al. 2015; Kradolfer et al. 2013). This paternal-

regulated triploid barrier establishment is also found to be regulated by easiRNAs in a dosage-

sensitive manner during interploidy hybridizations. The increased abundance of easiRNAs from 

2n pollen negatively interferes with the repression of some PEGs in the endosperm correlated 
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with reduced CHH methylation. And the triploid barrier was partially broken in the loss of the 

plant-specific RNA polymerase IV which suppressed easiRNA formation and restored small-

RNA-directed DNA methylation at transposable elements (TEs) (Martinez et al. 2018). The 

failed endosperm cellularization in the orc1b-2 self-crossed ovules nicely mimicked the triploid 

seeds produced by 2n pollen. We suspect that, with the arrival of the extra pollen tube in orc1b-

2, more than one sperm could fuse with the central cell, leading to an over-dosage of the paternal 

easiRNAs similar to that in the 2n pollen, which further interferes with the gene suppression 

and compromises the endosperm cellularization. It was shown that ORC1b binding correlates 

with increased H4K20me3 in the proximal promoter region of ORC1 targets (M. D. L. P. 

Sanchez and Gutierrez 2009). In human cells, H4K20me3 facilitates the origin licensing and 

selection of active initiation sites in late-replicating heterochromatin domains (Brustel et al. 

2017; Kirstein et al. 2021). H4K20me3 also crosstalks to DNA methylation in heterochromatin 

formation, where DNA methyltransferase 1 (DNMT1) specifically recognizes H4K20me3 via 

its BAH and reinforces DNA methylation (Ren et al. 2021). Taken together with the co-

localization of ORC1b-YPet with centromeric regions, this suggests a potential role of ORC1b 

in genomic integrity and stability in the heterochromatin area. Whether the absence of ORC1b 

binding causes misregulation of TEs and easiRNAs in the sperms still needs to be explored.  

The potential causes for these abnormalities observed in endosperm development still 

require more experimental proof. The orc1b-2-RbP and the central cell marker line expressing 

proAGL80:HTR12-YPet, which marks the central cell and endosperm nucleus, could be adopted 

to characterize nuclear fusion and endosperm proliferation in orc1b-2 in detail. If the 

misbehaved orc1b-2 pollen induced a similar paternal-induced misregulation of PEGs and TEs, 

could be further checked by transcription level characterizations, such as qPCR, RNA 

sequencing, or in situ hybridization. 

4.3.5 ORC1b is involved in genome integrity maintenance 

In the self-crossed siliques of two orc1b mutant individuals, orc1b-1-as and orc1b-2-as, 

nearly one-third of ovules were abnormal with albino appearance (Figure 4.5 A). These 

abnormal ovules showed a normal layered seed coat structure and normal accumulation of 

tannins at the mature stage, suggesting that the crosstalk between endosperm proliferation and 

seed coat development was not abolished. Though endosperm proliferation was not arrested, 

the endosperm nuclei showed some abnormalities such as uneven nuclear size and irregular 

cellularization (Figure 4.5 B). The presence of the dramatic phenotype in both the knock-out 

allele and T-DNA insertion allele confirmed that it was induced by ORC1b depletion, and 
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segregation of the phenotype in orc1b-2-as progenies in the same homozygous mutant 

background implied it to be independent of ORC1b genotype.  

Interestingly, these albino seeds with embryo and endosperm defects are reminiscent of 

the defects in the mutants of MCM2-7 genes. MCM2-7 complex acts as a DNA helicase and is 

recruited to replication origins by the ORC in coordination with CDT1 and CDC6 (Makarova 

and Koonin 2013). All the mcm2-7 mutants showed a maternal effect with defects in embryo 

patterning, endosperm nuclear size, and endosperm cellularization (Holding and Springer 2002; 

Herridge, Day, and Macknight 2014). Specific reduction of MCM5 and MCM7 expression in 

the endosperm using artificial microRNAs resulted in an upregulation of genes in DNA damage 

response, indicating that genome integrity was disrupted when MCMs were depleted. And the 

enlarged endosperm nuclear size could be a consequence of the activation of the ATAXIA 

TELANGIECTASIA MUTATED (ATM)-dependent DNA damage response (Herridge, Day, 

and Macknight 2014). Mutation in MUN, a kinetochore complex protein gene colocalized with 

HTR12 at the centromere, causes chromosome segregation defects and DNA aneuploidy. The 

mutant also produces defective seeds with arrested embryos (Shin et al. 2018). The epigenetic 

alterations of centromeres, such as mutations in the centromere-specific histone variant CENH3 

and the centromere licensing factor KNL2, have been shown to result in chromosome 

segregation errors, genome elimination, and lethality (Ravi et al. 2011; Marimuthu et al. 2021; 

Ahmadli et al. 2022). These previous findings might explain the over-produced albino seed 

phenotype observed in orc1b-1-as and orc1b-2-as. With the multilateral potential of ORC1b 

BAH-PHD domain in reading and writing histone modifications, mutations in ORC1b might 

alter the epigenetic environment in the centromeric area, therefore leading to a similar defect in 

chromosome segregation and genome elimination. In this scenario, the mutation in ORC1b 

disrupted centromere integrity, and it caused a rare case of single chromosome elimination 

during cell division in orc1b-1-as and orc1b-2-as. It would explain that the albino seed 

phenotype did not co-segregate with the ORC1b genotype. In good agreement with this, in 

orc1b-2-as pollen labeled by the centromere marker HTR12-mCherry, only four centromeres 

were observed in some sperm nuclei, whereas five centromeres should be observed in a WT 

sperm nucleus (Figure 4.6). The 1:1 segregation ratio of the over-production of albino seeds in 

orc1b-2-as progenies suggest it to be a gametic lethal mutation. The abnormal seeds were not 

seen in out-crossed siliques when orc1b-2-as was adopted as a pollen donor, implying the 

abnormal seeds are attributed to the maternal parent. These observations suggest that the 

maternal parent is more sensitive to the unintact genome.  

To further confirm the nuclear content in orc1b-2-as, a flow cell cytometry assay was 
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performed to measure the nuclear content of nuclei prepared from the cotyledons of orc1b-2-as 

seedlings. Despite the heavy contamination from the cell fragments, the nuclear signal of orc1b-

2-as was slightly reduced than that in WT (data not shown). However, the resolution was not 

adequate to distinguish the signal reduction in an aneuploid genome with single chromosome 

depletion. Since the phenotype of albino seeds is segregating in orc1b-2-as, half of the orc1b-

2-as seedlings harbor an aneuploid genome with 9 chromosomes, resulting in a 5% reduction 

of nuclear content in the nuclei samples prepared from cotyledons of orc1b-2-as seedlings. It is 

recommended to repeat the flow cell cytometry assay with nuclei extracted from pollen in the 

following work. In this way, we would have the privilege to sample after phenotyping and 

extract nuclei only from mutants that produce albino seeds, which presumably results in a 20% 

reduction of nuclear content.  

Human ORC1 was shown to function in the centrosomes in cell division. Cyclin A 

promotes ORC1 localization to centrosomes where ORC1 prevents cyclin E-dependent re-

duplication of both centrioles and centrosomes in the cell division cycle, suggesting the 

additional role of ORC1 in controlling the copy number of centriole and centrosome (Hemerly 

et al. 2009). Land plants have lost centrosomes and utilize microtubule-organizing centers 

(MTOCs) as replacements for centrosomes in initiating spindle bipolarity and orientation 

(reviewed in Yi and Goshima 2018). The B1-type cyclin, CYCB1;2, coupled with CDKB2;2 

can phosphorylate an MT-nucleation factor GIP1 in orchestrating mitotic microtubule networks 

(Romeiro Motta et al. 2022). Whether ORC1b keeps the ability to interact with these cyclins in 

establishing MTOCs during mitosis needs to be further addressed.  

In conclusion, ORC1b is a sperm nuclear protein required for fertilization. Disruption of 

ORC1b expression causes reduced fertility, defective gametic nuclear fusion, arrested embryo, 

and abnormal endosperm development. The characterization of the inheritable phenotype of 

over-production of albino seeds in two independent single mutant lines suggests a potential role 

of ORC1b in genome integrity maintenance. These phenotypic analyses provide a solid basis 

for further deciphering the mechanism of ORC1b's function in fertilization. Collectively, this 

study offers new perspectives on additional roles of ORC genes independent of origin licensing 

in plants and furthers our understanding of the paternal contribution to fertilization in flowering 

plants. 

4.4 Materials and methods 

4.4.1 Plant materials and growth conditions 

These mutant alleles orc1a-1 (WiscDsLox287F12) (Woody et al. 2007) and orc1b-1 (GK-
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769D03) (Rosso et al. 2003) in Col-0 background each carry a T-DNA insertion in the coding 

region. The mutant allele orc1b-2 was generated by the in-house CRISPR-Cas9 knockout vector 

expressing sgRNA1 (5′-GCCATTGATGGTGTAAGCTA-3’) and sgRNA2 (5′- 

ACGATACTGTCGTTGCCACT-3’) in Col-0 background. The transgene-free orc1b-2 mutants 

were selected and subjected to phenotypic analysis. The allele-specific genotyping primers are 

listed in Table 4.1.  

Insertion lines were provided by the Nottingham Arabidopsis Stock Center (NASC) 

(Scholl, May, and Ware 2000). The Rainbow Pollen (RbP) and Rainbow Female Gametophyte 

(RbFG) marker lines used in this study were described in chapter 5. Plants used in this study 

were grown under long-day conditions as described previously in (Babu et al. 2013).  

Table 4.1 Specific genotyping primers for orc1 mutant alleles 

Mutant allele Primer PCR product length 

orc1a-1 

LP 5′-TTTACGAGAATTTGCACCACC-3’ LP+RP: 1204 bp in WT; none 
in mutant 

BP+RP: none in WT; ~600 bp 
in mutant 

BP 5′-TCCTCGAGTTTCTCCATAATAATGT-3’ 

RP 5′-CCTTCTGCGTCACCATCTTAG-3’ 

orc1b-1 

LP 5′-CCTCACAACTTCTCGATCCAACTCTC-3’ LP+RP: 2660 bp in WT; none 
in mutant 

BP+RP: none in WT; ~600 bp 
in mutant 

BP 5′-ATAATAACGCTGCGGACATCTACATTTT-3’ 

RP 5′-GAGCAAAAACCTTCAAATCCC-3’ 

orc1b-2 

LP 5′-CGCCTTAGCAAACTCGATCC-3’ LP+RP: 3492 bp in WT; 126 
bp in mutant 

BP+RP: 1001 bp in WT; none 
in mutant 

BP 5′-ATTGGGTCATTTCCCAGATCGA-3’ 

RP 5′-CCTCACAACTTCTCGATCCAACTCTC-3’ 

 

4.4.2 Plasmid construction 

For the construction of the CRISPR-Cas9 destination binary vector, sgRNA1 and sgRNA2 

were integrated into two shuffle-in vectors containing AtU6 promoter and sgRNA scaffold by 

overlapping PCR reactions, and the two sgRNA expression units were assembled into 

destination pMB3300 vector containing proEC1.2en-EC1.1:pcoCas9 and proAt2S3:mCherry. 

For the construction of the proORC1b:ORC1b-YPet binary vector, the promoter sequence 

starting from 2147 bp upstream of the start codon and the full-length genomic sequence of 

ORC1b were amplified and cloned into the binary vector pMB3300 containing YPet-tNos. All 

the fragments were cloned into vectors using In-Fusion® Snap Assembly according to the 

manufacturer’s instructions. All the expression vectors were transformed into Col-0 by 

Agrobacterium-mediated transformation via floral dip as previously described (Clough and 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/exons
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Bent 1998).  

4.4.3 Pollen RNA preparation and quantitative PCR 

400 freshly opened flowers from orc1b-1 and WT were collected into 2-mL tubes on ice, 

respectively. 1 mL 0.3 M mannitol was added into the 2-mL tubes and vortexed for 1 min to 

release pollen from anthers. The suspensions were collected into new 2-mL tubes and 

centrifuged at 5000 rpm for 2 min to pellet pollen. Total RNA was extracted from orc1b-1 and 

WT pollen using the QIAGEN RNeasy® Plant Mini Kit cDNA was synthesized using the 

Thermo Scientific RevertAid First Strand cDNA Synthesis Kit. RT-PCR was performed using 

Thermo Scientific DreamTaq PCR Master Mix (2x) with 30 reaction cycles. qRT-PCR was 

performed using NEB Luna® Universal (RT)-qPCR Reagents. All the reagents were used 

according to the manufacturers’ recommendations. The primers used are listed in Table 4.2. 

Actin2 was used as a control. 

Table 4.2 Primers for quantitative PCR in orc1b-1 pollen 

Gene Primer PCR product length 

ORC1a 
LP 5′-CCTTCTGCGTCACCATCTTAG-3’ 

144 bp 
RP 5′-TGAGGAGGAGTGAGTGAAGTTG-3’ 

ORC1b 
LP 5′-CGCATAATCTGAAACGAGAGC-3’ 

248 bp 
RP 5′-AACCTCCTCCTCCTTCCTACC-3’ 

Actin2 
LP 5′-TGTGCCAATCTACGAGGGTTT-3’ 

137 bp 
RP 5′-TTTCCCGCTCTGCTGTTGT-3’ 

 

4.4.4 Phenotypic analysis of mutants 

Hoyer’s solution clearing of ovules 

Ovules were dissected and cleared in Hoyer’s solution as described previously in (Bayer 

et al. 2009). Cleared samples were examined by DIC microscopy with Zeiss Axio Imager.Z1 

microscope equipped with an AxioCam HRc camera.  

Fluorescence and confocal laser scanning microscopy  

Pollen grains at different developmental stages were mounted in 10% glycerol for 

microscopy. Mature pollen was collected and germinated as described previously (Vogler et al. 

2014). Sperm cells inside the germinating pollen tube were imaged after 6 h on pollen 

germination media. Ovules at 24 HAP were dissected out and stained by SR2200 as described 

previously in (Musielak et al. 2016). Confocal scanning microscopy was performed with Zeiss 

LSM780NLO.  
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Aniline blue staining of pollen tubes in pistils 

Pollen grains were collected from freshly opened flowers and pollinated to pistils 

emasculated 24 h earlier. Pistils were excised at 24 HAP and proceeded to fixation and aniline 

blue staining as described previously (Zhong et al. 2022). Pistils after staining were mounted 

in 10% glycerol and examined with Zeiss LSM780NLO.  

Seeds gemination 

The mutant seeds were put on a 1/2 MS media plate with 0.1% agar, pH 5.7, and incubated 

for 12 days under long-day conditions the same as the plants used in this study. Seeds and 

seedlings were observed with a dissecting microscope with an external camera. 
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5 Fluorescent marker lines assist phenotypic characterization of 

fertilization-defective mutants 

Plant fertilization involves the coordination of a series of male and female cells and tissues 

which work in a fine-tuned system. Light microscopy in combination with a variety of whole-

mount staining and clearing methods for pollen tubes, female gametes, and early embryos inside 

ovules is widely utilized in phenotypic analysis in plant reproduction. However, the deep 

embedding of the generative cells inside the integument cell layers with a low opacity makes it 

challenging to obtain phenotypic information on a cellular or sub-cellular level. Therefore, 

introducing fluorescent proteins into specific cells and tissues would be instrumental in 

visualizing the fertilization process. Here, we constructed a set of transgenic marker lines each 

carrying several fluorescent marker cassettes that are expressed in either pollen or female 

gametophytes. These fluorescent marker cassettes are genetically linked in two lines which can 

be easily introgressed into a mutant background by crossing. A combination of the fluorescent 

signals from both parental sides enables versatile analyses of fertilization defects within one 

single crossing. 

5.1 Results 

5.1.1 Rainbow Pollen marker cassettes 

In earlier attempts of the host lab to construct the integrated transgenic cassettes expressing 

quadruple fluorescent markers, transgenic silencing was frequently observed resulting in one 

or two fluorescent markers being absent. The female gametophyte seemed to be intolerant of 

the over-expressed fluorescent proteins, giving rise to a homozygous transgenic plant with 

reduced maternal fertility when pollinated by WT pollen (data not shown). According to these 

observations, we redesigned the fluorescent markers to minimize the number of transgenic 

cassettes but still offer enough information for addressing fertilization defects. For Rainbow 

Pollen (RbP) marker cassettes, three fluorescent proteins driven by cell-specific promotors were 

integrated into Arabidopsis to label several cell structures in the male gametes by genomic 

transgene. The fluorescent markers expressed in the pollen of RbP are shown in Figure 5.1. The 

chromatin in the sperm nuclei was labeled by the sperm-specific histone 3 variant MALE 

GAMETE HISTONE 3 (MGH3) (Okada et al. 2005) fused with NeonGreen under the control 

of its native promoter (Figure 5.1 A). The sperm membrane was labeled by mRuby2 fused with 

the membrane localization signal N-myristoylation (Resh 1999) driven by the promoter of the 
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sperm-specific gene DUO1-ACTIVATED ZINC FINGER 3 (DAZ3) (Borg et al. 2011). The 

sperm centromeres were stained by mCherry fused with the centromere-identifying histone 3 

variant HISTONE THREE RELATED 12 (HTR12) (Talbert et al. 2002) driven by its 

endogenous promoter (Figure 5.1 B). The two red fluorescent proteins can be easily 

distinguished from each other by their unique membrane-specific and centromere-specific 

localization during fertilization, even though they share the same excitation and emission 

spectrum. Using this system, after the discharge of sperms from the pollen tube, the integration 

of the myr-mRuby2 signal on the egg cell membrane would be observed once plasmogamy is 

achieved. The migration of the sperm nucleus inside the egg cell would be indicated by the 

nuclear signals MGH3-NeonGreen and HTR12-mCherry. The signals would expand shortly 

after nuclear fusion and become invisible in the zygote due to the removal of the sperm-

inherited MGH3 during chromatin remodeling, which is considered a sign of successful 

activation of the zygote program (Ingouff et al. 2007). 

 

5.1.2 Rainbow Female gametophyte cassette 

For Rainbow Female Gametophyte (RbFG) marker cassettes, three fluorescent proteins 

Figure 5.1 Rainbow Pollen (RbP) marker cassettes. (A) Expression of MGH3-NeonGreen in the sperm 
nuclei. (B) Expression of myr-mRuby2 on the sperm membrane and HTR12-mCherry in the sperm 
centromeres. (C) Merged image of the GFP and RFP channel. (D) Merged image of the GFP, RFP, and 
the bright field channel. The dashed lines indicate the pollen periphery.  
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driven by cell-specific promotors were integrated into Arabidopsis to label different cell 

structures in the female gametophyte by genomic transgene. The fluorescent markers expressed 

in RbFG ovules stained by SCRI Renaissance 2200 (SR2200) are shown in Figure 5.2. The egg 

cell membrane was marked by myr-vsfGFP-0 driven by the promoter of the egg cell-specific 

gene EGG CELL 1 (EC1) fused with the EC1.2 enhancer (proEC1.2en-EC1.1) which was 

shown to exhibit a much higher efficiency (Z. P. Wang et al. 2015). This promoter offers the 

additional benefit of indicating successful fertilization due to the silencing of EC1 in the early 

zygote. The synergid cells were indicated by mScarlet signal in the mitochondria driven by the 

MYB98 promoter which is exclusively active in the synergid cells (Punwani, Rabiger, and 

Drews 2007). Mitochondrial targeting was achieved by incorporating the first 22 aa of 

Cytochrome c oxidase subunit IV (ScCOX4) from budding yeast (Saccharomyces cerevisiae) 

(Köhler et al. 1997) into the mScarlet sequence. A homozygous marker line was obtained with 

stable expression of the fluorescent proteins, and the female fertility showed no difference from 

WT (data not shown). This dual-color marker can be used to monitor pollen tube reception, the 

fusion of the persisting synergid cell with the central cell after fertilization as well as the onset 

of the zygotic program. 

 

Figure 5.2 Rainbow Female Gametophyte (RbFG) marker cassettes. (A) Expression of myr- vsfGFP-
0 on the egg cell membrane. (B) Expression of mTP-mScarlet in the mitochondria of the synergid cells. 
(C) SR2200 staining indicates the cell perimeter of the ovule. (C) Merged image of the GFP channel, RFP 
channel, and the DAPI channel used for SR2200 staining signals.  
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5.1.3 Single female gametophyte marker lines 

Due to the sensitivity of the female gametophyte to certain levels of over-expressed 

fluorescent proteins that we observed while creating the marker line, only the necessary maker 

cassettes were included in the current RbFG marker line. To make full use of the additionally 

designed female gametophyte marker cassettes, a bunch of single female gametophyte marker 

cassettes was cloned into empty pMB3300 binary vectors and introduced into plants separately. 

These marker lines include two egg cell membrane makers expressing myr-mTFP1 driven by 

the promoter of the egg cell-specific gene EGG CELL-SPECIFIC1 (ECS1) (Yu et al. 2021) 

(Figure 5.3 A) and myr-vsfGFP-0 driven by proEC1.2en-EC1.1 (Figure 5.3 B). Furthermore, 

we obtained a synergid marker line expressing mTP-mScarlet in the mitochondria driven by the 

promoter of the synergid cell-specific gene MYB98 (Punwani, Rabiger, and Drews 2007) 

(Figure 5.3 C), and a central cell/endosperm marker expressing HTR12-YPet driven by the 

promoter of the central cell/endosperm-specific gene AGL80 (Portereiko et al. 2006) (Figure 

5.3 D). Lastly, we also made a zygote/embryo marker expressing RanGAP1WPP-

superfolderGFP on the nuclear envelope driven by the S4 promoter which was shown to be 

active in the zygote/embryo (Slane et al. 2014) (Figure 5.3 E), where the nuclear envelope 

localization is achieved by incorporating the N-terminal WPP domain of RanGAP1, a small 

GTPase involved in nuclear transport and nuclear envelope assembly (Jeong et al. 2005).  

5.2 Discussion 

The fertilization process in Arabidopsis occurs deep inside the female tissue, which 

hinders the phenotypic characterization of the fertilization defective mutants. Hoyer’s solution 

clearing (L. E. Anderson 1954) of dissected ovules combined with DIC imaging allows the 

observation of embryo and endosperm development as shown in recent publications from the 

host lab (Neu et al. 2019; K. Wang et al. 2021). However, not much information on gametic 

interaction during fertilization could be obtained. SR2200 stains all the cell perimeter of ovules 

which helps identify most cell types including the pollen tube, while the cells need to be fixed 

(Musielak et al. 2016). The fluorescent marker lines developed in this study constitute a 

versatile toolbox that allows the subtle characterization of pollen development, female 

gametophyte development, gametic interaction, gametes fusion, embryonic development, and 

endosperm proliferation. The broad spectrum of fluorescent proteins in this toolbox offers 

various channel combinations for crossing either to mutants labeled by other marker lines or 

crossing to transgenic lines expressing target genes fused to fluorescent proteins. Most 

importantly, these marker lines are eligible for live imaging, which enables the capture of subtle 
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events that arise within a short time window. 

 

5.3 Materials and methods 

5.3.1 Plant material and growth conditions 

Arabidopsis thaliana Col-0 was used for transgenic transformation in this study. All plants 

used were grown under long-day conditions as described previously (Babu et al. 2013). 

5.3.2 Plasmid construction 

For the construction of RbP marker expression vector, proHTR12:HTR12-mCherry, 

proMGH3:MGH3-NeonGreen, and proDAZ3:myr-mRuby2 sequences were synthesized. For 

the construction of RbFG marker expression vector, proEC1.2en-EC1.1:myr-vsfGFP-0 and 

proMYB98:mTP-mScarlet sequences were synthesized. For construction of the single female 

gametophyte markers expression vectors, the proECS1:myr-mTFP1, proEC1.2en-EC1.1:myr-

vsfGFP-0, proMYB98:mTP-mScarlet, proAGL80:HTR12-YPet and proS4:RanGAP1WPP-

superfolderGFP sequences were synthesized. All the fragments were cloned into empty binary 

vector pMB3300 using In-Fusion® Snap Assembly according to the manufacturer’s instructions, 

respectively. All the expression vectors were transformed into Col-0 by Agrobacterium-

Figure 5.3 Single female gametophyte marker cassettes. (A) Female gametophyte marker expressing 
myr-mTFP1 on the egg cell membrane. (B) Female gametophyte marker expressing myr-vsfGFP-0 on the 
egg cell membrane. (C) Female gametophyte marker expressing mTP-mScarlet in the mitochondria of 
the synergid cells. (D) Female gametophyte marker expressing HTR12-YPet in the nuclei of the central 
cell and the antipodal cells. (E) Female gametophyte marker expressing RanGAP1WPP-superfolderGFP 
on the nuclear envelope of the zygote.  
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mediated transformation via floral dip as previously described (Clough and Bent 1998).  

5.3.3 Microscopic analysis of pollen and ovules 

Mature pollen grains of RbP were mounted in 10% glycerol. Ovules of RbFG were 

dissected from pistils 1 day after emasculation and stained by SR2200 as described previously 

(Musielak et al. 2016). These samples were imaged by confocal scanning microscopy with 

Zeiss LSM780NLO. Ovules of the single female gametophyte marker lines were dissected, 

mounted in 10% glycerol, and examined by Zeiss Axio Imager.Z1 microscope equipped with 

an AxioCam HRc camera.
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SUMMARY
Embryogenesis of flowering plants is initiated by polarization of the zygote, a prerequisite for correct axis for-
mation in the embryo. The daughter cells of the asymmetric zygote division form the pro-embryo and the
mostly extra-embryonic suspensor.1 The suspensor plays a pivotal role in nutrient and hormone transport
and rapid growth of the embryo.2,3 Zygote polarization is controlled by a MITOGEN-ACTIVATING PROTEIN
(MAP) kinase signaling pathway including the MAPKK kinase (MAP3K) YODA (YDA)4 and the upstreammem-
brane-associated proteins BRASINOSTEROID SIGNALING KINASE 1 (BSK1) and BSK2.5,6 Furthermore, sus-
pensor development is controlled by cysteine-rich peptides of the EMBRYO SURROUNDING FACTOR 1
(ESF1) family.7 While they act genetically upstream of YDA, the corresponding receptor to perceive these po-
tential ligands is unknown. In other developmental processes, such as stomata development, YDA activity is
controlled by receptor kinases of the ERECTA family (ERf).8–12 While the receptor kinases upstream of BSK1/
2 in the embryo have so far not been identified,1 YDA is in part activated by the sperm cell-derived BSK family
member SHORT SUSPENSOR (SSP) that represents a naturally occurring, constitutively active variant of
BSK1.5,13 It has been speculated that SSPmight be a paternal component of a parental tug-of-war controlling
resource allocation toward the embryo.2,13 Here, we show that in addition to SSP, the receptor kinase
ERECTA plays a crucial role in zygote polarization as a maternally contributed part of the embryonic YDA
pathway. We conclude that two independent parental contributions initiate zygote polarization and control
embryo development.
RESULTS AND DISCUSSION

Despite its central role in zygote polarization and controlling em-

bryonic versus non-embryonic development, it is still unclear if

the embryonic YDA pathway is activated in response to extra-

cellular signals. In many aspects of Arabidopsis development,

YDA activity is controlled by receptor kinases of the ERECTA fam-

ily, including ERECTA (ER), ER-LIKE 1 (ERL1), and ERL2.9,10,12 As

transcripts ofER can be detected in the zygote (Table S1),14 a crit-

ical function of ER in controlling zygote polarity seems plausible.

Homozygous er erl1 erl2 triple mutants are sterile and produce

no embryos.11 We therefore addressed a possible function of

ER in early embryogenesis by examining homozygous single,

double, and segregating triple mutants of ERf genes. As mutants

in Ler background used in previous studies contain a non-func-

tional ER gene, we performed all genetic experiments with alleles

in Col-0 background.4,13,15 When comparing ermutants with wild

type, weak defects in zygote elongation, zygote polarization, and

suspensor length became apparent (Figure 1) as well as aberrant

division plane orientations in the suspensor (Figure S1). These de-

fects are hallmarks of reduced YDA activity4 and mimic the
4810 Current Biology 31, 4810–4816, November 8, 2021 ª 2021 Else
phenotypes of ssp or bsk1 bsk2 double mutants.5,13 Loss of

ERL1 and ERL2 function only showed detectable defects in the

absence of functional ER by enhancing the er phenotype, indi-

cating that ERL1 and ERL2 play a minor role in early embryogen-

esisbut canpartially takeoverER function in its absence (Figure1),

as previously described for ERf function during stomata develop-

ment.10,16–18 To test if ER acts upstream of YDA in the context of

zygote polarization as it does in other developmental con-

texts,10,18,19 we performed genetic rescue experiments with a

constitutively active version of YDA (yda-CA;4 Figure S1). Consti-

tutive YDA activity rescued the er erl2 double mutant phenotype

and caused increased zygote elongation, suggesting that YDA

acts downstream of ER in a common signaling cascade. As

yda-CAwas hemizygous in the parental plant and therefore segre-

gated in the analyzed embryos, a quarter of the embryos did not

carry the yda-CA transgene, resulting in slightly lower median

values in the er erl2 background compared to wild-type back-

ground. These results suggest that the ER/YDA pathways

involved in embryogenesis and stomata development share a

common overall architecture.20 Triple ERf mutants with segre-

gating er (ER/er erl1 erl2), however, did not showdefects in zygote
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Figure 1. Zygote polarity and suspensor development

(A) DIC images of cleared ovules showing representative one-cell embryos (apical cell false-colored in yellow, basal cell in blue). Genotypes are given below

images. Scale bar, 10 mm.

(B and C) Boxplot diagram of zygote length (B) and zygote polarity (C).

(D) DIC images of transition stage embryos. Genotypes are given below images. Scale bar, 20 mm.

(E) Boxplot diagram of suspensor length at transition stage.

(legend continued on next page)
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Figure 2. Parental effects in reciprocal crosses

Boxplot diagrams of zygote elongation (A) and suspensor length (B) in F1

embryos of reciprocal crosses. Genotypes are given as female 3 male. Box-

plot data presentation as described in Figure 1. Different letters above boxes

refer to individual groups in a one-way ANOVA with a post hoc Tukey test (p <

0.05). See also Figures S2 and S4 and Table S3.
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elongation or suspensor formation despite normal transmission of

the er mutant allele (Figure 1; Table S2). The fact that phenotypic

defects in homozygous er embryos only became apparent if the

parental plants were homozygous for er, but not in homozygous

offspring of heterozygousER/er parents, led us to test for possible

parent-of-origin effects. In reciprocal crosses of er erl double mu-

tants and wild type (Figures 2 and S2), we could only observe de-

fects in F1 embryos if maternal plants carried the er erlmutations,

but not if these alleles were transmitted by the pollen donors (Fig-

ures 2 and S2). Furthermore, zygote elongation defects could not

be observed if maternal plants were heterozygous for the er mu-

tation (Figure 1), although slightly altered zygote polarity can be

observed in segregating triple ER/er erl1 erl2 mutants (Figure 1).

The phenotype of the embryo therefore seems to be predomi-

nantly determined by the genotype of the maternal sporophyte

while loss of ER function in the haploid phase or the embryo in

segregating plants did not have a major effect on the embryonic

phenotype. This unusual parental effect may explain why a role

of ERECTA in zygote polarization has so far been overlooked.
In (B)–(E), the sample size is given above the x axis. Center lines show themedians

interquartile range from the 25th and 75th percentiles; red crosses represent sam

individual groups in a one-way ANOVAwith a post hoc Tukey test (p < 0.05). In emb

observed, with approximately a quarter showing strong zygote elongation (B) and

homozygous offspring. See also Figure S1 and Tables S1–S3.

4812 Current Biology 31, 4810–4816, November 8, 2021
Two possible scenarios could explain the sporophytic maternal

effect: zygote polarization could be affected by a non-cell-auton-

omous function of ER in sporophytic tissue. Such a scenario has,

for example, been described for early auxin signaling in the em-

bryo.21 Alternatively, ER could function in the zygote but rely on

ER transcripts and/or ER proteins inherited to the zygote via the

pre-meiotic megaspore mother cell (MMC).

A transcriptional (ERpro:3xVenus-N7) and a functional transla-

tional fusion (ERpro:ER-YPet) reporter gene as well as RNA in situ

hybridization revealed ER expression in the sporophytic seed

coat as well as the female germline (Figure S3). As ER transcripts

can be detected at low level in isolated zygotes14 (Table S1) but

are below detection limit in RNA in situ hybridization and very

weak ER-YPet expression was sufficient to rescue the mutant

phenotype in seedlings, we were not able to draw a definite

conclusion about the location of ER function based on the

observed expression pattern. However, yda has been reported

as a zygotic recessive mutant,4,15 and we confirmed this for

the yda-11 allele (Figures 1 and S1). On the other hand, SSP

acts as sperm-derived activator.5,13 Both genes would therefore

argue for a function of the embryonic ERECTA/YDA pathway in

the zygote. This is further supported by the function of

WRKY2, a direct downstream target of MPK6 phosphorylation.22

Consistently, loss-of-function wrky2 null mutations are zygotic

recessive without detectable parent-of-origin effects.22 When

looking at mRNA stability, ER transcripts showed a moderate

half-life in seedlings at roughly the same level as typical house-

keeping genes, such as ACTIN 2, for which rapid mRNA turnover

does not appear necessary (Table S3).23 ER transcripts can be

detected in the egg cell, but transcript levels decline after fertil-

ization, indicating that there is little or no de novo transcription

of ER in the zygote (Table S1).14 In order to address the question

of where ER function is necessary for zygote polarization, we

specifically reduced ER protein function in the zygote using the

ERpro:ER-YPet line in er erl1 erl2 background. Genetically en-

coded anti-GFP nanobodies fused to ubiquitin ligases have

been used as an elegant tool to specifically target GFP/YFP-

tagged proteins for degradation.24,25 To test its functionality,

we expressed the NSlmb-vhhGFP4 nanobody under the ER pro-

moter. The resulting seedlings mimicked the er erl1 erl2 triple-

mutant phenotype,11 albeit with a slightly weaker phenotype

(Figure 3), indicating that the nanobody is functional but does

not completely abolish ER-YPet activity. In the next step, we ex-

pressed the nanobody under the strong egg cell-specific EC1

promoter26 to specifically reduce ER-YPet levels in the egg

cell/zygote. This resulted in a significant reduction of zygote

length in the ERpro:ER-YPet rescue line (Figure 3), indicating

that zygote polarization critically depends on functional ER pro-

tein in the zygote. Taken together, the available data suggest that

the sporophyticmaternal control of ER function can be explained

by the inheritance of pre-meiotically produced ER transcripts/

proteins to the zygote and that very low amounts of ER are suf-

ficient to provide function in the zygote.
; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the

ple means; data points are plotted as gray dots. Letters above boxes refer to

ryos of heterozygous yda plants, two distinct populations of data points can be

polarity defects (C), and reduced suspensor length (E) possibly representing the



Figure 3. Cell-autonomous function of ER protein in the zygote

(A–D) Vegetative growth phenotype of wild-type Col-0 (A), er erl1 erl2 triple

homozygous (B), genetically rescued plants (ERpro:ER-YPet in er erl1 erl2; C),

and genetically recued plants expressing anti-GFP nanobody (ERpro:NSlmb-

vhhGFP4 in ERpro:ER-YPet er erl1 erl2; D). Scale bar, 1 cm. See also Figure S3.

(E) Egg cell-specific expression of the anti-GFP nanobody (EC1pro:NSlmb-

vhhGFP4) in the ERpro:ER-YPet er erl1 erl2 plant leads to reduced zygote

length. Boxplot diagram of zygote elongation. Boxplot data presentation as

described in Figure 1. Different letters above boxes refer to individual groups in

a one-way ANOVA with a post hoc Tukey test (p < 0.05).
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Different mechanisms that cause maternal effects on plant

embryogenesis including inheritance of cytoplasmic factors

have been proposed more than two decades ago.27 Further-

more, sporophytic maternal effects have previously been identi-

fied in the mutant sin1-2 allele of the SHORT INTEGUMENTS 1

(SIN1)/DICER-LIKE 1 (DCL1) gene.28,29 A comprehensive survey

of essential genes in Arabidopsis showed that manymutations in

essential genes can be transmitted through the female germline

and only become deleterious in the early embryo.30 This sug-

gests that genetic compensation by premeiotic gene products

prevents lethality in the female gametophyte for many essential

genes and might therefore not be a rare event.30

BSK1 andBSK2have been shown to act upstreamof YDA, pre-

sumably linking ERECTA signaling with YDA activation.5 Recip-

rocal crosses with bsk1 bsk2 double mutants and wild type

showed similar sporophytic maternal effects as observed for er

(Figure S4). As maternal effects have been described for muta-

tions in genes acting downstream of YDA,31,32 not just ER but

several components of this signaling pathway appear to be under

maternal sporophytic control. This is quite intriguing, as the non-

canonical BSK familymember SSP activates YDA as paternal fac-

tor contributed by the sperm cell.13 SSP has been shown to

resemble a naturally occurring, constitutively active form of BSK

that directly interacts with YDA via its TPR motif.5 This raises the

question of whether the two parental contributions to YDA activa-

tion can function independently. We tested this hypothesis in

seedlings, where ectopic expression of SSP leads to constitutive
activation of the YDA pathway5,13 resulting in cotyledons lacking

mature stomata. This was also observed for SSP expression in

er erl1 erl2 triple-mutant background, indicating that SSP can acti-

vate YDA in the absence of a functional receptor complex (Fig-

ure 4A). Overexpression of BSK1 in bsk1 bsk2 double-mutant

background rescued the bsk1 bsk2 phenotype, indicating that

the construct is functional. In contrast to SSP, however, it failed

to rescue the er erl1 erl2 triple-mutant phenotype, despite having

similar or higher transcript levels when compared to 35Spro:SSP

(Figures 4B and 4C).

If SSP serves as an independent signal for YDA activation in the

zygote, loss of SSP should have an additive effect to loss of ER

function. The further loss of SSP in er erl1 and er erl2 mutants

indeed led to further reduction in zygote length and an almost

complete loss of zygote polarity (Figures 2 and S2), indicating

that SSP provides additional YDA activation independently of

ER function. If the embryonic YDA pathway indeed relies on two

independent signaling inputs, additional SSP activity should

compensate for the loss of ER function. To test this, we introduced

an additional copy of SSP (SSPpro:SSP-YFP) in the er erl2 double

mutant and found that additional SSP activity indeed partially

rescued the loss-of-function phenotype of er erl2 (Figure 4D).

Taken together, our data outline a signaling pathway (Figure 4E)

with a maternally controlled receptor complex and a paternally

provided activating protein that converge at the level of MAP3K

activation. SSP is a Brassicaceae-specific gene while ER, BSK1,

and BSK2 are evolutionarily conserved in flowering plants.33,34

SSP has been shown to be critical for correct suspensor develop-

ment,13 an organ that serves as a conduit for nutrients to the

embryo,3 and for rapid development of the embryo.2 Therefore,

suspensor development could be a possible target of a parental

conflict over nutrient allocation to the embryo.35 It has recently

been observed that there are preferentially maternal expressed

genes in the suspensor while there ismainly biparental expression

in descendants of the apical cell.36 This maternal bias in the sus-

pensor could be interpreted in the context of the parental conflict

theory enforcing equal nutrient distribution to all embryos by the

maternal genome.35 In this context, it might be significant that

ER function is under sporophytic control as the sporophytic

maternal effect would ensure uniform suspensor development

of all embryos irrespective of segregating maternal alleles. In

this scenario, SSP could be seen as a Brassicaceae-specific

paternal contribution that circumvents thematernal control of sus-

pensor development, bypassing ERECTA signaling as a strong in-

dependent activator of the YDA pathway.

This raises the question if suspensor development in other

plant species is also under maternal control and whether the

two independent inputs for YDA activation indeed are part of a

parental tug-of-war over nutrient allocation to the embryo. Or

are Brassicaceae shifting from ligand-/receptor-based zygote

polarization to a sperm-based activation mechanism via SSP

to fine-tune the timing of YDA activation as SSP naturally links

fertilization with YDA activation?

The receptor kinase ER implies extra-cellular ligands in the

control of zygote polarization, and the known ESF1 peptides

are prime candidates. However, at present it is unclear if they

have a function in zygote polarization or influence suspensor

development after zygote polarization.7 Future research will be

needed to address the question of where the ligand for the ER
Current Biology 31, 4810–4816, November 8, 2021 4813



Figure 4. Independent parental contributions to YDA activation in the zygote
(A) Maximum projections of epidermal confocal images. Genotypes are given under each figure panel. Cell walls are stained with propidium iodide. Scale bar,

20 mm.

(B) Expression level of 35Spro:SSP and 35Spro:BSK1 in er erl1 erl2 seedlings shown in (A) as determined by qRT-PCR. Bar graph shows mean values of three

technical replicates with standard error.

(legend continued on next page)
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receptor kinase is originating and how conserved this mode of

zygote polarization is in land plants.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Stellar competent cells Takara Cat#636763

Agrobacterium tumefaciens GV3101 37 N/A

Chemicals, peptides, and recombinant proteins

Murashige and Skoog Plant Salts SERVA Cat#47516.03

Propidium iodide SIGMA-ALDRICH Cat#P4170

SCRI Renaissance 2200 Renaissance Chemicals Ltd N/A

Triton X-100 Carl Roth GmbH Cat#3051.1

Glycerol SIGMA-ALDRICH Cat#G5516

Para-formaldehyde SIGMA-ALDRICH Cat#P6148

GUM arabic SIGMA-ALDRICH Cat#G9752

Chloral hydrat Carl Roth GmbH Cat#K318.1

Digoxigenin-11-UTP Roche Cat#11209256910

Anti-Digoxigenin-AP Roche Cat#11093274910; RRID: AB_514497

DIG-labeled Control Roche Cat#11585746910

Protease (Pronase) SIGMA-ALDRICH Cat#73702

T7 Polymerase Thermo Scientific Cat#EP0111

Q5 High-Fidelity DNA polymerase Kit NEW ENGLAND BioLabs Cat#M0491

In-Fusion HD Cloning Kit TAKARA Cat#639650

Dream Taq Green PCR Master Mix Thermo Scientific Cat#K1081

RNeasy Plant Mini Kit QIAGEN Cat#74904

RevertAid First Strand cDNA Synthesis Kit Thermo Scientific Cat#K1622

Luna Universal qPCR Master Mix NEW ENGLAND BioLabs Cat#M3003

Phosphinothricin SIGMA-ALDRICH Cat#45520

Hygromycin B Carl Roth GmbH Cat#CP13.1

Experimental models: Organisms/strains

Arabidopsis thaliana: Col-0 N/A N/A

Arabidopsis thaliana: er 5 SALK_066455

Arabidopsis thaliana: erl1 5 GK_109G04

Arabidopsis thaliana: erl2 5 GK_486E03

Arabidopsis thaliana: YDA/yda-11 NASC38 SALK_078777

Arabidopsis thaliana: bsk1-2 5 SALK_122120

Arabidopsis thaliana: bsk2-2 5 SALK_001600

Arabidopsis thaliana: BSK1/bsk1 bsk2 5 N/A

Arabidopsis thaliana: ssp-2 13 SALK_051462

Arabidopsis thaliana: er erl1 This paper N/A

Arabidopsis thaliana: er erl2 This paper N/A

Arabidopsis thaliana: erl1 erl2 This paper N/A

Arabidopsis thaliana: er erl1 erl2 5 N/A

Arabidopsis thaliana: ER/er erl1 This paper N/A

Arabidopsis thaliana: ER/er erl1 erl2 This paper N/A

Arabidopsis thaliana: er ERL1/erl1 erl2 5 N/A

Arabidopsis thaliana: er erl1 ssp This paper N/A

Arabidopsis thaliana: ERpro:3xVenus-N7 This paper N/A

Arabidopsis thaliana: ERpro:ER-YPet; er erl1 erl2 This paper N/A

Arabidopsis thaliana: YDApro:yda-CA This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Arabidopsis thaliana: YDApro:yda-CA; er erl2 This paper N/A

Arabidopsis thaliana: ERpro:NSlmb-

vhhGFP4; ERpro:ER-YPet; er erl1 erl2

This paper N/A

Arabidopsis thaliana: EC1pro:NSlmb-

vhhGFP4; ERpro:ER-YPet; er erl1 erl2

This paper N/A

Arabidopsis thaliana: 35Spro:BSK1; bsk1 bsk2 This paper N/A

Arabidopsis thaliana: 35Spro:BSK1; er erl1 erl2 This paper N/A

Arabidopsis thaliana: 35Spro:SSP This paper N/A

Arabidopsis thaliana: 35Spro:SSP; er erl1 erl2 This paper N/A

Arabidopsis thaliana: SSPpro:SSP-YFP; er erl2 This paper N/A

Oligonucleotides

Listed in Table S4 This paper N/A

Recombinant DNA

pCambia 3300 39,40 N/A

pCambia 1300 39,40 N/A

pBay-bar 5 N/A

pBay-hyg 5 N/A

ERpro:3xVenus-N7 This paper N/A

ERpro:ER-YPet This paper N/A

YDApro:yda-CA
4 N/A

ERpro:NSlmb-vhhGFP4 This paper N/A

EC1pro:NSlmb-vhhGFP4 This paper N/A

35Spro:BSK1 This paper N/A

35Spro:SSP This paper N/A

SSPpro:SSP-YFP
5,13 N/A

Software and algorithms

R version 3.6.1 N/A https://www.r-project.org/

R: multcompView package N/A https://cran.r-project.org/web/

packages/multcompView/index.html

Adobe Illustrator CS6 Adobe https://www.adobe.com/products/

illustrator.html

Adobe Photoshop CS6 Adobe https://www.adobe.com/products/

photoshop.html

BoxPlotR 41 http://shiny.chemgrid.org/boxplotr/

ImageJ 1.52p 42 https://imagej.nih.gov/ij/

ZEN 2.0 blue edition ZEISS https://www.zeiss.de/messtechnik/

produkte/software.html

AxioVision 4 ZEISS https://www.micro-shop.zeiss.com/

en/de/softwarefinder/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Martin

Bayer (martin.bayer@tuebingen.mpg.de).

Materials availability
All plasmids and Arabidopsis lines generated in this study are available from the Lead Contact without restrictions.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All Arabidopsis thaliana mutant and transgenic lines used in this study are in Col-0 background. Seeds were washed with 70%

(v/v) ethanol for 5 min, followed by washing with 100% ethanol for 1 min. Then seeds were dried under clean bench. Surface-

sterilized seeds were stratified at 4�C in dark for 2 days on half-strength Murashige and Skoog (½ MS) medium containing 1%

(w/v) sucrose and 1% (w/v) agar (pH = 5.7)43 then transferred to long-day conditions (16 h at 3000 photons per square meter per

second, 8 h at dark) at 23�C for 1-2 weeks in custom-built walk-in growth chambers (Induplan, 8118140). Afterward, seedlings

were transferred to soil and were grown under long-day conditions (16 h at 80 micromoles per square meter per second, 8 h at

dark) at 23�C and 65% relative humidity as described before.2 Mature seeds were harvested in seed bags and stored at room

temperature.

METHOD DETAILS

Mutant lines
The ssp-2 (SALK_051462), bsk1-2 (SALK_122120), bsk2-2 (SALK_001600), er (SALK_066455), erl1 (GK_109G04), erl2

(GK_486E03)5,13 have been described previously. The yda-11 (SALKseq_078777) allele in Col-0 background carries a T-DNA inser-

tion in the second exon. As the truncated gene product lacks essential parts of the YDA coding region4 and the mutant phenotype is

similar to yda-1,4 the yda-11 presumably represents a null allele. Insertion lines were provided by the Nottingham Arabidopsis Stock

Center (NASC).38 bsk1 bsk2 double mutant, er ERL1/erl1 erl2 and er erl1 erl2 triple mutants have been described before.3 All other

homozygous or heterozygous multiple mutant combinations were obtained by crossing. Crosses were performed by manual dissec-

tion of anthers before anthesis, followed by manual pollination approximately 24 h later.

Genotyping
For genotyping of mutant plants, PCR was performed with Dream Taq Green PCR Master Mix (Thermo Scientific). Gene-specific

primers (LP and RP; Table S4) were used for the wild-type allele. Left border primers in combination with a gene-specific primer

(RP) were used to detect the insertion allele. Segregation analysis of ER/er erl1 erl2, er ERL1/erl1 erl2 andBSK1/bsk1 bsk2was based

on counting the number of strong dwarfed mutant seedlings (phenotype of the er erl1 erl2 triple homozygous and bsk1 bsk2 double

mutant seedlings) in the offspring.

Plasmid construction
Q5 High-Fidelity DNA polymerase Kit (NEW ENGLAND BioLabs) was used to clone DNA fragments from Arabidopsis Col-0.

Plasmid construction was performed by in-fusion cloning using In-Fusion HD Cloning Kit (TAKARA) and transformed into Stellar

competent cell (TAKARA). Oligonucleotide sequences for molecular cloning are summarized in Table S4. For plant transformation,

transgenes were constructed in pCambia 330039 as well as pBay-bar and pBay-hyg binary vectors.5 pBay-bar and pBay-hyg are

modified versions of the pCambia binary vectors pCambia 3300 and pCambia 1300,39 respectively. pCambia 3300 and pCambia

1300 (https://cambia.org) were modified from pPZP vectors.40 In pBay-bar and pBay-hyg, the T-DNA has been replaced by a syn-

thetic DNA fragment harboring unique restriction enzyme sites as well as plant codon-optimized selectable marker genes (confer-

ring phosphinothricin and hygromycin resistance, respectively) under control of the Arabidopsis RPL10A promoter (�960 bp

to +287 bp of At1g14320 including the first intron).5 To generate ERpro:3xVenus-N7, a 1934 bp genomic region immediately up-

stream of the start codon of ER was transcriptionally fused with the coding region of 3 copies of Venus YFP with a C-terminal N7

nuclear localization sequence and UBQ10 terminator in pCambia 3300. ERpro:ER-YPet contains a fragment of the ER locus

including a 1934 bp region upstream of the start codon and the genomic sequence. The ER genomic sequence was fused in-frame

at the 30 end with the sequence of YPet YFP and UBQ10 terminator. To generate ERpro:NSlmb-vhhGFP4, the ER-YPet sequence in

ERpro:ER-YPet was replaced by the NSlmb-vhhGFP4 coding sequence,25 and the whole cassette was introduced into pBay-hyg.

For EC1pro:NSlmb-vhhGFP4, a 465 bp region of EC1.1 was fused with NSlmb-vhhGFP4 in pBay-hyg. To generate 35Spro:BSK1

and 35Spro:SSP, BSK1 CDS and SSP CDS, respectively, were fused with 2x 35S promoter and 35S terminator in pBay-bar back-

bone. SSPpro:SSP-YFP and YDApro:yda-CA have been described previously.4,13 In SSPpro:SSP-YFP, 6630 bp SSP 50 UTR, whole

SSP genomic sequence and 153 bp SSP 30 UTR of SSP were cloned to pCambia 3300. Citrine YFP sequence was fused in be-

tween the kinase domain sequence and TPR domain sequence of SSP. In YDApro:yda-CA, 3762 bp YDA 50 UTR and 1217 YDA 30

UTR were fused with truncated YDA genomic sequence in pCambia 3300. The truncated YDA genomic sequence contains a

447 bp deletion (+650 bp to +1096 bp) in the second exon.

Transgenic plants
All initial transgenic plants were transformed by floral dip using Agrobacterium tumefaciensGV3101.37 ERpro:3xVenus-N7was trans-

formed into Col-0. ERpro:ER-YPet, 35Spro:BSK1 and 35Spro:SSP were transformed into er erl1/ERL1 erl2 plants. 35Spro:BSK1 and

35Spro:SSP were also transformed into BSK1/bsk1 bsk2 and Col-0, respectively. YDApro:yda-CA and SSPpro:SSP-YFP were trans-

formed into er erl2. T1 transgenic seedlings of these constructs were screened on 3/4
3/4

3/4 MS plates containing 1% (w/v) sucrose

and 50 mg/L phosphinothricin. ERpro:NSlmb-vhhGFP4 and EC1pro:NSlmb-vhhGFP4 in pBay-hyg were transformed into ERpro:ER-

YPet #4 in er erl1 erl2, and T1 seedlings were screened on 3/4
3/4

3/4 MS plates containing 1% (w/v) sucrose, 50 mg/L phosphinothricin
Current Biology 31, 4810–4816.e1–e5, November 8, 2021 e3
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and 20 mg/L hygromycin. T3 plants were used for phenotypic analyses, except for 35Spro:SSP, 35Spro:SSP er erl1 erl2 and

35Spro:BSK1 er erl1 erl2,where T1 seedlings were directly used because of sterility of the transgenic plants. Two independent trans-

genic lines of YDApro:yda-CA in er erl2 (#16 and #19) were crossed with Col-0 and offspring homozygous for the ER ERL2 wild-type

alleles were selected in the F2 generation. Transgene expression was determined by RT-PCR using M13rev and transgene-specific

reverse primers (listed in Table S4).

DIC and Confocal microscopy
For differential interference contrast (DIC) imaging, ovules were dissected by hand and incubated overnight in Hoye�rs solution (7.5g

gum arabic, 5 mL glycerol, 100 g chloral hydrate and 30 mL water, diluted 2:1 with 10% (w/v) gum arabic solution). DIC images were

taken with a Zeiss Axio Imager. Z1microscope equippedwith AxioCamHRc camera and AxioVision 4 software as described before.5

Confocal microscopy was conducted with a Zeiss LSM 780 NLO microscope with ZEN 2.0 blue edition. SCRI Renaissance 2200

(SR2200) staining were performed according to published protocols44,45 and confocal images were obtained with excitation at

405 nm and detection wavelength from 415 nm to 475 nm. For SR2200 staining of early ovules containing developing megaspore

mother cell, early ovules were incubated in SR2200 solution (0.1% (v/v) SR2200, 1% (v/v) DMSO, 0.05% (w/v) Triton X-100, 5%

(w/v) glycerol, 4% (w/v) para-formaldehyde in PBS buffer, pH 8.0) for 5min. Then ovules were washedwith water once and incubated

in 5% (w/v) glycerol for imaging. For SR2200 staining of ovules containing megaspores or mature female gametes, both incubation

and washing steps were performed with gentle vacuum to have a better staining. For YFP imaging, a 514 nm laser wavelength was

used for excitation, a wavelength between 526 nm and 553 nmwas recorded. For propidium iodide (PI) staining, cotyledons of seed-

lings (5 days after germination) were dissected and incubated in 10mg/L PI solution in water for 30min, followed by brief washing with

water. Afterward, cotyledons were transferred to microscopy slides and the abaxial side was imaged. PI fluorescence was detected

from 571 nm to 656 nm with an excitation wavelength of 561 nm.

RNA in situ hybridization
RNA in situ hybridization were conducted according to Mayer et al.46 with modifications (see below). The probes were amplified

directly from cDNA from Col-0 seedlings using the primers ER-insitu-s: GTAAAGATCTCGGTGTGG and T7+ER-insitu-as: TAATAC-

GACTCACTATAGGGCTGAAGACATATTCACA (T7 promoter sequence is the first 20bp) modified from Pillitteri et al.47 They were

transcribed and labeled with up to a 1:3 ratio of UTP: Digoxigenin-11-UTP (Roche) using the T7 Polymerase (Thermo Scientific).

High specific labeling was by dot blot analysis using DIG-labeled Control RNA (Roche) as reference. For the plant material, unfertil-

ized siliques were collected from Col-0, ER/er, and er plants. They were fixed and embedded as described previously,48 shortening

the ethanol series to 45 min and using 10 mm sections. Paraffin was removed by immersing twice in Histoclear (National Diagnostics)

for 10 min. The samples were first rehydrated by ethanol series, then digested with 0.125 mg/mL Pronase (Sigma) for 10 min, treated

shortly with Glycine 0.2% (w/v) in 1x PBS and 1x PBS before fixation in 4% (w/v) PFA for 10min. Sections were dehydrated by ethanol

series and 200 ml hybridization solution was applied per slide. After incubation in a humid box at 50�C overnight, the samples were

shortly immersed in 2x SCC andwashed three times in 0.2x SCC for 50min at 50�C. The slides were incubated in 0.5% (w/v) blocking

reagent (Boehringer) in TBS for 45 min. The Anti-Digoxigenin-alkaline-phosphatase-coupled antibody (Roche) was diluted 1:1250 in

BXT (1% (w/v) BSA, 0.3% (w/v) Triton X-100 in TBS), 160 ml/slide applied and incubated for 1.5 h. Sections were washed 4 times in

BXT for 20 min and incubated for 5 min in detection buffer (100 mM Tris (pH 9.5), 50 mM MgCl2, 100 mM NaCl). Hundred twenty

microliters of staining solution (450 mg/mL NBT, 175 mg/mL BCIP, 2% (w/v) Polyvinyl alcohol in detection buffer) were applied per

slide and incubated overnight. They were immersed shortly in detection buffer, added 15% (w/v) glycerol to each slide and applied

a coverslip for brightfield microscopy.

Quantitative RT-PCR analysis
RNA was extracted with the RNeasy Plant Mini Kit (QIAGEN) and quantified with a Nanodrop spectrophotometer. Col-0, er erl1 erl2

and transgenic T1 seedlings were grown on½MSmedia containing sucrose and agar for 14 days under long-day conditions. After 4 h

in light, seedlings were collected and directly frozen in liquid nitrogen. 12 seedlings were collected for Col-0, er erl1 erl2 and

35Spro:BSK1 bsk1 bsk2 each. Single T1 seedlings were collected for 35Spro:SSP, 35Spro:SSP er erl1 erl2 and 35Spro:BSK1 er erl1

erl2. cDNA was synthesized with RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) from 1 mg total RNA of each sample,

and was diluted 2-fold before quantitative PCR (qPCR) reaction. The qPCR was performed in a CFX Connect (Bio-Rad) with Luna

Universal qPCR Master Mix (NEW ENGLAND Biolabs) in a total reaction volume of 20 mL (10 mL Luna Universal qPCR Master Mix,

0.5 mL 10 mM/L forward primers and reverse primers, 2 mL cDNA and 7 mL H2O). The qPCR program was run as suggested by the

qPCR Master Mix supplier (95�C for 60 s, 40 cycles: 95�C for 15 s and 60�C for 30 s). Melting curves were generated by increasing

temperature from 65�C to 95�C with measurement every 0.5�C increment. Gene-specific primers were used for amplification

(Table S4). Actin2 (At3g18780) was used to normalize gene expression.49 Relative gene expression level was shown as 2-DDCt.50

Three replicates per reaction were carried out. Biological replicates were not possible because T1 lines of 35Spro:SSP, 35Spro:SSP

er erl1 erl2 and 35Spro:BSK1 er erl1 erl2 were tiny and sterile.

Phenotypic analysis of rosette leaves
For Images of rosette leaves, three-week old plants were photographed with Canon EOS 1000D camera. To increase the visual

contrast, images of rosette leaves were separated from background soil using Adobe Photoshop.
e4 Current Biology 31, 4810–4816.e1–e5, November 8, 2021
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RNA stability
Arabidopsis RNA half-live (stability) was derived from published data by Szabo et al.23 using an exponential decay model. All data, a

detailed description of the analysis and a hands-on protocol have been previously published.23

QUANTIFICATION AND STATISTICAL ANALYSIS

Measurement of zygote/suspensor length
After DIC imaging, size measurements were performed using measurement tools of ImageJ software (version 1.52p).42 The length of

the fully elongated zygote was inferred from the sumof apical and basal daughter cell length of the 1-cell embryo. Zygote polarity was

determined as ratio of apical and basal cell length. Suspensor length during transition stagewasmeasured from themicropylar end of

the basal suspensor cell to the center of uppermost suspensor cell. In crossing experiments, anthers were removed before anthesis,

followed by manual pollination approximately 24 h later. Ovules were collected 24-30 h after pollination to image the 1-cell embryos

and 4 days after pollination to image transition stage embryos.

Statistical analysis
Boxplot diagrams were made online with BoxPlotR.41 For statistical analysis of phenotypic data and expression data, the one-way

ANOVA analysis with post hoc Tukey test was performed in R (version 3.6.1) with multcompView package (https://cran.r-project.org/

web/packages/multcompView/index.html). The number of data points in each group was listed at the bottom of each diagram. The

segregation analysis was statistically analyzed with Chi-Square test.
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Chapter 4

Zygotic Embryogenesis in Flowering Plants

Houming Chen, Yingjing Miao, Kai Wang, and Martin Bayer

Abstract

In the context of plant regeneration, in vitro systems to produce embryos are frequently used. In many of
these protocols, nonzygotic embryos are initiated that will produce shoot-like structures but may lack a
primary root. By increasing the auxin-to-cytokinin ratio in the growth medium, roots are then regenerated
in a second step. Therefore, in vitro systems might not or only partially execute a similar developmental
program as employed during zygotic embryogenesis. There are, however, in vitro systems that can
remarkably mimic zygotic embryogenesis such as Brassica microspore-derived embryos. In this case, the
patterning process of these haploid embryos closely follows zygotic embryogenesis and all fundamental
tissue types are generated in a rather similar manner. In this review, we discuss the most fundamental
molecular events during early zygotic embryogenesis and hope that this brief summary can serve as a
reference for studying and developing in vitro embryogenesis systems in the context of doubled haploid
production.

Key words Axis formation, Pattern formation, Radial patterning, Root formation, Shoot apical
meristem, Zygote polarization, Zygotic embryogenesis

1 Introduction

Land plants form most of their body shape postembryonically in
response to environmental cues [1, 2]. During embryogenesis,
therefore, only a simple yet stereotypic manifestation of a small
plant is set up. This seedling invariably consists of a few readily
recognizable structures along its apical–basal axis, namely, the
embryonic leave(s), the hypocotyl, and the embryonic root. Less
obviously, the stem cell niches (meristems) for postembryonic
development of the shoot and the root are also already established
at the opposite ends of the apical–basal axis. The plant embryo is
further partitioned along the radial axis into vasculature, ground
tissue, and epidermis.

These different tissue types are generated by consecutive steps
of patterning along the apical–basal as well as the radial axis
[3]. Many of the molecular players orchestrating this development

Jose M. Seguı́-Simarro (ed.), Doubled Haploid Technology: Volume 2: Hot Topics, Apiaceae, Brassicaceae, Solanaceae,
Methods in Molecular Biology, vol. 2288, https://doi.org/10.1007/978-1-0716-1335-1_4,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2021
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have been identified in Arabidopsis thaliana, but other model
species such as maize and rice have also significantly contributed
to our understanding of embryonic patterning in plants. In this
review, we mainly focus on Brassicaceae embryogenesis as the ste-
reotypic patterning process in this plant family facilitates the identi-
fication of different cell types by position. The invariant patterning
also makes it possible to trace the origin of cells back to decisive cell
divisions without live imaging [4]. In order to keep this review
concise, we limit our overview to key factors that seem to have a
conserved function in flowering plants and will refer to more
comprehensive or specialized reviews where necessary.

2 Early Steps of Axis Formation

2.1 Zygote

Polarization

In Arabidopsis, the fertilized egg cell (zygote) seems to undergo a
brief phase in which cell polarity is lost, before it repolarizes,
elongates about threefold, and finally divides asymmetrically to
form an apical and a basal cell [5, 6] (Fig. 1).

The apical cell will invariably develop into the embryo. Des-
cendants of the basal cell will foremost contribute to an extraem-
bryonic support structure, called suspensor. In Brassicaceae, the
suspensor is a filamentous structure formed by a series of stereo-
typic horizontal divisions of the basal cell and its descendants. The
early embryo and suspensor are clonally derived from the apical and
basal cell, respectively. However, in other angiosperms, this bound-
ary is less clear and cells originating from the apical cell can also
contribute to the suspensor (i.e. in members of the Caryophylla-
ceae) or cells derived from the basal cell can form part of the
embryo, as in members of the Asteraceae family [7, 8].

In Arabidopsis, the elongation of the zygote is accomplished by
tip growth [9]. This rather specialized mechanism of cell elongation
can also be seen during pollen tube growth and root hair growth.
While zygote elongation is a common feature of many angiosperm
species [7], it does not seem to be a necessity for zygote polariza-
tion. In some members of the grasses, such as maize and rice, the
egg cell undergoes an asymmetric division right after fertilization
without any apparent cell elongation [10, 11].

The correct positioning of the zygote nucleus during this repo-
larization phase depends on actin filaments and vacuolar dynamics
[9, 12]. The intrinsic polarity of the zygote does not necessarily
result in size differences of the daughter cells and there are quite a
number of plant species in which the apical cell is equal in size or
larger than the basal cell [10, 13]. Independently of their size,
however, the apical cell pointing toward the central cell and the
chalaza will always form (at least part of) the embryo proper. The
basal cell that is positioned toward the micropyle and is in physical
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contact with sporophytic tissue of the seed coat will always contrib-
ute to the extraembryonic suspensor [14].

2.2 MAP Kinase

Signaling

Zygote elongation and zygote polarization are at least in part
regulated by a MITOGEN- ACTIVATED PROTEIN (MAP)
kinase-dependent pathway (Fig. 1). This MAP kinase cascade
includes the MAP2K kinase (MAP3K) YODA (YDA) [15], the
MAPK kinases (MAP2K/MKK) MKK4 and MKK5, and the MAP
kinases (MAPK/MPK) MPK3 and MPK6 [16, 17]. Upstream of
YDA in this signaling cascade, two members of the BRASSINOS
TEROID SIGNALING KINASE (BSK) family—BSK1 and
BSK2—work in parallel [18]. These membrane-associated proteins
typically function as signaling relay in SOMATIC EMBRYOGENE
SIS RECEPTOR-LIKE KINASE (SERK)-dependent receptor
kinase pathways [19]. It is therefore a likely scenario that the
YDA-dependent MAP kinase cascade is controlled by an extracellu-
lar signal received by a SERK-dependent receptor complex

Fig. 1 Apical–basal axis formation. (a) Overview of early embryo morphology in Arabidopsis. Developmental
stages are indicated below the graphic. EC egg cell, EZ early zygote, LZ late zygote. (b) Zygote polarization and
patterning along the apical–basal axis. A simplified model of the embryonic YDA pathway is shown on the left.
Differential expression of WOX gene family members along the apical–basal axis is depicted on the right

Zygotic Embryogenesis in Flowering Plants 75



[18]. Possible candidates for the extra-cellular signal include a
family of small proteins termed EMBRYO SURROUNDING
FACTOR [20] and the possible peptide ligand CLAVATA3/ESR-
RELATED (CLE) 8 [21]. These extra-cellular molecules influence
suspensor formation, but their direct involvement in activating the
embryonic YDA pathway has not been shown and is therefore still
hypothetical.

In Brassicaceae, an additional mechanism of YDA activation
exists [22]. The atypical BSK family member SHORTSUSPENSOR
(SSP) evolved as sister gene of BSK1 [23]. In contrast to BSK1,
which functions in a phosphorylation-dependent manner [24], the
SSP protein seems to constitutively adopt an activated conforma-
tion [18]. SSP is tightly controlled at both transcriptional and
translational levels. SSP transcripts accumulate at high level exclu-
sively in sperm cells and seem to be paternally inherited to the
zygote where the SSP protein transiently accumulates [25]. Since
SSP directly interacts with YDA, the presence of SSP in the zygote
links YDA activation with the fertilization event [18].

The rather mild defects in zygote polarization and suspensor
development seen in ssp mutants are accompanied by strikingly
slower embryo development possibly due to a malformed suspen-
sor [26]. Therefore, the Brassicaceae-specific SSP protein might
provide an additional, beneficial boost of early YDA activity in
parallel to a BSK1/BSK2-dependent YDA activation [18].

One of the targets of this pathway is the transcription factor
WRKY DNA-BINDING PROTEIN 2 (WRKY2) that is phos-
phorylated and activated by MPK6 [6, 27].

WRKY2 together with HOMEODOMAIN GLABROUS
(HDG) HDG11 and HDG12 transcriptionally activates the home-
odomain transcription factor gene WUSCHEL RELATED
HOMEOBOX 8 (WOX8) in the basal cell [6, 27, 28]. This possibly
indicates that the embryonic YDA pathway is active at the basal pole
of the zygote and/or in the basal daughter cell. Loss ofWOX8 and
its close homolog WOX9 leads to developmental defects in the
suspensor. However, expression of the WOX gene family member
WOX2 as well as other genes that are normally confined to the
apical daughter cell and its descendants is also lost in wox8 wox9
double mutants, indicating a possible non–cell autonomous
function [29].

Additional transcription factor complexes that include the
RWP-RK domain–containing (RKD) protein GROUNDED
(GRD)/RKD4 may be further targets of the embryonic YDA
pathway as suggested by the genetic interaction of these mutants
and the strikingly similar loss-of-function phenotype [30]. How-
ever, as members of this family seem to play a role in egg-to-zygote
transition, a more general role in establishing a zygotic or embry-
onic transcriptional program and therefore setting the stage for
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a functional embryonic YDA pathway might also be possible
[30–32].

2.3 Auxin Taking

the Stage

The two daughter cells shaped by the first zygotic cell division are
characterized by differential gene expression [33]. Among the
differentially expressed genes are members that control auxin trans-
port and transcriptional auxin response [33, 34]. Consequently,
with the formation of the embryogenic apical cell, auxin becomes
one of the central players in the patterning process of the embryo.
According to current data, sporophyte-derived auxin is transported
by the auxin efflux facilitator PIN-FORMED 7 (PIN7) in the apical
membrane of the basal cell to the terminal apical cell [34, 35]. Rising
auxin levels in the apical cells lead to transcriptional auxin responses
as well as a deviation of the stereotypic horizontal cell divisions by a
90� turn of the division plane [36]. If auxin responses are blocked
in the early embryo, a stereotypic horizontal division plane follow-
ing simple geometric rules of a local minimum in division plane size
is formed [36, 37]. The initial apical transport of auxin and the
corresponding differential auxin responses in the apical cell there-
fore seem to initiate the three-dimensional growth of the embryo.

It has been shown that auxin synthesis is coupled to auxin
transport and response [38–40] and early in development of the
embryo, the suspensor is a prominent source of auxin [39]. With
rising auxin concentrations, the embryo proper itself will become
the dominant source of auxin around globular stage, initiating a
reversal of auxin transport in apical–basal direction [39, 41–43].

The differential auxin response in the apical cell vs. basal cell
and their descendants is accomplished by directional auxin flow
toward the apical cell and by different auxin response modules in
the embryo vs. suspensor [44]. At this early stage, suspensor cells
still possess embryogenic potential and cell proliferation seems to
be repressed by a suspensor-specific auxin response module
[44]. This is highlighted by laser ablation of the embryo or by
suspensor-specific expression of certain embryo-specific factors
initiating suspensor-derived secondary embryos [45, 46].

This raises the question how polar auxin transport and different
auxin response modules are set up early in embryogenesis. As many
factors in auxin synthesis, transport and response are expressed in
an auxin-dependent manner, this could be in principle a self-
organizing system [47]. However, since wox8 wox9 double mutants
show expanded auxin responses in the suspensor and lack the
expression of some components of the embryo-specific auxin
response module, a link between MAP kinase signaling in the
zygote and differential auxin responses in the zygotic daughter
cells seems to exist [6, 27, 29]. How direct this connection is,
however, needs to be determined.
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3 Patterning Along the Apical–Basal Axis

3.1 WOX Gene

Expression

Three-dimensional growth of the embryo is initiated by two rounds
of vertical divisions in the apical lineage of Arabidopsis. These four
cells then divide each horizontally to form an upper and lower tier
in the eight-cell preglobular embryo. The order of these cell divi-
sions does not seem to be strictly necessary as other plant species
(i.e., in the Solanaceae family) form a similar structure by an initial
horizontal division of the apical cell followed by two rounds of
vertical divisions in the upper and lower tier of the embryo,
respectively [7].

At the eight-cell stage, the embryo can be functionally divided
along its apical–basal axis. The four cells of the upper tier are the
precursors of the embryonic leaves and the shoot apical meristem
(SAM). Cells of the lower tier will form the hypocotyl, vasculature,
and parts of the root meristem. The uppermost suspensor cell or
hypophysis is the founder cell of the quiescent center (QC) of the
root meristem as well as the columella. The rest of the suspensor
remains extraembryonic. This organizational segmentation along
the apical–basal axis is paralleled by overlapping expression domains
of three WOX family genes [28] (Fig. 1).

The upper tier is characterized by WOX2 expression, while in
the lower tier, WOX2 expression overlaps with the expression
domain of WOX9. In the hypophysis, WOX9 is coexpressed with
WOX8. In the suspensor,WOX8 is the only member of these three
genes that is expressed [28] (Fig. 1). While the loss of WOX2 or
WOX8 andWOX9 lead to patterning defects in the embryo and the
suspensor, respectively [29], their exact role during early embryo-
genesis is not fully understood. In the seedling,WOX family mem-
bers control the proliferation of stem cells in various meristems
(reviewed in [48]), a similar role in cell cycle regulation during
early embryogenesis seems therefore possible [49].

3.2 Setting

Boundaries

As the expression patterns of WOX genes illustrate, there seem to
be clear boundaries between expression domains in the early Ara-
bidopsis embryo that often are confined to single cell files. How this
is achieved mechanistically is not clear. However, the GATA tran-
scription factor HANABATARANU (HAN) seems to play a critical
role in setting up or maintaining the embryo–suspensor boundary
[50]. In han mutants, genes typically expressed in the suspensor
expand their expression domain to the lower tier. How HAN
restricts the expression of these genes to the suspensor, however,
and if/how this relates to the transcriptional network of WOX
transcription factor genes, still needs to be investigated [50].
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4 Radial Patterning

4.1 Protoderm

Formation

Radial patterning is initiated with tangential divisions that form the
16-cell or dermatogen stage embryo [51]. This step depends on
WOX gene function, as indicated by occasional anticlinal cell divi-
sions in the upper tier in wox2 mutants [29]. Similar incorrect
orientation of cell divisions at this stage can be achieved by expres-
sion of a nondegradable version of the transcriptional repressor
BODENLOS (BDL)/ INDOLE-3-ACETIC ACID INDUCIBLE
12 (IAA12) [36], a critical component of the transcriptional auxin
response module [37, 52]. This indirectly implies that asymmetric
divisions forming the protoderm layer involve transcriptional auxin
responses. Despite these early defects in division plane orientation,
these embryos still form a functional epidermis [44], indicating that
protoderm formation might be a rather robust process. Only a few
molecular players involved in protoderm initiation are known
(reviewed in [53]). However, the involvement of receptor kinases
such as RECEPTOR-LIKE PROTEIN KINASE1 (RPK1) and
RPK2 (TOADSTOOL2 (TOAD2) would suggest that protoderm
formation relies on signaling at the outer cell surface [54, 55].

A key player in protoderm formation is the homeodomain
leucine zipper class IV (HD-ZIP IV) transcription factor
A. thaliana MERISTEM LAYER1 (AtML1) that is necessary and
sufficient for epidermal cell identity [56–60]. Double mutants of
ATML1 and its closest homolog PROTODERMAL FACTOR2
(PDF2) show strong defects associated with misspecification of
the protoderm while overexpression of AtML1 can induce epider-
mal cell differentiation in nonepidermal cells [56, 58–60]. AtML1
is initially expressed in all cells of the embryo but then confined to
the outer cells (L1 layer) from the 16-cell stage onward [61].

How L1-specific expression ofAtML1 is controlled on a molec-
ular level is not clear. However, this seems to involve posttranscrip-
tional regulation [62, 63]. AtML1 and PDF2 activate the
epidermis-specific expression of target genes by binding to a
cis-regulatory element termed L1 box. As this element can be
found in the AtML1 and PDF2 promoter region and is necessary
for L1-specific expression of PDF2, a feedforward regulation seems
to play a central role in controlling AtML1 expression [56, 57, 61].

4.2 Patterning

in the Lower Tier

Radial patterning in the lower tier establishes the initials for the
vasculature, ground tissue and epidermis (Fig. 2; reviewed in [64]).
By periclinal division, the ground tissue initials will then form
endodermis and cortex. Many factors for differentiation and main-
tenance of different cell identities in the vasculature are known
(reviewed in detail in [10, 65]). However, the initial setup in the
embryo is less well understood. Radial patterning of the vasculature
critically depends on auxin responses mediated by the auxin
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response factor (ARF) MONOPTEROS (MP) [66, 67] (Fig. 3).
MP transcriptionally activates the bHLH transcription factor gene
TARGET OFMONOPTEROS5 (TMO5) in the vasculature initials.
TMO5 forms heterodimers with the bHLH transcription factor
LONESOME HIGHWAY (LHW) and stimulates the expression
of the cytokinin synthesis genes LONELY GUY (LOG) 3 and LOG
4. Together, this transcriptional complex controls periclinal divi-
sions and therefore the number of cell files in the vasculature
bundle (for comprehensive review, see ref. 68).

5 Establishing the Stem Cell Niches

5.1 Root Initiation The first step of root meristem formation in Arabidopsis is the
specification of the hypophysis [69]. This uppermost suspensor
cell will form the QC that is responsible for stem cell maintenance
[70]. The QC is characterized by expression of WOX5 that main-
tains quiescence by controlling the cell cycle [28, 71, 72] (Fig. 3).

Fig. 2 Radial patterning in the Arabidopsis embryo. (a) Overview of early embryo morphology in Arabidopsis.
Developmental stages are indicated below the graphic. EC egg cell, EZ early zygote, LZ late zygote. (b)
Patterning along the radial axis in the lower tier of the embryo. Cross sections are illustrated in red squares.
Yellow, protoderm; green, ground tissue; red, vasculature precursor cells
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An intricate interaction of cells of the lower tier and the future
hypophysis precedes the asymmetric division of the hypophysis that
forms the QC. Auxin responses in the central cells of the lower tier
lead toMP-dependent expression of TMO7 [69]. This small bHLH
transcription factor moves to the neighboring hypophysis where it
plays a critical role in initiating QC formation [69]. This process
also depends on the transcription factors NO TRANSMITTING
TRACT (NTT)/WIP DOMAIN PROTEIN 2 (WIP2), WIP4, and
WIP5 [73] that are expressed in the hypophysis, possibly in an
auxin-dependent manner (reviewed in [64]).

Basal transport of auxin via PIN1 in the neighboring proem-
bryo results in high auxin levels in the hypophysis as inferred from
strong activity of synthetic auxin response reporters [34, 44, 69,
74]. Accumulation of auxin triggers transcriptional auxin responses
mediated by a suspensor-specific auxin response machinery includ-
ing ARF9, ARF13 and IAA10 [44] (Fig. 3).

Fig. 3 Auxin signaling in vasculature formation and root meristem initiation. (a) Overview of early embryo
morphology in Arabidopsis. Developmental stages are indicated below the graphic. EC egg cell, EZ early
zygote, LZ late zygote. (b) A schematic overview of auxin responses leading to periclinal divisions in
prevasculature cells and hypophysis specification. Auxin responses in the central cells of the lower tier and
in the future hypophysis require cell-type specific auxin response machineries. After the asymmetric division
of the hypophysis, expression of the WOX gene family member WOX5 marks the quiescent center
precursor cell
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Root initiation is also controlled by AP2 domain transcription
factors of the PLETHORA (PLT) family [75]. PLT1 and PLT2 are
expressed in the lower tier from the 8-cell embryo on and in the
suspensor [50, 75]. PLT transcription factors can be considered to
be master regulators of root identity. Loss of the four PLT gene
family members PLT1, PLT2, PLT3, and PLT4/BABY BOOM
(BBM) leads to misspecification of the hypophysis and rootless
seedlings [76]. Ectopic expression of PLT1 and PLT2 in the
shoot region or in the apical region of the embryo can induce
ectopic root formation [75–77]. Expression of PLT1 and PLT2
depends on MP-dependent auxin signaling, emphasizing the
importance of auxin in root formation [78].

5.2 The Shoot Apical

Meristem

In tissue culture and in vitro plant regeneration, it has been known
for a long time that the auxin-to-cytokinin ratio is crucial for the
induction of shoots or roots, respectively. Under growth conditions
where cytokinin is dominating, shoots can be regenerated, indicat-
ing an important role of cytokinin in formation of the SAM [79].

In the Arabidopsis embryo, this stem cell niche is first recog-
nized at late heart stage as organized cell layers between the coty-
ledons [1, 80]. The organizing center of the SAM is characterized
by the expression of the WOX gene family member WUSCHEL
(WUS) [80, 81]. WUS moves to the neighboring stem cells
where it suppresses differentiation [80–82]. The expression domain
of WUS is negatively controlled by a receptor kinase pathway
including the receptor kinase CLV1 [83–85]. WUS activates the
expression of the corresponding peptide ligand CLV3 in the stem
cells [86] and promotes its own expression in the organizing center
by modulating cytokinin signaling [87, 88]. These (positive and
negative) feedback loops restrict the size of the shoot meristem
(reviewed in detail in [89]).

The position of stem cells underneath the shoot apex is con-
trolled by L1-specific miR394 [90]. This microRNA moves to the
L2 and L3 layer and downregulates the expression of the F-box
gene LEAF CURLING RESPONSIVENESS (LCR). LCR inhibits
WUS activity. The miR394/LCR pathway therefore promotes
WUS activity in the subepidermal region and ensures the correct
position of the stem cell region in a growing shoot [90].

Although WUS expression starts at the 16-cell stage in the
inner cells of the upper tier, it is dispensable for SAM formation.
Instead, WOX2 (together with WOX1, WOX3, and WOX5) is a
key factor in meristem initiation [91]. In wox1/2/3/5 quadruple
mutant, a correct shoot meristem is not formed and the apical
region of the embryo is characterized by increased auxin signaling
[91]. Furthermore, the expression of the HD-ZIP III family mem-
bers PHABULOSA (PHB), PHAVOLUTA (PHV), and REVOLU-
TA (REV) [92, 93] is strongly reduced or absent in the shoot
meristem region of the embryo [91]. Therefore, WOX2 seems to
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promote HD-ZIP III expression in the shoot meristem initials. The
HD-ZIPIII genes PHB, PHV, and REV are key players in shoot
formation as ectopic accumulation in the basal part of the embryo
leads to transformation of the root pole into shoot structures
[77]. Since PHB and PHV control cytokinin production [94],
WOX2 regulates shoot meristem formation in part by promoting
cytokinin levels in the upper tier of the embryo [91].

6 Outlook

While many molecular players in tissue differentiation and mainte-
nance of cell types have emerged in recent years, our knowledge
about the very first steps of initiating different identities in the early
zygotic embryo is still fragmentary. What signals polarize the
zygote and set up different auxin transport and response machi-
neries in its daughter cells? How are different cell identities along
the radial axis initiated? And how is the origin of the stem cell
region for the shoot apical meristem controlled on a molecular
level? Many fundamental questions about the early steps of zygotic
embryogenesis are still waiting to be answered. Nevertheless, much
less information is available about how microspore-derived
embryos develop from dividing microspores, and about the genetic
basis of some of the anatomical and functional abnormalities found
in some cases. The knowledge summarized here may serve as a
reference to compare with for the genetic dissection of microspore
embryogenesis.
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the integral spliceosomal 
component CWC15 is required 
for development in Arabidopsis
Daniel Slane1, cameron H. Lee2, Martina Kolb1, craig Dent3, Yingjing Miao1, 
Mirita franz‑Wachtel4, Steffen Lau1, Boris Maček4, Sureshkumar Balasubramanian3, 
Martin Bayer1 & Gerd Jürgens1*

Efficient mRNA splicing is a prerequisite for protein biosynthesis and the eukaryotic splicing machinery 
is evolutionarily conserved among species of various phyla. At its catalytic core resides the activated 
splicing complex Bact consisting of the three small nuclear ribonucleoprotein complexes (snRNPs) U2, 
U5 and U6 and the so-called NineTeen complex (NTC) which is important for spliceosomal activation. 
CWC15 is an integral part of the NTC in humans and it is associated with the NTC in other species. 
Here we show the ubiquitous expression and developmental importance of the Arabidopsis ortholog 
of yeast CWC15. CWC15 associates with core components of the Arabidopsis NTC and its loss leads 
to inefficient splicing. Consistent with the central role of CWC15 in RNA splicing, cwc15 mutants are 
embryo lethal and additionally display strong defects in the female haploid phase. Interestingly, the 
haploid male gametophyte or pollen in Arabidopsis, on the other hand, can cope without functional 
CWC15, suggesting that developing pollen might be more tolerant to CWC15-mediated defects in 
splicing than either embryo or female gametophyte.

Angiosperms are the predominant group of land plants. A hallmark of this dominance in the course of evolu-
tion is the establishment of a reduced haploid phase (called gametophyte) in the life cycle of flowering plants. 
In free-living gametophytes of mosses, the gametophytic generation forms independently recognizable plants 
that can even be the dominant structure. In contrast, the gametophyte of flowering plants is reduced to a small 
dependent structure with an almost minimal number of cells and a short  lifetime1. In Arabidopsis, the female 
gametophyte is deeply embedded in sporophytic tissue, whereas the male gametophyte or pollen has to be 
released from the sporophytic anther tissue for pollination to occur. Upon successful pollen-stigma interaction, 
the pollen tube grows inside the transmitting tract towards the ovule. Recent research has revealed that several 
signaling molecules including peptides play a role in the guidance of the pollen tube, attraction by the female 
gametophyte and burst of the pollen tube tip within one of the two synergid cells. If any of the aforementioned 
processes is disrupted, fertilization does not take place. Several mutants with disruptions in these processes have 
been isolated in the  past1–3. Upon successful fertilization, the Arabidopsis zygote initiates a precise developmental 
program, which results in a heart-shaped embryo already comprising all major seedling organs: two primary 
leaves or cotyledons, a shoot meristem, a hypocotyl, and a primary root with a root  meristem4. This invariant 
embryo patterning and development is impaired in mutants defective for various cellular response pathways e.g. 
responses to phytohormones, small RNA pathways, vesicular trafficking, cytoskeletal structure, and cell cycle 
 control5–9. Furthermore, mutations in genes that are components of the RNA splicing machinery (spliceosome) 
affect gametophyte function and embryogenesis. For example, mutations such as gfa1/clotho, rtf2, sus2/prp8, or 
bud13 cause severely reduced transmission of the mutant alleles via the female gametophyte and cause embryo 
lethality in  Arabidopsis10–14.

The pivotal step of splicing—intron removal—constitutes two trans-esterification reactions, mediated by the 
spliceosome, a dynamic protein complex containing more than 100 proteins and 5 small nuclear ribonucleopro-
tein particles (snRNP)15, which is likely highly conserved among eukaryotes. The snRNPs consecutively interact 
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with the pre-mRNA. First, U1 snRNP and U2 snRNP interact with the splice and the branch site, respectively. 
Then U4/U6-U5 snRNPs and the PRP19-CDCL5 complex (so-called NineTeen complex [NTC] in yeast) asso-
ciate, thereby forming the pre-catalytic  spliceosome16. After the dissociation of U4 snRNP, the Prp19 complex 
stabilizes the interaction of U5 snRNP and U6 snRNP with the  spliceosome17,18. Recent studies using cryo-EM 
uncovered detailed spliceosomal structures during various steps of mRNA splicing. The NTC/PRP19 complex is 
highly conserved between yeast and human and contains six and seven core proteins,  respectively19–22. Important 
for the function of the active spliceosome are also the so-called NTC-related (NTR) proteins, of which CWC15 
is a member.

The developmental importance of Cwc15 was shown in yeast as a loss of function of Cwc15 confers lethality in 
Schizosaccharomyces pombe and it is synthetically lethal with prp19-1 in Saccharomyces cerevisiae23. Furthermore, 
in S. cerevisiae it was shown that the core spliceosome components are not equally important for all pre-mRNAs, 
perhaps explaining why in Arabidopsis the absence of several components might affect tissues  differently24. 
Regarding multicellular eukaryotes, CWC15 was suggested to be important for bovine embryo  development25. 
In Arabidopsis thaliana, CWC15 was not found in a proteomic approach as a member of the  NTC26. Many genes 
coding for components of the core splicing machinery are duplicated in Arabidopsis although mutations in 
single-copy genes frequently result in gametophytic cell  death11,26. Interestingly, the phenotypic consequences of 
mutations in spliceosomal genes are different between female and male gametophytes. Mutations in CLOTHO, 
which is a homolog of the yeast U5-associated Snu114, and ATROPOS, whose homolog has a demonstrated role 
in U2  assembly27, result in defective female gametophytes, whereas male transmission is less severely  affected11.

In this work, we address the importance of the predicted splicing factor CWC15 in the model plant Arabi-
dopsis thaliana. Our results show that CWC15 is associated with homologs of core yeast and human spliceosome 
components. Furthermore, CWC15 is essential for plant development including embryo development as splicing 
is affected on a whole-genome level. CWC15 also plays some role in the female gametophyte, however, pollen 
development proceeds normally in the absence of CWC15.

Results
CWC15 encodes a highly conserved splicing factor with ubiquitous expression. CWC15 was 
initially described as a spliceosome-associated protein in yeast and human cells. Subsequent cryoEM studies 
placed it within the core machinery of the  spliceosome15,28. Our thorough phylogenetic analysis revealed the 
evolutionary conservation of CWC15 across all eukaryotes (Supplementary Fig. 1). CWC15 protein appears to 
have diverged between plants and animals, with specific amino acid sequences distinguishing the clades (Sup-
plementary Fig. 1A and B). Nevertheless, major domains especially in the N- and C-terminal parts of the pro-
tein homologs appear to be conserved, which suggests the general importance of CWC15 during splicing in all 
eukaryotes.

To assess CWC15 expression, we expressed a translational fusion of 3xGFP to a genomic rescue construct. 
The GFP signal was exclusively nuclear which is consistent with the potential role of CWC15 as a splicing factor. 
The fusion protein CWC15-3xGFP was ubiquitously expressed in all gametophyte, embryo, and seedling tissues 
and here too localized to the nucleus (Fig. 1). The integuments and all cells of the mature, unfertilized embryo 
sac showed GFP fluorescence, including central cell, synergids, and the egg cell (Fig. 1A). Likewise, the male 
gametophyte was marked by nuclear fluorescence during all developmental stages from unicellular microspore 
to tricellular, mature pollen (Fig. 1B, Supplementary Fig. 2A–C). Also, all cells of the embryo at the early globular 
(Supplementary Fig. 2D–F), globular and triangular (Fig. 1C, Supplementary Fig. 2G), late-heart or torpedo 
and bent-cotyledon stages (Supplementary Fig. 2H–J) showed clear nuclear fluorescent signals. We were also 
able to detect nuclear fluorescent signals in all cells of seedling tissues such as the cotyledon epidermis with 
stomata and pavement cells (Fig. 1D, Supplementary Fig. 2K), the primary root with all radially organized cell 
layers (Fig. 1E), the hypocotyl and the first rosette leaves including trichomes (Fig. 1F, Supplementary Fig. 2L). 
In summary, CWC15 encodes a ubiquitously expressed, nuclear-localized protein.

CWC15 is closely associated with the Arabidopsis NTC. In yeast and human, CWC15 is an integral 
part of the core  spliceosome20,21. To assess whether CWC15 is a component of the spliceosome in Arabidopsis, 
we performed immunoprecipitation experiments with GFP-tagged CWC15 and analyzed the precipitates by 
LC–MS/MS. As controls, we used GFP-tagged IMPORTIN-ALPHA 6 (IMPα6) and transcription factor AUXIN 
RESPONSE FACTOR 5 (ARF5) and carried out immunoprecipitation followed by liquid chromatography–mass 
spectrometry (LC–MS). Both IMPα6 and ARF5 are also localized to the nucleus, but functionally distinct from 
 CWC1529,30. We looked for peptides that were specifically enriched in the CWC15 but absent in the two other 
immuno-precipitates. The most abundant peptides recovered were Arabidopsis counterparts of the human Prp19 
complex (NTC), U5 snRNP, and NTC-related proteins (NTR) (Table 1). The majority of these mapped to Arabi-
dopsis homologs of human spliceosomal proteins of the NTC such as Cdc5 and Prp19, two proteins that were 
well described in their function for NTC-related spliceosomal  activation31. In addition to CWC15 itself (Ad-002 
in human spliceosome), we found a homolog for the human NTC-related (NTR) protein Aquarius, which like 
CWC15 is required for embryo viability in Arabidopsis (EMB2765)32. Adding peptides with lower counts to our 
analysis, we detected a majority of all components of the U5 snRNP, NTC, NTR, and associated splicing factors 
(Supplementary Table 2) that were recently described in a multitude of structural cryo-EM reports for yeast and 
human  spliceosomes15,28. These results suggest that CWC15 is potentially part of the NineTeen complex, which 
has an important general role in splicing in Arabidopsis thaliana26,33.

Down-regulation of CWC15 causes developmental defects. In an enhancer trap screen, we identi-
fied a T-DNA insertional mutant that displayed several phenotypic features reminiscent of auxin-related defects. 
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Figure 1.  Expression pattern of genomic construct gCWC15-3xGFP during plant development. CWC15 
expression pattern monitored with a genomic fusion to GFP is visible in all nuclei of gametophytes, embryo, 
and seedling. (A) Mature female gametophyte with nuclear GFP signal in all tissue types including central cell 
(asterisk), synergid (arrowhead), and egg cell (arrow). (B) Both vegetative and generative nuclei show CWC15-
3xGFP signals in mature pollen grain. Inset: DAPI-stained nuclei in the mature pollen grain. (C) CWC15-
3xGFP is present in all nuclei at globular embryo stage. (D) gCWC15-3xGFP expression in epidermal cells. 
The image is a maximum projection of z-stacks across abaxial cotyledon epidermal cells. Nuclear-localized 
CWC15-3xGFP is shown in green, cell outlines are stained with propidium iodide (magenta). (E) gCWC15-
3xGFP expression in seedling root. Nuclear-localized CWC15-3xGFP is shown in green, cell outlines are stained 
with Renaissance SR2200 dye (grey). Transverse root section is shown as inset. (F) gCWC15-3xGFP expression 
in seedling shoot. Nuclear-localized CWC15-3xGFP in primary leaves of a 7-day-old seedling is shown in green, 
autofluorescence is shown in red. Scale bar: (A–D) 5 μm, (E,F) 100 μm.

Table 1.  CWC15-associated proteins identified by mass spectrometry. Recovered unique peptides were 
compared to MS data for two other nuclear-localized proteins (IMPα6 and ARF5) and only peptides that 
were not present in the other two data sets are listed. Only loci with more than 10 unique peptide counts are 
depicted.

Homo sapiens Arabidopsis thaliana AGI locus Peptides

U5 snRNP

Prp8 PRP8B AT4G38780 23

Snu114 GFA1/MEE5/CLO AT1G06220 14

NTC

Cdc5 CDC5/MAC1 AT1G09770 18

Prp19
MAC3A AT1G04510 12

MAC3B AT2G33340 12

Syf1 MAC9 AT5G28740 14

Syf3 MAC10 AT5G41770 13

HSP73 HSP70 AT3G09440 21

NTR

Ad-002 CWC15 AT3G13200 26

Aquarius EMB2765 AT2G38770 12
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Compared to wild type, mutant seedlings and adult plants were strongly reduced in size (Fig. 2A–C). Adult 
plants were fertile despite stunted growth when compared to Col-0 wild-type plants (Fig. 2C). Mutant seedlings 
displayed stunted primary roots (Fig. 2B,D) and cotyledon defects ranging from monocots or asymmetrically 
positioned cotyledons to seedlings with three cotyledons (Fig. 2D). Phenotypic defects were visible in all off-
spring seedlings from homozygous mother plants when grown on agar plates while heterozygous plants did not 
show any obvious defects.

To determine the genomic insertion site of the transgene that caused the mutant phenotype, we sequenced 
the entire genome and aligned DNA sequencing reads both to the T-DNA used and the Arabidopsis genome as 
was previously  described34. The insertion was located on the upper arm of chromosome 3 directly upstream of 
the genomic locus CWC15/AT3G13200 (Fig. 2E). We tested the possible effects of the insertion on the expres-
sion of genes near the insertion site through semi-quantitative (sq) RT-PCR (Supplementary Fig. 3). We found 
that CWC15/AT3G13200 was downregulated and confirmed the strong down-regulation also by quantitative 
(q) RT-PCR (Supplementary Fig. 4A). Among the other genes flanking the insertion site, we observed addi-
tional bands for AT3G13190 and an up-regulation of AT3G13210. AT3G13205 is a predicted pseudogene. Both 
CWC15/AT3G13200 and AT3G13210 code for putative splicing factors and the additional transcripts observed 
for AT3G13190 suggested possible splicing defects in the mutant. Since multiple homozygous T-DNA insertion 
lines located in exons are available for AT3G13210 and therefore its absence is not deleterious for development, 
we focused on CWC15/AT3G13200, the homolog of the yeast/human splicing factor Cwc15/AD-002. We termed 
the mutant therefore cwc15-1. A genomic construct expressing the CWC15 gene from about 1 kb of the upstream 
sequence was able to fully complement the mutant seedling phenotypes (Fig. 2F). The same was observed when 
a strong ribosomal promoter RPS5A drove expression of CWC15. Interestingly, expression from a promoter 
only active during early  embryogenesis35 did not rescue the observed seedling defects, suggesting that continued 
protein activity during later embryo and seedling development might be necessary (Fig. 2F).

To elucidate the earliest deviation in development, we analyzed embryos from 2-cell to mid-globular stages 
comparing wild type to the cwc15-1 mutant. In general, mutant embryos showed a variety of strongly pleiotropic 
embryo defects when compared to wild type. In Col-0 embryos, the division plane of the apical daughter cell of 
the zygote is vertical (Fig. 3A). In contrast, mutant embryos often showed a horizontal division plane (Fig. 3B). 
Also, we observed frequent erroneous divisions in the basal cell lineage of the embryo (Fig. 3C). These phenotypes 
are for example reminiscent of embryo phenotypes observed in yda or wrky2  mutants36,37. When the wild-type 
embryos were at the 16-cell stage (Fig. 3D), mutant embryos displayed altered division planes, to varying degrees 
exhibiting raspberry-like  phenotypes38 (Fig. 3E,F). At mid-globular stage (Fig. 3G)—a time point when an asym-
metric division of the so-called hypophysis establishes the root—apical and basal domains appeared strongly 
misshapen, resembling fass mutant  phenotypes39 (Fig. 3H,I). In conclusion, mutant embryos displayed a range 
of phenotypic alterations, which are similar to already described embryo mutants and this suggested that there 
is potentially mis-regulation of multiple genes during early embryogenesis in the cwc15-1 mutant.

CWC15 is important for efficient splicing. To determine the extent of potential splicing defects in 
cwc15 mutants, we performed RNA sequencing on total RNA extracted from tissues representing the early and 
late stages of development. First, we analyzed RNA from wild-type and hypomorphic cwc15-1 seedlings, where 
we observed a clear phenotypic difference. Second, we did RNA-seq profiling on total RNA extracted from 
mature pollen tissue from wild-type and cwc15-1 mutants. To assess the comparability of biological replicates 
we used principal component analysis. Tissue/developmental difference was the major component of variation 
(accounting for ~ 81%) in expression levels (Supplementary Figure 5A).

To analyze whether specific splice sites across the genome are affected in cwc15-1 mutants, we utilized 
 SpliSER40, which enables the quantification of splicing at the level of individual splice sites. We first compared 
the variation in splice-site strength of the splice-sites across both tissues through PCA analysis. The PCA analysis 
revealed that the within tissue/replicate variation is much lower in pollen compared to seedlings, which suggested 
that our ability to detect differential splicing would be higher in pollen compared to seedlings (Supplementary 
Figure 5B–D).

The analysis of differential splicing through diffSpliSE in SpliSER (Supplementary Dataset File 1) showed 
620 splice sites to be differentially utilized in seedlings, corresponding to 564 genes. Most of the splice sites were 
canonical, consistent with the notion that CWC15 is an integral component of the core splicing machinery. We 
saw no clear bias in the prevalence of 5′ or 3′ splice site, 58%, and 42% respectively. SpliSER uses competition 
between splice sites as a parameter in assessing splice-site strength. The majority of differentially spliced sites 
(75%) had no competing splice sites observed in any sample, which indicates that they are constitutive splice 
sites undergoing intron retention (Supplementary Figure 4B). In pollen, we detected 3,997 splice sites to be dif-
ferentially spliced, across 2,380 genes. 88 of these genes were common to both seedlings and pollen (Fig. 4A). 
Unlike in seedlings, where a vast majority of differentially-spliced sites showed a decrease in splice-site strength 
(99.7%), we saw an even distribution of up- and down-regulated splice sites in pollen, with no apparent bias 
towards a particular splicing event. Together these results suggest that the splicing defect observed in cwc15-1 
mutant seedlings is primarily a reduced capacity for the splicing of some introns (i.e. intron retention), rather 
than a change in splice-site preference (i.e. alternative usage of 3′ and 5′ splice sites, exon skipping, etc.).

Since differences in splicing can indeed lead to changes in expression  levels41,42, we compared transcripts that 
were differentially up- or down-regulated (Supplementary Dataset File 1). 324 genes were differentially expressed 
more than twofold in seedlings, and 3,864 in pollen. We saw a significant overlap between differentially spliced 
and differentially expressed genes in pollen (Fig. 4B), but not in seedlings (Fig. 4C), suggesting that the cwc15-1 
splicing defects observed in seedlings may not be directly correlated with changes in gene expression. However, 
given that these results are derived from two RNA-seq replicates, we cannot rule out the tissue-specific differences 
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Figure 2.  Mis-regulation of CWC15 is causative for embryo and seedling phenotypes. (A,B) Normal wild-type (A) and 
cwc15-1 mutant seedling (B) with short primary root and three cotyledons. (C) Adult cwc15-1 mutant plants (marked by 
asterisks) grow smaller compared to wild type. (D) Range of cwc15-1 mutant seedling phenotypes with wild-type seedling on 
the left. Asterisk marks tricot seedling with normal root, arrows point to seedlings with asymmetrically positioned cotyledons, 
and arrowhead marks seedling with only one fully developed cotyledon. (E) The insertion site of the transgene is in the 
vicinity of 4 gene loci, among them CWC15 (At3g13200). Mutant alleles with corresponding insertion sites are depicted as 
cwc15-1 (promoter) and cwc15-2 (SALK insertion line, 3rd intron). Exons are shown as green arrows. Image of gene loci 
was exported from CLC Genomics Workbench software version 10.1.1 (https ://digit alins ights .qiage n.com/produ cts-overv 
iew/disco very-insig hts-portf olio/analy sis-and-visua lizat ion/qiage n-clc-genom ics-workb ench/). (F) cwc15-1 rescue lines (at 
least 6 independent transgenic lines tested for each construct) with seedling phenotypes from left to right: (1) Wild type, (2) 
cwc15-1 mutant, (3) genomic rescue, (4) rescue with constitutive expression from ribosomal RPS5A promoter, (5) no rescue if 
expressed from putative promoter of gene At3g10100 which is only active during early embryogenesis. Scale bar: 2 mm.

https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-clc-genomics-workbench/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-clc-genomics-workbench/
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observed in splicing and gene expression are due to differences in statistical power. To corroborate these results, 
we performed gene ontology (GO) enrichment analysis for differentially spliced and expressed genes in pol-
len and seedlings (Supplementary Dataset File 2). For differentially spliced genes in both seedlings and pollen 
we found enrichment for a wide range of processes including numerous GO terms involving metabolism and 
response to various stimuli with functions in both protein and nucleotide binding. This was also the case for 
differentially expressed genes in pollen. The number of enriched GO terms for differentially expressed genes in 
seedlings was considerably lower and we saw enrichment of response terms, the top three hits being related to 
iron homeostasis which do not appear in any of the other lists.

Taken together, these findings reveal three aspects of CWC15 function. First, even a hypomorphic allele of 
CWC15 leads to changes in splicing patterns. Second, compromising CWC15 function has a direct and/or indirect 
effect on gene expression. Third, the effect of CWC15 differs between tissue types and/or stages of development.

Loss of CWC15 function is female gametophytic and embryo lethal. The pleiotropic phenotypes 
in cwc15-1 are caused by the downregulation of CWC15 transcript levels, indicating that cwc15-1 might be a 
hypomorphic allele. Therefore, we analyzed a T-DNA insertion allele, with the T-DNA residing in the third 
intron, termed cwc15-2. For this allele, we never recovered homozygous mutant progeny from heterozygous 
plants (cwc15-2+/+ n = 114, 48.3% vs. cwc15-2+/− n = 122, 51.7%). When we opened siliques of selfed cwc15-2+/− 
plants we found missing and shriveled ovules compared to WT, corresponding to aborted ovules (Supplemen-
tary Fig. 6). Reciprocal crosses of heterozygous cwc15-2+/− and wild-type plants showed that transmission of the 
mutant allele via the female gametophyte was reduced from the expected 50% to 29% whereas the male gameto-
phyte seemed not affected at all (Supplementary Table 3).

Figure 3.  Embryo phenotypes at early stages of development. (A–I) Corresponding embryos are shown for 
2-cell (A–C), 16-cell (D–F), and globular stages (G–I). Wild-type embryos are depicted in (A,D,G) and mutant 
embryos in (B,C,E,F,H,I). Scale bar: 10 µm.
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Next, we analyzed cell type-specific fluorescent marker lines for the female gametophyte expressed in the cen-
tral cell, the synergid cells, or the egg cell. However, we could not detect any differences in cwc15-2+/− compared 
to wild type in any of the marker crosses analyzed (n > 100), which suggested that cell identity was not affected 
in these lines (Supplementary Fig. 6, Supplementary Videos 1–3). This also suggests that the altered function of 
the female gametophyte rather than aborted development causes the observed decreased female transmission 
of cwc15-2+/−. To detect defects during pollen tube attraction and fertilization, we used a pollen multiple marker 
line. Sperm cell nuclei were labeled with a male gamete-specific Histone H3.3-YFP fusion protein (HTR10-YFP) 
and a centromeric CenH3-mCherry fusion protein (HTR12-mCherry). Upon fertilization, the HTR10-YFP 
protein is turned over while zygote and endosperm show mCherry fluorescence at the centromeric chromatin, 
resulting in distinct foci in the zygote and endosperm  nuclei43. CWC15 loss of function resulted in a range of 

Figure 4.  Down-regulation of CWC15 in cwc15-1 leads to global splicing defects and transcriptional 
differences. (A) Venn diagram showing number of genes differentially spliced in seedling and pollen tissue, 
between wild type and mutant. (B) Venn diagram comparing genes detected as differentially spliced and 
differentially expressed in pollen. (C) Venn diagram comparing genes detected as differentially spliced and 
differentially expressed in seedlings. Venn Diagram Plotter v1.5.5228 (https ://omics .pnl.gov/softw are/venn-
diagr am-plott er) was used to generate Venn diagrams.

https://omics.pnl.gov/software/venn-diagram-plotter
https://omics.pnl.gov/software/venn-diagram-plotter
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phenotypic consequences in pollen tube perception and fertilization (Fig. 5). After successful double fertiliza-
tion, endosperm nuclei in wild-type plants showed 15 spots of nuclear-localized mCherry signal and no YFP 
signal could be detected (Fig. 5A). In ovules of cwc15-2+/− plants, however, we frequently observed pollen tubes 
without double fertilization as indicated by the absence of mCherry signal and the presence of nuclear YFP signal 
of unfused, persisting sperm cells (Fig. 5B). Also, we observed pollen tube overgrowth inside the ovule (Fig. 5B 
and C) as well as polytubey (Fig. 5D). Taken together, these observations suggest that CWC15 is required for 
efficient pollen tube reception and gamete interaction leading to successful double fertilization.

The ratio of aborted ovules from crosses of cwc15-2+/− gynoecia pollinated with pollen from Col-0 anthers 
(13.6%, n = 132) indicated, as well as the aforementioned reciprocal crosses, that a low percentage of ovules in 
cwc15-2+/− plants and their egg cells within can be fertilized. To investigate at which stage cwc15-2−/− zygote/
embryo development might be arrested, we looked at ovules in cwc15-2+/− plants in self-pollinated flowers 72 h 
after pollination. We were able to identify seemingly aborted or delayed embryos at zygote and the earliest embryo 
stages of development (Fig. 6A-D). These results show that CWC15 function is important for female gametophyte 
development and fertilization and essential for embryogenesis, whereas the male gametophyte is not affected.

Discussion
Although the eukaryotic spliceosome machinery is evolutionarily conserved, there are species-specific differ-
ences. The spliceosome and the activating NineTeen complex show differences in both the number and nature of 
proteins involved between yeast, human and  Arabidopsis26,44,45. In Arabidopsis, for example, there seems to be a 
duplication and likely redundancy of factors playing major roles during splicing (e.g., Prp8 or Prp19)33. One of 
the single-copy genes previously associated with the splicing machinery is CWC15. Our thorough phylogenetic 
analysis indicated that CWC15 is present and conserved in virtually all eukaryotic genomes. Until recently, 
knowledge about the exact function of CWC15 has been scarce. Protein–protein interaction data revealed 
CWC15 as a protein associated with yeast and human  spliceosomes23,46. CWC15 was later considered an inte-
gral part of the Prp19 complex/NTC through its direct interaction with  CDC547,48. In Arabidopsis, however, 
co-precipitation with Prp19 could not be demonstrated and CWC15 was therefore deemed not being part of the 

Figure 5.  Loss of CWC15 function in cwc15-2 leads to defects in double fertilization. (A–D) Overlay images of 
wild-type control (A) or CWC15 deficient ovules (B–D) 20 h after pollination expressing pollen double marker 
visualizing histones of fertilized endosperm nuclei in red (A,C,D), sperm nuclei in green (B,C,D), and SR2200 
counter-staining of pollen tube cell walls in white (A–D). Arrowheads mark endosperm nuclei (red), arrows 
point to sperm nuclei (green), and asterisks indicate pollen tubes (white). Scale bar: 20 µm.
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 NTC26,49. In contrast, our mass spectrometry-based analysis showed co-precipitation of most Arabidopsis NTC 
components with CWC15, indicating that there is a close interaction of CWC15 with the NTC in Arabidopsis. 
We also detected other components of the core spliceosomal machinery, which is in line with recent structural 
data gained from yeast and human spliceosomes. The yeast homolog Cwf15/Cwc15 interacts with several U5 
snRNA components and together with Prp45 is thought to be important for the stability of the spliceosomal 
core or main  body20,45,50,51,52. Like the yeast multi-protein complex, the human CWC15 counterpart Ad-002 is 
also present at the core region of the human  spliceosome21,44,53 and might be modified by human spliceosome-
specific peptidyl-prolyl isomerases for functional catalytic  activity54. Structures of plant spliceosomes have yet to 
be determined, but Arabidopsis CWC15 possibly has a similarly central role in the spliceosomal multi-protein 
complex as do the homologous proteins in yeast and human.

Alternative splicing (AS) is very common in humans, where essentially 100% of the transcripts have at least 
two  isoforms55. The prevalent form of AS in animals is exon  skipping56. We have utilized an approach that allows 
the detection of specific splice-sites that show aberrant usage between  samples40. It has been estimated that 61% 
of Arabidopsis genes undergo AS, with the majority of AS events being intron  retention57 which in turn leads 
to nonsense-mediated decay (NMD) of the affected  transcript56. However, in plants retained introns do not 
always trigger  NMD58. In Arabidopsis, AS can be achieved by cell type-specific expression patterns of splicing 
 factors59,60 and this has been studied mainly during flowering  time61. In our work, RNA sequencing analysis in 
a hypomorphic mutant background with seedling and adult growth defects showed that a decrease in CWC15 
protein abundance causes clear splicing defects. While differences in splicing can lead to expression differences, 
in cwc15 mutants, the observed differences in gene expression cannot be solely attributed to splicing defects. 
Additional changes in expression may be secondary effects resulting from splicing abnormalities. The phenotypic 
severity increased strongly in a putative knock-out mutant of CWC15 which showed pleiotropic fertilization 
defects and was embryo lethal. It has been previously shown that mutations in splicing factors primarily affect the 
viability of the female  gametophyte11,12,62,63. Likewise, loss of the splicing factor CWC15 caused strongly decreased 
transmission via the female gametophyte while the pollen was entirely unaffected. Several studies detected new 
transcripts, differential splicing and even alternative transcriptional start sites in pollen when compared to leaf 
 tissues64,65. However, transcripts enriched in pollen appear to have roles in splicing which could contribute to 

Figure 6.  Zygote and embryo-arrest phenotypes in cwc15-2+/− mutant embryos. (A) Embryo arrested at zygote 
stage. (B, C) Embryos arrested at 1-cell stage. (D) Embryo arrested at 2-cell stage. Zygote and embryos are 
encircled by ellipses. Arrowheads indicate nuclei of fertilized endosperm. Scale bar: 10 µm.
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increased robustness of the pollen when compared to the egg cell. It has been shown that so-called housekeeping 
genes can be linked to specific mutant phenotypes as is the case for various splicing factors that affect the develop-
ment of the female  gametophyte66. This could explain why the loss of CWC15, and other splicing factors causes 
different phenotypes between male and female gametophytes. Curiously, recent research showed that a pair of 
splicing factors specifically affects the male gametophyte in double mutants but not the female  gametophyte67. 
Future research will show if the composition of the splicing machinery in plants is indeed tissue-specific and is 
possibly involved in the different needs of various tissue types during development.

Material and methods
Plant material and in silico analysis. The wild-type plant line used was the Col-0 accession and plants 
were grown as previously  described35. The T-DNA insertion line cwc15-2+/− (SALK_010555, Col-0) was pro-
vided by the Nottingham Arabidopsis Stock Centre (NASC). The transgenic marker lines for specific cell types in 
the female gametophyte pEC1:HTA6-3xeGFP, pNTA > > ntdTomato, and pMEA:3xGFP as well as the multi-color 
marker were previously  described43,68.

Acquisition of protein sequences, sequence alignment, and generation of the phylogenetic tree was performed 
as shown  before69. Representation of protein sequence alignment in RasMol color and sequence conservation 
was done with CLC Genomics Workbench software version 10.1.1.

Molecular cloning. The sequences of primers used in this study are listed in Supplementary Table 4. Both 
the CWC15 genomic rescue construct and the translational GFP fusion construct were generated by PCR ampli-
fying a 2,825 bp fragment including 1,087 bp upstream of the CWC15 start codon and cloned into GIIK-tNOS 
(CWC15 genomic start and stop primers) and GIIK-3xeGFP-tNOS (CWC15 genomic start and -TAG stop prim-
ers), respectively, using restriction enzymes SalI/BclI. GIIK-pRPS5A:CWC15-tNOS was cloned by PCR amplify-
ing the 693 bp CWC15 coding sequence (CDS) with CWC15 CDS start and stop primers and inserting the CDS 
into GIIK-pRPS5A-tNOS70 using restriction site BclI. The construct for early embryo expression was cloned by 
amplifying a 2 kb promoter element upstream of the AT3G10100 start  codon35 with AT3G10100 start and stop 
primers and inserting the amplicon into GIIK-tNOS, using restriction enzymes XhoI/SmaI. The CWC15 CDS 
was subsequently amplified with CWC15 CDS start and stop primers, and restriction enzyme BclI was used for 
cloning into GIIK-pAT3G10100-tNOS.

Whole-genome sequencing. Genomic DNA was extracted from pooled cwc15-1 seedlings 6 days after 
germination (6 dag), using the Qiagen DNeasy Plant Mini Kit. Libraries for DNA Next Generation Sequencing 
(NGS) were prepared with 1 µg DNA, using the Illumina TruSeq DNA PCR-free Low Throughput Library Prep 
Kit and Single Indexes Set A, and sequenced on an Illumina HiSeq 2000 machine. The transgenic insertion site 
in cwc15-1 was initially determined by aligning sequencing reads to the Arabidopsis genome (https ://www.arapo 
rt.org/data/arapo rt11) and the border region of the transgenic construct, using CLC Genomics Workbench soft-
ware version 10.1.1. The insertion site was confirmed by PCR genotyping of border regions, using transgenic and 
genomic primers (LB and cwc15-1 genotyping start primers, 341 bp; RB and cwc15-1 genotyping stop primers, 
323 bp), and subsequently by Sanger sequencing of PCR products.

pcR genotyping. The cwc15-2 T-DNA allele was genotyped with primers cwc15-2 RP, cwc15-2 LP, and 
T-DNA-specific primer LBa1 (wild-type allele RP + LP 824  bp, T-DNA containing allele RP + LBa1 approxi-
mately 450 bp). The cwc15-2− insertion site was determined by sequencing the T-DNA allele PCR product, using 
primer LBb1.3.

sqRT-PCR and qRT-PCR. Total RNA was extracted from Col-0 and cwc15-1 mature pollen or pooled seed-
lings 6 dag, using the Qiagen RNeasy Plant Mini Kit and on-column DNase digest (Qiagen RNase-free DNase 
Set). Reverse transcription was carried out with 1 µg total RNA using the RevertAid RT Reverse Transcription 
Kit (Thermo Scientific). For sqRT-PCR analysis, the following PCR conditions were used: 94° for 5 min followed 
by 30 or 35 cycles of 94° for 10 s, 58° for 30 s, and 72° for 1 min with a final extension step 72° for 5 min. For 
qRT-PCR analysis, we used the intronless and ubiquitously expressed control gene UBQ10 for normalization 
and the following PCR program: 95° for 3 min followed by 40 cycles of 95° for 10 s, 60° for 10 s, and 72° for 20 s. 
Gene AT3G08950 as an example for splice-site usage was randomly chosen from among the top sites from Sup-
plementary Dataset 1. Example gene AT2G34060 was among the not statistically significant sites. All primers 
used can be found in Supplementary Table 4.

RNA sequencing, splicing, and GO enrichment analysis. Gene lists for differential expression and 
splicing analysis as well as GO terms can be found in the Supplementary Dataset Files 1 and 2. As described 
above, total RNA was extracted from two biological replicates for both pollen and seedlings and libraries for 
RNA NGS were prepared with 1 µg total RNA, using Illumina TruSeq RNA Library Prep Kit v2 and sequenced 
on an Illumina HiSeq 2000 machine. RNA-seq data were mapped using STAR v2.5.271, taking only uniquely 
mapping reads, with minimum intron size 20, and maximum intron size 6,000. A splice junction BED file was 
generated using RegTools v0.5.272 with the same intron limits. Each mapped RNA-seq sample was processed 
with SpliSER v0.1.1 and analyzed using the diffSpliSE  pipeline40. To maintain the accuracy of the quantification, 
a splice site would be filtered out unless each replicate being assessed had at least 10 reads showing evidence of its 
utilization, or non-utilization. When comparing RNA from wild-type and cwc15-1 seedlings, SpliSER detected 

https://www.araport.org/data/araport11
https://www.araport.org/data/araport11
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247,741 splice sites with sufficient read coverage in all samples; in pollen 66,191 splice sites were detected with 
sufficient read coverage in all samples.

For differential gene expression analysis, read counts were extracted from RNA-seq alignments using fea-
tureCounts v1.5.173. Differential gene expression was called using DESeq2 v1.22.274 with read counts normalized 
using the sizeFactors() function. Genes with a corrected p-value < 0.05 and log2FoldChange >  ± 2 were taken as 
differentially expressed. Differential gene expression PCA plots used DESeq2 regularized-log transformation 
read counts (rlog() function). Overlaps between gene lists were tested through hypergeometric probabilities. 
Venn diagrams were generated with Venn Diagram Plotter Software v1.5.5228 (https ://omics .pnl.gov/softw are/
venn-diagr am-plott er). For gene ontology (GO) enrichment analysis, we took lists of genes that showed dif-
ferential expression or that contained differentially spliced sites. Gene lists were uploaded to the AgriGO web 
portal (v2.0)75, and we performed singular enrichment analysis using the TAIR10_2017 background gene set. A 
corrected p-value less than 0.05 was considered to be significant.

Microscopy. Images of seedlings and plants were taken with a Canon EOS 1000D camera. Clearing of ovules 
or embryos and staining with SR2200 were done as previously  described35,43. Images of embryos were taken with 
a Zeiss Axio Imager. Fluorescent proteins were imaged using Leica TCS SP8, Olympus FV1000, or Zeiss LSM780 
NLO confocal laser scanning microscopes and LAS X, FLUOVIEW, or ZEN software respectively. Images were 
processed using ImageJ version 1.52i and Adobe Photoshop and Illustrator CS6.

Immunoprecipitation and LC–MS/MS analysis. Precipitation of GFP-tagged proteins from seedlings 
6 dag and subsequent mass spectrometry analysis was in essence the exact same procedure as was described 
 previously76,77. Briefly, 1–2 g fresh weight seedling material was ground in liquid nitrogen, using mortar and 
pestle. The resultant seedling powder was suspended in 2–3 ml lysis buffer (150 mM NaCl, 50 mM Tris pH 7.5, 
2  mM EDTA, 0.5% Triton X-100) containing 20–30  µl Protease Inhibitor Cocktail (P9599, Sigma-Aldrich). 
After centrifugation, the supernatant was filtered with Miracloth (Calbiochem) and 2 ml of the supernatant was 
incubated with 20 µl GFP-Trap beads (Chromotek) for 3 h at 4 °C, using a tube rotator. The magnetic beads were 
washed three times with wash buffer (150 mM NaCl, 50 mM Tris pH 7.5, 0.1% Triton X-100) on a magnetic 
stand. Bead-bound proteins were eluted by boiling in 1 × Laemmli buffer and purified by SDS-PAGE followed 
by in-gel Trypsin digest. The digested peptides were subjected to LC–MS/MS analysis and MS spectra were pro-
cessed with MaxQuant package software version 1.5.2.8 with integrated Andromeda search  engine78.
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In the last two decades, work on auxin signaling has helped to

understand many aspects of the fundamental process

underlying the specification of tissue types in the plant embryo.

However, the immediate steps after fertilization including the

polarization of the zygote and the initial body axis formation

remained poorly understood. Valuable insight into these

enigmatic processes has been gained by studying fertilization

in grasses. Recent technical advances in transcriptomics of

developing embryos with high spatial and temporal resolution

give an emerging picture of the rapid changes of the zygotic

developmental program. Together with the use of live imaging

of novel fluorescent marker lines, these data are now the basis

of unraveling the very first steps of the embryonic patterning

process.
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Introduction
In embryogenesis, a single cell generally develops into a

miniature version of the adult organism. In plants, how-

ever, the final body architecture is determined post-

embryonically, likely as adaption to their sessile life. Plant

embryos represent primitive versions of seedlings and

only a few basic cell types are established during embryo-

genesis [1] (Figure 1).

Fertilization of the egg cell marks the beginning of a new

sporophytic generation, starting with the zygote. In many

angiosperm species, the zygote divides asymmetrically,

often after an initial phase of cell elongation [2]. The apical

daughter cell will always form at least part of the embryo.

The basal daughter cell contains a large central vacuole and

its descendants will mainly contribute extra-embryonic
Current Opinion in Plant Biology 2020, 53:128–133 
tissue [3]. In Brassicaceae, embryogenesis follows an

invariable series of cell divisions, in which the apical cell

forms a spherical proembryo (Figure 1a). The basal daughter

cell undergoes a series of transverse mitotic divisions to form

the filamentous suspensor. Except the uppermost cell, the

suspensor is extra-embryonic, connects the embryo with

maternal seed tissue, and does not contribute to the later

plant seedling. Therefore, in Brassicaceae, the first zygotic

division already marks the boundary between embryonic

and extra-embryonic development [4]. In other flowering

plants, however, the patterning process can be less stereo-

typic and in some cases there is no clear boundary between

embryonic and suspensor tissue (Figure 2). Cells derived

from the first apical cell can also differentiate into suspensor

cells, as seen in some members of the Caryophyllaceae. In a

similar manner, descendants of the basal cell might also

contribute to large portions of the proembryo as in some

Asteraceae family members [3]. Therefore, patterning seems

to be mainly influenced by position-dependent cues and the

conceptofcell lineagesapparentlydoesnotapply in theearly

plant embryo. Nonetheless, a universal feature of embryo-

genesis in seed plants is the polarity of the first zygotic

division with the apical daughter cell always contributing to

the embryo. This division seems to be an essential step in

axis formation of the angiosperm embryo and it is therefore a

fundamental question how the zygote is polarized.

Early morphological changes
In flowering plants, already the egg cell is a polar structure

with the nucleus at the apex and a large central vacuole at

the basal pole [5] (Figure 1b). Microtubules are prefer-

entially oriented in a longitudinal direction [6�]. Directly

after fertilization, however, this polarity seems to be lost

as the large vacuole is broken up into smaller, evenly

distributed vacuoles and the nucleus moves to a central

position [5,7]. After this transient apolar phase, polarity is

reestablished and the zygote starts to elongate in a similar

fashion as tip-growing cells such as pollen tubes or root

hair cells [6�,7]. In Arabidopsis, the zygote grows three-

fold in size whereas in many grasses there is barely any

noticeable growth at this stage [3]. The first hallmark of

polarity reestablishment happens at this stage as the

nucleus moves out of the center to an apical position,

followed by an asymmetric division. What kind of posi-

tional information determines the direction of cell elon-

gation and the position of the cell division plane?

In many animals, the sperm entry site can function as

positional cue [8,9]. In a similar fashion, the brown alga

Fucus relies on the position of sperm entry in the absence
www.sciencedirect.com
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Figure 1

(a)

(b)
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Embryogenesis in Arabidopsis.

(a) After the first zygotic division, the apical cell forms the spherical embryo (green) while the basal cell forms the mostly extra-embryonic

suspensor (blue). The final seedling is mainly formed by the upper tier (light green) and lower tier (dark green) of the embryo proper. Only the

upper-most suspensor cell (light blue) in direct contact with the embryo proper contributes to the embryonic root. The rest of the suspensor (dark

blue) remains extra-embryonic. (b) In accordance with morphological criteria, egg cell polarity is lost in the early zygote. The large central vacuole

(white) at the basal pole of the egg cell is partitioned into smaller evenly distributed vacuoles. During cell elongation, the zygote repolarized and

the nucleus moves to the apex before the first asymmetric division. During zygotic cell elongation, a large central vacuole is reformed at the basal

pole.
of other polarizing cues [10]. In flowering plants, however,

in vitro experiments with rice gametes would argue

against positional information provided by the sperm

entry site as there was no correlation between its position

and polarity of the zygote [11]. Fusion with the sperm, on

the other hand, seems to be a necessary trigger for egg

activation as it causes Calcium influx and initiates

karyogamy and the activation of a zygotic transcriptional

program [12] which cannot be achieved by artificial fusion

of two egg cells.

In rice, egg activation possibly involves the paternally

provided AP2 transcription factor OsASGR-BBML1

[13��]. Overexpression of BBML1 in the egg cell leads

to proliferation without fertilization. Dominant negative

versions of BBML1 lead to developmental arrest if

expressed in the zygote. As ectopic overexpression of

BBM induces embryogenesis in somatic cells in Arabi-

dopsis [14], this family of transcription factors could be

part of a two-component system of maternal and paternal

factors that initiate a zygotic transcriptional program

similar to the BELL/KNOX transcriptional regulators

in the unicellular alga Chlamydomonas reinhardtii [15]

Zygotic gene expression
There have been conflicting reports about the timing of

the maternal-to-zygotic transition and the degree of

maternal and paternal contribution to early embryogene-

sis of flowering plants [16–21,22�]. Recent advances in

manual isolation of single cells made it possible to
www.sciencedirect.com 
generate transcriptional profiles of gametic cells and early

embryos with much higher temporal and spatial resolu-

tion and lower contamination by surrounding maternal

tissue [13��,23��,24��]. With these latest transcriptomic

data from grasses and Arabidopsis, a clear picture is

emerging.

In animals, the maternal-to-zygotic transition follows

two phases. At the beginning, development is regulated

purely post-transcriptionally by maternal mRNAs and

proteins stored in the oocyte. Later, as the zygotic

genome is activated, maternal RNAs are depleted and

zygotic mRNAs take over functionally [25]. In

flowering plants, there seems to be in principle a similar

progressive activation of zygotic bi-parental transcripts

[13��,23��,24��]. However, this transition seems to happen

rapidly in the zygote. In Arabidopsis, sperm-specific

transcripts can be detected in zygotes at 14 hours after

pollination (hap) but are dramatically reduced or absent in

zygotes at 24 hap. At the same time, egg cell-specific

transcripts are rapidly eliminated and several thousand

genes are upregulated in the zygote compared to the egg

cell [24��]. In Arabidospsis, it has been shown that

already the first zygotic cell division relies on de novo
transcription [24��]. The onset of zygotic transcription is

accompanied by rapid turn-over of gametic histones and

replacement by zygotic histones [26]. These new data

therefore further support the view that zygotic genome

activation happens very rapidly in flowering plants as

previously proposed by Nodine and Bartel [20]. However,
Current Opinion in Plant Biology 2020, 53:128–133
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Figure 2

(a)

(b)

(c) (d)
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Clonal origin of embryonic structures (after [3], modified).

(a) The first cell division gives rise to an apical (green) and basal (blue)

daughter cell. (b) Suspensor cells derived from the apical cell in

Sagina procumbens (Caryophyllaceae); shown in light green. (c) Cells

originating from the basal cell contribute substantially to the embryo

proper in Geum urbanum (Asteraceae); depicted in light blue. (d) In

Brassicaceae, only the upper-most descendent of the basal cell (light

blue) contributes to the embryo. Cells contributing to the later seedling

are marked by brackets.
these rapid transcriptome changes and the observed

intracellular reorganization of the zygote raise the ques-

tion if polarization of this cell relies on pre-existing

parental factors or if polarity establishment is an intrinsic

zygotic process.

MAP kinase signaling
Polarity of the zygote and differentiation of the first

daughter cells seem to be at least in part controlled by

a MAP kinase-dependent signaling pathway. This path-

way includes the MAP kinases MPK3 and MPK6, the

MAPK kinases MKK4 and MKK5 as well as the MAPKK

kinase YODA (YDA) [27–29] (Figure 3). Loss of YDA

impairs zygote elongation and results in symmetric cell

division. Furthermore, both daughter cells adopt embryo-

like division patterns, resulting in embryos lacking a

recognizable suspensor. Constitutive activation of the

YDA pathway leads to structures entirely consisting of

suspensor-like cells [27]. This pathway therefore seems to

promote zygote elongation and polarity and suppresses

embryonic development in the basal daughter cell [30].

One of the direct phosphorylation targets of this signaling

cascade is the transcription factor WRKY2. Together with

the HOMEODOMAIN GLABROUS (HDG) transcrip-

tion factors HDG11/12, WRKY2 activates expression of

WUSCHEL-RELATED HOMEOBOX 8 (WOX8) [31,32].
Current Opinion in Plant Biology 2020, 53:128–133 
WOX8 and WOX9 are necessary for correct suspensor

development and expression of several developmentally

important genes in the embryo [33]. WOX genes generally

play important roles as transcriptional repressor in stem

cell niches. However, these members of the evolution-

arily more ancient WOX9 clade rather seem to act as

transcriptional activators [34].

As the wrky2 mutant recapitulates certain aspects of the

yda phenotype but lacks others, there are likely additional

targets of the YDA-dependent signaling cascade in the

zygote. Potential targets could be transcription factor

complexes including the RWP-RK protein GRD/

RKD4, although GRD itself does not seem to be a direct

target [35,36]. Mutant grd embryos in principle resemble

yda embryos albeit the phenotype is less pronounced.

Some members of the RKD family play a pivotal role in

the egg-to-zygote transition [37,38]. It is therefore tempt-

ing to speculate that YDA might be involved in setting up

a zygotic genome program via GRD regulation. As the

overexpression of RKD4 can induce somatic embryogen-

esis [36], a role of RKD4 in activating a zygotic tran-

scriptome seems at least plausible.

YDA is activated in the zygote by the BRASSINOSTER-

OID SIGNALING KINASE family members BSK1 and

BSK2 [39��]. These membrane-associated proteins

directly interact with the YDA kinase domain, possibly

in a phosphorylation-dependent manner. BSK family

proteins have been described as integral part of

SOMATIC EMBRYOGENESIS RECEPTOR KINASE

(SERK)-dependent receptor complexes in various signal-

ing pathways [40–42]. These leucine-rich repeat contain-

ing co-receptors are involved in YDA-dependent devel-

opmental processes [43]. However, the receptor teaming

up with the SERK co-receptors upstream of YDA in the

embryo as well as possible ligands are still unknown.

Possible candidates include peptides of the EMBRYO

SURROUNDING FACTOR (ESF) family. Downregu-

lation by RNAi causes mild suspensor defects that can be

rescued by expression of a constitutively active variant of

YDA [44]. The spatial and temporal information provided

by these possible ligands is, however, presently unclear.

In Brassicaceae, an additional way of YDA activation exists

in the zygote. The unusual BSK family member SHORT

SUSPENSOR (SSP/BSK12) accumulates specifically in

the zygote, apparently translated from paternally inher-

ited transcripts [45]. The SSP protein lacks a regulatory

intra-molecular interaction typically seen in BSK proteins

[39��]. Resembling a constitutively active version of

BSK1, SSP can activate YDA directly after fertilization

possibly without involving canonical receptor activation

(Figure 3). As ssp mutants show slower embryonic devel-

opment and a less defined boundary between embryo and

suspensor, much like many species outside the
www.sciencedirect.com
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Figure 3

(a)
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Signaling events in the early embryo.

(a) Schematic depiction of the embryonic YDA signaling pathways.

The MAPKKK YDA can be activated by a possible receptor kinase

complex including the membrane-associated proteins BSK1/2. In

addition, paternally provided SSP directly activates YDA in

Brassicaceae. (b) Consecutive signaling events in the early embryo.

YDA activity contributes to zygote elongation, asymmetric cell division,

and differential WOX8 expression. A local, PIN7-mediated auxin

maximum in the apical daughter cell initiates 3-dimensional growth of

the embryo proper.
Brassicaceae family, this paternal input might provide a

beneficial boost of YDA activity contributing to the rapid

life cycle of Brassicaceae family members [45,46].

Auxin signaling
Many developmental processes in plants start with an

asymmetric division and almost universally seem to

involve the plant hormone auxin [47–49]. In the zygote,

however, direct evidence for a role of auxin in regulating

the first asymmetric division is lacking [30]. As the zygote

seems to elongate in a tip-growing manner similar to

pollen tubes or root hair cells, there is the possibility that

this division actually resembles a rather specialized case

independent of auxin signaling. The resulting daughter

cells, however, show differential expression of genes

involved in auxin response and transport. PIN7 in the

basal cell is thought to initiate basal-to-apical auxin
www.sciencedirect.com 
transport [50]. According to this model, three-dimensional

growth of the embryo is then initiated by an auxin response

maximum in the apical cell, re-orienting the cell division

plane [48]. Auxin responses in the apical cell, therefore,

seem to be an essential part of initiating embryonic devel-

opment. Since the differential auxin response in the two

zygotic daughter cells relies on already differentially

expressed genes of auxin transport and response [50,51],

this raises the question if auxin signaling in this context

mainly amplifies and firmly establishes already pre-exist-

ing, transient differences.

Auxin transport is intimately linked to auxin synthesis

and recent seemingly conflicting reports indicate possibly

several sources [52–54,55��]. Consistent with PIN7-medi-

ated transport from the basal cell, auxin might initially be

synthesized in maternal cells in the micropylar region that

are in direct contact with the basal daughter cell [55��].
However, once suspensor differentiation is initiated in

the basal cell, the suspensor itself seems to become an

auxin source [54].

Conclusions
Recent advances in live imaging and novel fluorescent

markers [6�,7,56] as well as transcriptomic approaches

[13��,23��,24��] have yielded new insights into the enig-

matic processes that lead to symmetry breaking in the

zygote. Polarity information seems to be ubiquitous in

plant cells and interpreted at least in part by the recently

discovered SOSEKI proteins [57��]. Their role in zygote

polarization, however, has to be investigated in detail. It is

still an open question if cell polarity in the zygote is

inherited from the parental generation or established

de novo. Does this process rely on external cues or is it

directed by an intrinsic mechanism possibly including

mechanical forces? How does the MAP kinase-WRKY-

WOX pathway integrate with auxin signaling in establish-

ing different cell identities? Recently described MPK-

dependent phosphorylation of PIN proteins might sug-

gest that this interaction could be rather direct [58�,59�].
With the recently developed and refined methods, future

research will help to answer these fundamental questions

at the very first step of plant development.
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