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Overzicht 

 

Planten hebben doorheen de evolutie verschillende genoomverdubbelingen (WGDs) 

ondergaan waarbij het somatisch chromosoomnummer verdubbeld werd met de 

vorming van tetra- en/of polyploiden. Deze verdubbeling in genoomgrootte of 

polyploïdizatie biedt de plant genetische plasticiteit en flexibiliteit om de fysiologie en 

fenologie van de plant aan te passen aan wijzigende omgevingsfactoren. Op die 

manier hebben historische genoomverdubbelingen de grote diversificatie en 

specificatie binnen het plantenrijk sterk  gestimuleerd. Hoewel het momenteel nog 

onduidelijk is hoe planten hun genoom instant kunnen verdubbelen, zijn er meer en 

meer aanwijzingen dat dit voornamelijk gebeurt via seksuele polyploïdizatie; namelijk 

door middel van de vorming van di- of polyploïde gameten (i.e. pollen en embryozak). 

Onder normale omstandigheden worden zulke gameten niet gevormd, echter recent 

onderzoek heeft aangetoond dat zowel genetische defecten als blootstelling aan 

abiotische stress kan leiden tot de ectopische vorming van di- and polyploïde pollen 

en/of embryozakken. Een recente studie in het labo In vitro Biologie en Tuinbouw 

heeft in dit verband aangetoond dat korte periodes van koude stress bijvoorbeeld 

leiden tot defecten in de meiotische celdeling en op die manier aanleiding geven tot 

de vorming van di- en polyploïd pollen (meiotische restitutie). Cytologische en 

genetische studies hebben hierbij aangetoond dat koude specifiek inwerkt op de 

laatste fase van de meiose, i.e. de cytokinese, en meer bepaald op de stabiliteit en 

biogenese van de radiale microtubule arrays (RMAs) die als het ware het cytoskelet 

vormen voor de plaatsing van de uiteindelijke celwand.  

 

In deze thesis gaan we verder in op het fenomeen van koude-geïnduceerde 

meiotische restitutie en gaan we na welke moleculaire mechanismen en 

signalisatiecascades betrokken zijn in de ectopische vorming van di- en polyploïde 

gameten na blootstelling aan koude. Meer bepaald willen we in deze thesis 

antwoorden bieden op de volgende vragen: (1) welke moleculaire factoren en 

processen zijn essentieel voor de vorming van de celwand in mannelijke meiose?, (2) 

welke genetische regulatoren en signalisatie pathways mediëren de gevoeligheid van 

meiotische cytokinese voor koudestress en (3) wordt meiotische celwandvorming en 

zijn gevoeligheid voor koude gereguleerd door één of meerder hormonen.  

 

Door middel van een combinatie van reverse genetics en cytologische analyses in de 

genetische modelplant Arabidopsis thaliana hebben we in dit onderzoek aangetoond 

dat verschillende stress-gerelateerde hormonen, zoals absicine zuur (ABA) en 

cytokinine (CK), niet betrokken zijn in de bio-genesis en koude-gevoeligheid van 

meiotische celwandvorming tijdens mannelijke sporogenese. Gibberellinezuur (GA) 

daarentegen speelt een essentiële rol in meiotische cytokinese. Aan de hand van 

exogene in endogene alteraties in de vorming en signalisatie van GA hebben we in 

deze studie aangetoond dat GA meiotische celdeling negatief reguleert en dus 
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interfereert met de vorming van normale meiotische celwandvorming. Hoewel de 

effecten van koude en ectopische GA signalisatie op meiose nagenoeg identiek zijn, 

namelijk een inductie van SDR- type meiotische non-reductie door defecten in de 

structuur van de RMAs, hebben we in deze studie ook aangetoond dat de inductie 

van meiotische restitutie onder lage temperaturen niet veroorzaakt wordt door 

endogene wijzigingen in GA metabolisme of signalisatie in de antheren. Verder 

hebben we in deze studie via reverse genetics aangetoond dat de somatische cellaag 

rond de meiocyten, i.e. het tapetum, een cruciale rol speelt in de vorming van de 

meiotische celwand. Meer nog, aangezien het algemeen geweten is dat het tapetum 

heel gevoelig is voor abiotische stress, geven deze vindingen aan dat 

koude-geïnduceerde meiotische restitutie mogelijks veroorzaakt wordt door alteraties 

in de fysiologie en vitaliteit van het omgevende tapetumweefsel. Als laatste deel 

omvat deze studie ook een karakterisatie en van een eerder geïsoleerde Arabidopsis 

thaliana EMS mutant die partiële inductie van meiotische restitutie vertoont in 

mannelijke sporogenese, net zoals wanneer planten blootgesteld worden aan koude. 

Door middel van positionele clonering en complementariteitstudies hebben we 

aangetoond dat deze lijn een hypomorfe mutatie bevat in het DUET gen. DUET eiwit 

reguleert de transcriptie van een batterij meiose-gerelateerde genen, waaronder die 

nodig voor de organisatie en oriëntatie van spoelfiguren in Metaphase II, en speelt op 

die manier een belangrijke rol in de regulatie van de meiotische celdeling en 

gametofytische ploïdiestabiliteit.  De sterke fenotypische gelijkenis tussen de 

meiotische defecten in de duet mutant en deze geïnduceerd door koude wijzen 

bovendien ook op een mogelijke centrale rol van DUET in de regulatie van de 

koude-geïnduceerde meiotische restitutie en sexuele polyploïdizatie.    
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Summary 

 

Whole genome duplication (WGD) or polyploidization has been found to occur 

repeatedly in the history of plant evolution. Polyploid plants have higher adaptive 

plasticity and harbor more genetic materials for speciation and diversification, in 

addition to advantages on agricultural and economic traits. Formation of diploid 

gametes is considered the main driver of polyploidization and can emerge upon 

pre-meiotic or post-meiotic defects or result from meiotic restitution. Meiotic restitution 

represents the cytological alterations occurring during meiotic cell division that lead to 

diploid gamete production, which can be evoked through three mechanisms: i.e. 

omission of meiosis cell cycles, fused or parallel spindles, and incomplete meiotic 

cytokinesis.  

 

The plant’s capacity to reproduce sexually is strongly dependent on the environmental 

growth conditions with temperature as an important climate factor. Previously it has 

been reported that short periods of cold stress can induce meiotic restitution and 

diploid male gamete formation in Arabidopsis thaliana by specifically interfering with 

the male meiotic cytokinesis program. Since many genetic regulators and signaling 

pathways have been identified, we embarked on a survey of candidate mediators of 

cold sensitivity and response, and investigated their potential role in male meiotic 

cytokinesis. 

 

The overall approach combined both reverse and forward genetics. Chapter 1 firstly 

provides a general introduction of the basic knowledge related to this Ph.D research, 

including plant microsporogenesis and -gametogenesis, male meiotic cytokinesis, 

polyploidization and meiotic restitution. Since both cold stress and the phytohormone 

gibberellic acid (GA) are involved in multiple aspects of the plant male reproductive 

pathway, we then discuss the influences and regulatory role of cold stress and GA in 

the control of plant male reproductive development. Chapter 2 lists the methods and 

materials used in this study. In chapter 3 we test the putative involvement of the 

stress-responsive hormones; e.g. abscisic acid (ABA) and cytokinin, in the cold 

sensitivity of Arabidopsis male microsporogenesis, by testing exogenous hormone 

application and mutant study. Our data suggest that both the ABA and cytokinin 

signaling pathway are not likely involved in the cold sensitivity of male meiotic cell 

division in Arabidopsis. GA signaling has repeatedly been found to regulate male 

reproductive development and also mediate the response of plant development to 

abiotic stresses including cold stress in many plant species. In chapter 4, we 

demonstrate that constitutively activated GA signaling in the Arabidopsis tapetum 

induces defective male meiotic cytokinesis and consequently leads to 2n gamete, 

suggesting a negative role of GA in male meiotic cell division likely via a non-cell 

autonomous mechanism. Driven by the highly similar cellular mechanisms of GA- and 

cold-induced male meiotic restitution in Arabidopsis, we hypothesized that 

DELLA-dependent GA signaling mediates the cold response of male sporogenesis in 
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Arabidopsis. Moreover, chapter 5 presents the evidence demonstrating that although 

GA also primarily induces second division restitution (SDR)-type 2n pollen in 

Arabidopsis similar to cold stress, both increased- and/or decreased bioactive GA 

levels, or alterations in endogenous GA signaling do not influence the cold sensitivity 

of Arabidopsis male meiotic cytokinesis. Actually, as the case in developing rice 

anthers, cold stress leads to reduced GA level and causes DELLA accumulation in 

developing flower buds. These findings demonstrate that cold-induced male meiotic 

restitution and 2n gamete formation in Arabidopsis is not mediated by the GA-DELLA 

signaling pathway. As the main site in developing anther where GA signaling acts to 

regulate male reproductive development, the tapetal cell layer has a special role in 

promoting microsporogenesis; e.g. unicellular spore release, and pollen development; 

e.g. outer pollen wall formation. In chapter 6, we performed cytological analysis on a 

series of tapetum development mutants to demonstrate that a functional tapetum at 

early flower development is required to complete male meiotic cell division. More 

specifically, disrupted tapetum development at early stages leads to disorganized 

callosic cell wall formation in tetrad cells, and therefore causes abnormal meiotic 

cytokinesis with associated defective tetrad formation. In addition to reverse genetic 

studies, we also continued a forward genetics screen for Arabidopsis mutants that 

display meiotic restitution and diploid gamete formation. More specifically, in chapter 

7, we report that the Arabidopsis mutant male meiotic restitution 3-9-28 (mmr3-9-28), 

previously isolated in this screen, has a defect in male meiotic cytokinesis and 

produces a sub-population of diploid male gametes due to defects in radial 

microtubule array (RMA) formation. Whole genome sequencing analysis and 

complementation studies revealed that the causative mutation in mmr3-9-28 is in the 

DUET/MMD1 gene, encoding for a transcriptional regulator of a broad range of 

meiotic proteins, such as JASON and TDM1. In chapter 8, we conclude with a 

general discussion and perspectives of this Ph.D study.  
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Scope 

 

Male meiotic cytokinesis is the last step of male meiotic cell division, and successful 

meiotic cell wall formation between separated haploid chromosome sets is essential 

for haploid microspore production. Although several genetic regulators and signaling 

cascades have been identified playing a role in male meiotic cytokinesis, more 

detailed genetic mechanisms remain largely unknown. Therefore, one of the major 

objectives of this Ph.D study aims to make progress in the understating on detailed 

regulatory mechanisms of male meiotic cytokinesis. More specifically, we are trying to 

address the question in addition to the TES-ANP-ANQ-MPK4 regulatory module, what 

other molecular factors and the underlining mechanisms are involved in regulation of 

male meiotic cytokinesis? On the other hand, short periods of cold stress have been 

found to induce male meiotic restitution with resultant diploid or polyploid gamete 

formation in flowering Arabidopsis plants. Detailed cytological studies revealed that 

cold stress specifically causes alterations in the formation and organization of meiotic 

cytoskeleton structure radial microtubule arrays (RMAs) at the end of male meiosis, 

which consequently leads to incomplete cytokinesis and 2n male gamete formation. 

However, the involved genetic mechanisms have not been revealed. In this study, our 

main interest and effort are to uncover the genetic regulators and signaling pathways 

that mediate the cold sensitivity and response of male meiotic cytokinesis in 

Arabidopsis, the answer of which may provide insights into the understanding of the 

regulation of male meiotic cytokinesis, and also make progress on unearthing the 

mechanisms how plant reproductive system sense and response to environment 

alterations. Moreover, since plant hormones regulate many physiological activities 

during plant development, and are largely involved in mediating the response of plant 

development to abiotic stress, we are interested to explore the putative involvement of 

stress-responsive hormones in the cold sensitivity of plant male meiosis.  

 

In this study, using reverse genetic approaches, we have tested the influence of 

alterations in metabolism and/or signaling of several cold-responsive plant hormones; 

e.g. ABA, CK and GA, on the cold sensitivity and response of Arabidopsis male 

meiosis. In addition, we evaluated the role of GA in the regulation of Arabidopsis male 

meiotic cell division, and tried to reveal the genetic mechanisms mediated. As the 

tapetum tissue is important for male reproductive development and acts as central 

site sensing abiotic stresses, the role of tapetum in Arabidopsis male meiotic cell 

division was also studies by mutant examination. Additionally, driven by the interest to 

identify novel genetic regulators that control male meiotic cytokinesis, we also 

performed a forward genetic study by analyzing an EMS mutant, male meiotic 

restitution 3-9-28 (mmr3-9-28), which undergoes defective male meiotic cytokinesis 

during male meiotic cell division that eventually leads to male meiotic restitution and 

diploid gamete formation.  
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Summarized, the goal of this work was to identify the molecular factors and signaling 

pathways involved in male meiotic restitution and diploid gamete formation through 

defects in cytokinesis, with an emphasis on those factors that are playing a role in 

cold-induced meiotic restitution. The knowledge acquired from this work provides 

insight into the response of the male plant reproductive organ to cold spells, and 

identifies genetic factors required for maintaining gamete ploidy consistency, which 

may contribute to the trace of the clue and mechanism of how environment conditions 

affect plant genome polyploidization. Moreover, identification of genetic factors and 

signaling modules involved in regulation of plant meiosis may help to design and 

practice approaches for controlling ploidy of crops, and the progressed understanding 

on the mechanisms of how plant reproductive development responses to cold stress 

may benefit for future agriculture application by contributing to breeding 

temperature-resistant crops.   
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Chapter 1 Introduction and literature study 

 

Summary 

 

This chapter consists of three parts (part A, B and C). Part A as a general introduction 

introduces basic knowledge and information on plant genome polyploidization and the 

genetic and/or cytological mechanism involved. Acting as the main driving force of 

diploidization and/or polyploidization, defects occurring during male meiotic cell 

division lead to the happening of male meiotic restitution. The molecular mechanisms 

of meiotic restitution are also presented and discussed in part A. 

 

At the same time, since extreme temperature alterations; e.g. low temperature stress, 

have great influences on plant growth and development especially for male 

reproduction and male fertility, part B specially reviews the impact of cold stress on 

male reproductive development processes, such as stamen development, 

microsporogenesis and gametogenesis.  

 

Plant male reproductive development is controlled tightly by hormone signaling 

network and a lot of studies have revealed an indispensable role of gibberellic acid 

(GA) in regulating early-to-late male reproductive physiological events. Part C 

comprehensively reviews the regulatory function of GA and DELLA-dependent GA 

signaling in several main male reproductive programs, as well as the putative role of 

GA in modulating the response of male reproduction to temperature stresses. 

Particularly, some biological questions that are targeted by this Ph.D study are 

presented at the end of each part. 

 

This chapter will provide us with a comprehensive understanding on the background 

knowledge of male meiotic restitution, and the influence of environmental factor; i.e. 

cold temperature and plant hormone GA on several main male reproductive 

development processes. Moreover, it will make us have a better idea of several main 

purposes for pursuing this Ph.D study. 

 

The part B and part C are currently in preparing as review paper manuscripts for 

publication. 
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Part A General introduction 

Microsporogenesis and gametogenesis 

 

Male reproduction is the process of the formation of haploid male gamete, which 

includes microsporogenesis and gametegenesis, and is important for male fertility and 

plant yield. Microsporogenesis starts from initiation of male meiosis and ends with the 

production of haploid spores; while gametogenesis consists of microspore 

development, pollen wall formation and maturation, with formation of tricellular pollen 

grains (McCormick, 2004; Wilson and Yang, 2004b; Borg et al., 2009a). The 

processes of microsporogenesis and gametogenesis and the involved main events 

are presented in figure 1. 

 

In seed plants, when mitosis is terminated followed by a prolonged resting stage, 

pollen mother cells (PMCs) starts to undergo male meiosis. Compared with mitosis, 

during which sister chromatids in a mother cell separate from each other followed by 

mitotic cytokinesis consequently leading to the formation of two identical daughter 

cells (Fig. 1C), meiosis is a specialized cell division to mitosis since during male 

meiotic cell division, nuclei divide two times after one round of genome duplication, 

which consequently leads to four haploid daughter cells (Fig. 1A and B). In meiosis I, 

homologous chromosomes separate but sister chromatids keep connected with each 

other because of the function of cohesion proteins. At prophase, homologous 

chromosomes pair and meiotic recombination occurs at certain regions along 

homologous chromosomes resulting in formation of chiasmata and reciprocal 

exchange of genetic materials from parental homologues (Fig. 1A1 and B1). The 

formation of bivalent and meiotic recombination is required for balanced chromosome 

segregation in following steps and also supplies a source of genome diversification in 

generations. At anaphase I, homologous chromosomes separate from each other and 

each chromosome contains two identical sister chromatids (Fig. 1A3 and B3). 

Separating of homologous chromosomes in meiosis I consequently leading to half 

number of chromosomes in each cell polar, therefore meiosis I is indeed a reductional 

cell division cycle. During meiosis II, sister chromatids disjoin and are pulled to 

opposite cell polar by spindles with formation of four sets of haploid chromosome set 

at telophase II stage (Mercier et al., 2015) (Fig. 1A5 and B5). Since meiosis II does 

not cause additional reduced chromosome number, it resembles a mitotic cell division 

(Fig. 1A3 to 5; B4 to 6). After male meiosis, the nucleus in PMC with somatic 

chromosome number divides into four haploid nuclei each harboring halfly-reduced 

chromosomes. At the end of male meiotic cell division, cell walls will be constructed 

between separated haploid nuclei preventing them from fusing, and this process is 

termed ‘meiotic cytokinesis’ (introduced in detail below) that ends up with production 

of four haploid spores (De Storme and Geelen, 2013b) (Fig. 1A5 to 6; B4 and 6). After 

completion of meiotic cytokinesis, callosic cell walls surrounding tetrads is digested by 

callase secreted by tapetum and the haploid spores are released leading to 
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production of unicellular microspores (Fig. 1A; 6 to 7), which represents finishing of 

microsporogenesis and initiation of gametogenesis (Borg et al., 2009b) (Fig. 1A). 

 

The process of microspores development and pollen maturation is termed 

‘gametogenesis’. Newly formed young microspores develop into maturate pollen 

grains accompanied with two rounds of mitotic divisions and cell wall construction and 

many other physiological activities. When released from tetrads, unicelullar 

microspores develop with increased size and undergo an asymmetric mitosis leading 

to formation of a larger vegetative cell in central of the microspore and a smaller 

generative cell close to the cell wall (the first pollen mitosis) (Fig. 1A7 to 8). The 

generative cell then undergoes another but symmetric mitosis forming two identical 

sperm cells (the second pollen mitosis) (Fig.1 A8 to 9). During pollen development, 

pollen wall components; e.g. exine, are loaded onto the surface of the developing 

microspores, which thus consequently contributes to production of mature, tricellular 

and double-layer pollen grains with increased size (Fig. 1A9 to 11). The central 

vegetative cell eventually develops into pollen tube by tip growing, through which the 

two sperm cells are released into embryo sac during double fertilization (McCormick, 

2004).  

 

Both alterations in external environment conditions and endogenous genetic defects 

may disrupt the formation of mature viable haploid pollen grains by interfering with 

microsporegenesis and/or gametogenesis, leading to sterility, generation of aneuploid, 

diploid and/or polyploid progeny. Because of the significance to breeding, agricultural 

development and to the expansion of the understanding of plant reproductive 

development, the study and exploration of mechanisms that control physiological 

development processes and the response to abiotic stresses during 

microsporogenesis and gametogenesis is certainly very needed.
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Figure 1. Schematic presentation of the genetics of microsporogenesis, gametogenesis and mitosis. A, Microsporogenesis and gametogenesis in dicot plants, 

representing simultaneous type meiotic cytokinesis. B, Microsporogeneis in monocot plants, representing successive type meiotic cytokinesis. C, Mitotic cell 
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division. The numbers indicate different cell division and/or pollen development processes. One pair of homologous chromosome and one somatic 

chromosome are used for description.
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Male meiotic cytokinesis 

 

After meiosis, PMCs start to undergo cytokinesis to separate the cytoplasm and to 

complete male meiotic cell division. Successful meiotic cytokinesis leads to cell walls 

serving as barriers between separated haploid chromosome sets and hence assures 

balanced reductional cell division after chromosome segregation. Male meiotic 

restitution and male sterility induced by interfered male meiotic cytokinesis have been 

documented previously and have been reviewed elsewhere (De Storme and Geelen, 

2013b). In plants, male meiotic cytokinesis is either successive or simultaneous (Fig. 

1A and B). For the successive type meiotic cytokinesis, which is mainly documented 

in monocot plant species; e.g. rice and maize, each round of chromosome 

segregation is followed by cytokinesis. Therefore, in these plants, one cell plate is 

constructed following meiosis I with a dyad being formed, and after meiosis II, another 

cell plate is formed leading to formation of a tetrad (Fig. 1B), resembling mitotic 

cytokinesis (Fig. 1C). On the other hand, for the simultaneous type cytokinesis, which 

mainly is documented in dicot plants; e.g. Arabidopsis, the cell plate does not form 

after meiosis I, and the formation of cell plate only take places when sister chromatids 

have separated at the end of male meiosis, leading to formation of a tetrad directly 

(Fig. 1A) (De Storme and Geelen, 2013b).  

 

The formation of the cell plate is mediated by vesicles that are targeted to the central 

midpoint between the separated chromosomes where they fuse an engage in the 

polymerisation of UDP-glucose into callose. The transport of vesicles is guided by an 

array of microtubules, actin filaments and associated molecular factors, which also 

serves as the framework for the positioning of the cell plate and is referred to as 

phragmoplast (Fig. 2B) (Otegui et al., 2005). During mitotic cytokinesis, cell plate 

components are transported to the midline of the phragmoplast from Golgi and 

sebsequently fuse with each other, leading to the construction of cell plate (Otegui et 

al., 2005). Two homologous microtubule motor kinesins, PAKRP1/Kinesin-12A and 

PAKRP1L/Kinesin-12B play an important role in the functioning of the phragmplast 

and the mobility of vesicels (Lee et al., 2007). Cytokinesis during male meiosis also 

relies on a phragmoplast like microtubular structure but here many small cytoskeletal 

structures appear simultaneously between the nuclei. These structures are referred to 

as the radial microtubule array (RMA) (Fig. 2A and Fig. 3A), which consists of actin 

filaments and microtubules produced by microtubule organizing centers (MTOCs) 

localized on the outer surface of the telophase II nuclei (Brown et al., 1996; 

Shimamura et al., 2004). Defects in RMA formation and/or organization lead to 

incomplete cell walls during meiotic cytokinesis and cause meiotic restitution 

(Spielman et al., 1997a; De Storme et al., 2012b). By performing immunolocalization 

of microtubules using ɑ-tubule antibody, the RMA structure can be visualized, which is 

an effective approach to examine the mechanism of alterations in meiotic cytokinesis. 

When the cell plate is determined and formed, callose is deposited on the division site 

and outer cell wall of male meiocytes to separate the haploid nuclei and to form intact 

tetrads (Fig. 3B) (Teng et al., 2005). Successful callose deposition and callose cell 
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wall construction is essential for regular meiotic cytokinesis, and incomplete and/or 

omission of callosic cell wall formation may lead to fusing of separated haploid nuclei 

and hence lead to meiotic restitution and diploid gamete production (De Storme et al., 

2012b).  

 

The plant meiotic cytokinesis program is controlled by a series of genetic regulators 

through mutant analysis (De Storme and Geelen, 2013b). Arabidopsis 

TES/STUD/AtNACK2 is required for RMA formation therefore is essential for cell plate 

formation during meiotic cytokinesis. Arabidopsis tes and/or stud mutant plants 

undergo irregular callosic cell wall formation during male meiotic cytokinesis 

displaying meiotic restitution and diploid gamete production (Spielman et al., 1997a; 

Yang et al., 2003a; Oh et al., 2008b). Several studies revealed that male meiotic 

cytokinesis in Arabidopsis is controlled by MAPKKK (ANP)-MAPKK6 (ANQ)-MAPK4 

regulatory module, a mitogen-activated protein kinase (MAPK) cascade, which is 

under control of TES/STUD/AtNACK2 (Soyano et al., 2003b; Kosetsu et al., 2010; 

Takahashi et al., 2010b; Zeng et al., 2011). Mutation in one or more of these 

components leads to unsuccessful male meiotic cytokinesis and meiotic restitution. 

The downstream targets regulated by MPK4, which control cell plate formation and 

meiotic cytokinesis in PMCs have not been identified yet. However, it has been 

demonstrated that MPK4 is able to activate microtubule-associated proteins MPK65-1, 

-2 and -3, which function in determination of cell plate positioning and formation of the 

cell plate in mitotic cell cycles (Muller et al., 2004; Mao et al., 2005b; Kohler et al., 

2010; Sasabe et al., 2011). But whether these MAP65 proteins are the microtubule 

regulators of RMA structure and regulate male meiotic cytokinesis, remains to be 

determined. Moreover, recent studies in Arabidopsis suggest a putative role on 

tapetum in regulating male meiotic cytokinesis. In Arabidopsis ems1 and tpd1 mutant 

plants, which are defective for tapetal cell fate determination and produce excessive 

PMCs, male meiosis is not omitted but male meiotic cytokinesis is arrested, leading to 

failed male sporogenesis and steriity (Yang et al., 1999; Zhao et al., 2002b; Yang et al., 

2003d; Yang et al., 2005a). These reports suggest that tapetum development may be 

required for meiotic cytokinesis progression and male meiosis completion. 

 

In addition to internal regulatory factors, external cues; e.g. environment stresses 

have been found to have influences on meiotic cytokinesis progression and meiotic 

cell division conpletion. In Arabidopsis, short periods of low temperature treatment 

induce male meiotic restitution and diploid diploid and/or polyploid gamete formation 

(De Storme et al., 2012b). Cytological analysis revealed that the cold-induced 

alterations in male sporogenesis and gamete ploidy stability are due to interfered 

callosic cell wall formation during male meiotic cytokinesis, but not by the defects in 

chromosome segregation. Under cold stress, the formation and organization of 

meiotic microtubule RMA are disrupted; however, the spindle structures are not 

affected. These observations indicate that cold-interfered male meiotic cytokinesis is 

mediated by one or more genetic pathways but not a physical effect on microtubular 

dynamics. Similarly, in wheat, low temperature stress was reported to deregulate male 
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meiotic cytokinesis after meiosis I by evoking defects in phragmoplast organization 

and cell plate determination. In support of these, many cytoskeleton-related genes are 

reprogrammed upon the cold stress (Tang et al., 2011a). These reports suggest that 

the male meiotic cytokinesis program in both dicot and monocot plant species are 

sensitive and responsive to cold stress.  

  

Although male meiotic cytokinesis is essential for male meiotic cell division and 

haploid spore formation, compared with mitotic cytokinesis, however, the genetic 

mechanisms involved in regulation of meiotic cytokinesis is less understood. 

Moreover, since cold stress induces meiotic restitution and diploid diploid gamete 

formation in Arabidopsis by specifically interfering with male meiotic cytokinesis, the 

exploring and identification of the underlining molecular factors and signaling 

pathways may provide us the basic understanding of how meiotic cytokinesis is 

controlled and how male sporogenesis senses and reacts to the low temperature 

conditions. Additionally, the effort to reveal the genetic mechanisms may supply a clue 

to trace the putative influence of environment factors on the polyploidization of seed 

plants.  
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Figure 2. Cytoskeleton organozation during male meiotic cytokinesis (A) and mitotic cytokinesis (B).



 21 

 

 

Figure 3. Cell plate formation and cell wall construction during cytokinesis in wild type Ler 

Arabidopsis meiocytes. A, RMA structure in Ler PMC. B, Callosic cell wall in Ler PMC. Scale 

bars = 10  

 

Plant genome duplication and/or polyploidization 

 

Relative to haploid and diploid organisms, which process one or two sets of nuclear 

chromosomes, polyploidy is refered to the ones that contain three or more 

chromosome sets. In the history of plant evolution, genome duplication and/or 

polyploidization have been found to occur repeatedly, which have been traced and 

identified using whole genome sequencing and other molecular approaches (Gaut et 

al., 2000; Adams and Wendel, 2005a; Paterson et al., 2012). Duplicated and/or 

polyploid genetic materials confer plants with increased genomic plasticity which 

hence may act as driving force of speciation and diversification, and therefore may 

supply plants with advantages on a evolutionary perstective (Otto and Whitton, 2000; 

Hegarty and Hiscock, 2008; Leitch and Leitch, 2008; Soltis et al., 2009). Many 

agricultural and economic crops and fruits are polyploid, such as tetraploid cotton, 

triploid watermelon and hexaploid wheat. However, despite significant meaning in 

plant evolution and agricultural development and although that many progress has 

been made to uncover the genetic mechanisms involved in plant genome 

polyploidization, some questions still remain to be addressed. For example: 1. What 

are the genetic factors and signalnig pathways that play key roles in contributing to 

polyploidization? 2. Whether and how environmental cues drive the occurence of 

polyploidization?  

 

Genome duplication and/or polyploidization can be induced by either somatic 

polyploidization or sexual polyploidization. In the former case, formation of polyploid 

tissue through endomitosis and/or incomplete mitosis may lead to production of 

polyploidy. Sexual polyploidization, however, is caused by formation of diploid gamete 
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that harbors somatic chromosome number. Sexual polyploidization, or sexual 

nonreduction, is considered as the main source of polyploidization, which can be 

sub-classified into three patterns; i.e. pre-meiotic nonreduction, meiotic restitution and 

post-meiotic polyploidization. Many effort have been devoted to revealing the genetic 

regulators that possess a function in controling haploid gamete formation. In 

Arabidopsis, for example, loss of function of GLUCAN SYNTHASE-LIKE8 (GSL8) that 

is required for cell plate formation in both PMCs and somatic cells, leads to 

endomitosis resulting in duplicated genome ploidy in somatic cells and PMC 

progenitor cells, consequently resulting in diploid male gamete production (De Storme 

et al., 2013b). Similarly, occurrence of oversized tetrads in Brassica hybrids and 

orchids also suggests the pre-meiotic pattern of nonreduced gamete formation (Teoh, 

1984; Mason et al., 2011). In contrast, post-meiotic diploid gamete formation is due to 

defects occur after meiotic cell division. In this case, formed haploid microspores 

undergo an additional genome duplication and hence consequently develop into 

diploid pollen grains (De Storme and Geelen, 2013c). Nevertheless, however, it is 

considered that diploid gamete is mainly induced by the defects occuring during 

meiotic cell division; i.e. meiotic restitution (Fig. 4) (to be introduced in details later).  

 

Male meiotic restitution 

 

Male meiotic restitution indicates for the events that diploid PMCs produces diploid 

and/or polyploid male gamete due to alterations happening during male meiotic cell 

division (Bretagnolle and Thompson, 1995a; Ramsey and Schemske, 1998b). 

Generally, cytological defects leading to meiotic restitution can be classified into three 

groups: 1. Omission of meiosis cell cycles. 2. Parallel and/or fused spindles. 3. 

Incomplete meiotic cytokinesis (Fig. 4) (Ramanna and Jacobsen, 2003a). PMCs 

undergo two rounds of chromosome segregation and nuclear division, and therefore 

consequently produce four haploid spores. Omission of one and/or both division 

cycles may lead to diploid or polyploid gametes. Several genetic factors controlling 

meiotic cycles have been found and the corresponding mutants display meiotic 

restitution with diploid gamete formation. Arabidopsis DYAD/SWITCH1 (SWI1) is 

required for chromosome organization and segregation, and Ravi et al previously 

reported that lesions in its function cause omission of the meiosis I and instead 

converting to a mitosis (Mercier et al., 2001; Ravi et al., 2008a). Similar meiotic 

alterations have also been found in maize AMEIOTIC1 (AM1) mutant (Pawlowski et 

al., 2009). Moreover, altered activity in Arabidopsis OSD1/ GIG1 and TAM/CYCA2;1, 

whose function is essential for progression of meiosis; i.e. transition from meiosis I to 

meiosis II, evokes happening of omited meiosis II with resultant diploid gamete 

production (d'Erfurth et al., 2010a). These findings collectively indicate that complete 

meiotic cycles are indispensable for haploid gamete formation and a disrupted one 

may cause gamete ploidy stability in plants. 

 

In addition to normal meiotic progression, proper meiotic chromosome segregation 

requires correct spindle formation and organization during meiotic cycles, and 
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defective spindle construction and/or oritation may also result in failed meiosis and 

diploid gametes (Fig. 4). In Arabidopsis, mutations in Jason and Atps1 drive the 

occurrence of parallel, fused, and tripolar spindles during meiosis II and hence 

interfere with the formation of four haploid chromosome set at telophase II, 

consequently leading to failed cell wall formation between chromosome sets and the 

production of diploid gamete (d'Erfurth et al., 2008a; De Storme and Geelen, 2011). 

Similarly, potato ps mutant exhibits meiotic restitution and produces diploid gametes 

due to defective spindle organization (Mok and Peloquin, 1975a). 

 

Moreover, gamete ploidy instability may occur through incomplete meiotic cytokinesis 

(Fig. 4). After meiotic chromosome segregation, cell walls that are composed of 

callose are essentially formed between haploid chromosome sets and act as barriers 

separating haploid nuclei and preventing them from fusing. Defects in cytokinesis may 

lead to incomplete cell walls resulting in the formation of dyads, triads and/or monads, 

which eventually develop into enlarged diploid and/or polyploid male gametes. 

Remarkablely, short periods of cold stress has been found to induce male meiotic 

restitution in Arabidopsis by specifically interfering with male meiotic cytokinesis, and 

consequently leads to diploid gamete (De Storme et al., 2012b). More specifically, the 

cold stress interferes with the formation of meiotic cytoskeleton radial microtubule 

array (RMA) at telophase II and therefore disrupts the construction of callosic cell 

walls in tetrads. 

 

According to the genetic makeup of diploid gamete, male meiotic restitution can be 

classified into first division restitution (FDR) and second division restitution (SDR) (Fig. 

4) (Kohler et al., 2010). Compared with normal meiotic products, in which case the 

four haploid spores harbor one copy of haploid chromosome set, respectively (Fig. 4), 

FDR- and/or SDR-type diploid gametes either contain diploid heterozygous 

chromosome set, or contain diploid homologous chromosome makeup. For FDR, 

alterations take place in meiosis I and therefore at the end of male meiosis, 

homologous chromosomes do not properly segregate but sister chromatids 

successfully disjoin from each other, leading to formation of diploid gamete that 

contains high heterozygous genetic background. On the other hand, for SDR, process 

of meiosis I is unaffected but segregation of sister chromatids is defective, which 

results in diploid gamete with homologous genetic information (Fig. 4). Generally it is 

considered that individuals with chromosome recombination have adaptive abilities 

over the ones with no parental chromosome recombination (Carputo et al., 2003), the 

FDR-type diploid gametes with increased genotypic diversity hence may have an 

evolutionary advantages over the SDR-type diploid gametes. 

 

In this study, we aim to find out the genetic factors and signaling cascades that 

mediate the cold-induced meiotic restitution in Arabidopsis. As an objective of this 

Ph.D research, identification of these genetic regulators and signaling pathways will 

promote our understanding of genetic mechanisms controlling male meiosis, the 
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signaling pathways that may explain how do plants response to cold, and whether and 

how environment conditions play role in plant genome polyploidization. 
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Figure 4. Cytological mechanisms leading to plant male meiotic restitution. Male meiotic restitution can be induced by omission of meiosis cell cycles, fused 

and/or parallel spindles and incomplete meiotic cytokinesis. According to the genetic makeup of the diploid gamete, meiotic restitution can be classified into first 

division restitution (FDR) and second division restitution (SDR).



 26 

Part B Responses of the male reproductive system to cold 

stress 

 

Relevance of low temperature stress to plant reproduction 

 

Being sessile organisms, plants develop adaptive responses to environmental 

conditions (e.g. temperature, water and light) to accommodate successful male 

reproduction. Extreme alterations in abiotic conditions can cause irregular 

development of the male reproductive system with consequences for plant fertility (De 

Storme and Geelen, 2014b; Zinta et al., 2016). In particular the male reproductive 

tissue is sensitive to both heat and cold stress (reviewed in (Zinn et al., 2010; De 

Storme and Geelen, 2014b; Rieu et al., 2017)). Cold-stressed rice plants before 

and/or during panicle development display reduced fertility (Hayase et al., 1969; 

Shimono et al., 2007). In addition, low temperature stress (for example, 13°C for 15 

days) causes defects in rice reproductive development and leads to different degrees 

of yield reduction among rice cultivars with varied cold-tolerance (Ye et al., 2009; 

Ghadirnezhad and Fallah, 2014). Similar observations were made in spring wheat 

(Triticum aestivum L.) (Subedi et al., 1998). Since low temperature stress is critical for 

crop reproduction and seed yield, efforts has been devoted to the screening for 

cold-tolerant crop cultivars, and to identify quantitative trait loci (QTL) associated with 

cold response-related physiological and metabolic elements (Cruz et al., 2006; Nahar 

et al., 2009; Ye et al., 2009; Zhang et al., 2014a; Pan et al., 2015; Fukushima et al., 

2017).  

 

During plant male reproduction, after the specification of stamen tissues, pollen 

mother cells (PMCs) in locules within developing anthers undergo male meiotic cell 

division and meiotic cytokinesis, resulting in formation of four haploid daughter cells 

which are referred to as microspores (McCormick, 2004; Scott et al., 2004b; Wilson 

and Yang, 2004a). Each haploid microspore develops into a mature pollen grain, 

during which haploid nuclei undergo two rounds of mitotic cell division and the 

developing microspores become encased in a rigid pollen cell wall (McCormick, 2004; 

Scott et al., 2004b; Wilson and Yang, 2004a). Male reproductive development mainly 

consists of stamen development, sporogenesis and gametogenesis and these 

processes are tightly regulated by genetic networks (McCormick, 2004; Twell et al., 

2006; Borg et al., 2009a; Wilson and Zhang, 2009; De Storme and Geelen, 2013e; 

Zamariola et al., 2014; Mercier et al., 2015). Here, we summarize the latest reports on 

the effect of low temperature stress on plant stamen development, male sporogenesis 

and gametogenesis, and we discuss the putative genetic and cytological mechanisms 

involved.  

 

Cold stress influences tapetum development 
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Stamens are reproductive tissues in flowers and develop from floral meristem. The 

specification of floral organs is genetically controlled by homeotic determinant genes 

that function coordinately defined as ‘ABC model’, based on genetic studies with 

Arabidopsis thaliana and Antirrhinum majus (Jack, 2004). Stamen tissue harbors the 

anther where sporophytic cells give rise to gametophytic cells, and anthers supported 

by filaments. The wall of the anther consists of an inner cell layer, the tapetum, that 

surrounds developing microspores supplying them with various nutrition and cell wall 

components (McCormick, 2004; Scott et al., 2004b; Wilson and Yang, 2004a). 

Anthers with a defective tapetum are unable to develop mature pollen and resulting in 

male infertility (Wilson and Yang, 2004b; Aya et al., 2009c). Because environmental 

abiotic stresses have strong impact on tapetum development and functioning, it is 

considered as an important hub for sensing internal as well as external cues and 

integration of these signals to control timing of microsporogenesis and pollen 

maturation (Parish et al., 2012; De Storme and Geelen, 2014b; Sharma and Nayyar, 

2014a).  

 

The effect of low temperature on tapetum development is in particular of importance 

for those crops that show reduced seed set in cooler climates such as rice (Thakur et 

al., 2010; Zinn et al., 2010; Sharma and Nayyar, 2016). Low temperature reprograms 

gene expression and promotes protein degredation in the rice tapetum (e.g. heat 

shock protein 70 and UDP-glucose pyrophosphorylase) during microspore 

development stages (Imin et al., 2004; Yamaguchi et al., 2004). Cytological studies of 

cold treated rice plants revealed that the tapetum shows the most prominent changes 

upon cold stress causing hypertrophy of tapetal cells with associated decreased 

sporogenous cells and reduced male fertility particular during tetrad stage when 

unicellular microspores are generated (Oliver et al., 2005; Gothandam et al., 2007; 

Sakata et al., 2014b). In chickpea, low temperature stress (under 8°C) during 

reproductive development results in flower abortion and reduced fertility (Nayyar et al., 

2005).  

 

Transcriptome studies of small RNAs revealed that miRNAs may mediate the cold 

responses of anther development by modulating the expression of downstream 

targets that are expressed in wheat young spikes and involved in anther development 

(Song et al., 2017). The endoplasmic reticulum (ER) plays a role in secretion of 

intracellularly produced molecules and is sensitive to environment stresses (Xu et al., 

2005; Liu and Howell, 2010). In tapetal cells of maize, ER-derived vesicles mediate in 

the transport of β-1,3-glucanase that is required for callose degeneration during 

microspore development (Li et al., 2012b; Ünal et al., 2013). Continuous low 

temperature (16–20 °C) causes alterations in ER configuration in rice tapetal cells 

(Gothandam et al., 2007). Thus, cold-induced defective tapetum development may be 

partially due to impeded ER function.  

 

Hormone signaling has been suggested to mediate cold-induced defective tapetum 
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development. Real-time quantitative PCR and histological analysis suggest that the 

cold induced male sterility is mediated by GA-DELLA signaling pathway (Sakata et al., 

2014a). In developing Arabidopsis seedlings, freezing temperature evokes a rapid 

increase in expression of cold-responsive factor CBF1/DREB1b, which leads to 

subsequent activation of GA catabolism by GA2-oxidase enzymes. The reduced 

endogenous GA level results in DELLA protein accumulation, which are transcription 

inhibitors that suppress plant growth and development (Achard et al., 2008b).  

 

During pollen development, tapetal cells undergo programmed cell death (PCD) 

which is crucial for pollen development and maturation (McCormick, 2004; Scott et al., 

2004b; Wilson and Yang, 2004a). Under cold stress, tapetum displays irregular 

vacuolization and hypertrophy, suggesting delayed and/or impaired degeneration 

(Mamun et al., 2006). Different rice cultivars with strong cold tolerance undergo 

normal PCD-based degeneration under low temperature conditions whereas cultivars 

with less cold-tolerance display intact tapetum at mature pollen stage under cold 

stress, indicating omitted PCD of tapetum (Oda et al., 2010b). These reports support 

that cold stress interferes with tapetum function and disrupts pollen development by 

inhibiting tapetum PCD program. Stress-responsive hormone abscisic acid (ABA) was 

found to negatively regulate tapetum PCD in rice (Wang et al., 1999a). Under cold 

stress, endogenous ABA accumulates in developing anthers of rice and chickpea, 

with associated pollen sterility, suggesting a negative effect of ABA on tapetum 

development upon exposure to cold stress (Nayyar et al., 2005; Oliver et al., 2007; 

Thakur et al., 2010). This possibility is supported by the facts that rice plants with 

stronger cold-tolerance contain lower endogenous ABA with higher male fertility levels 

(Oliver et al., 2007). These findings suggest that low temperature may interfere with 

tapetum development partially by regulating endogenous ABA levels. The mode of 

action of ABA in cold tolerant varieties contrasts with that during the cold response of 

vegetative tissues whereby higher ABA levels are associated with increased 

cold-tolerance (Kumar et al., 2008; Melgoza et al., 2014; Teng et al., 2014; Cheng et 

al., 2016). So far some studies have been conducted revealing the role of ABA in the 

male reproductive system (Kojima et al., 1996; ANTOLÍN et al., 2003; Ji et al., 2011b; 

Baron, 2013; Bendevis et al., 2014; Wu et al., 2016). 

 

Cold stress affects meiotic recombination  

 

During prophase of the male meiotic cell division, homologous chromosomes undergo 

meiotic recombination reshuffling the genetic material through the formation of 

crossovers (or chiasma) (Mercier et al., 2015; Lambing et al., 2017). Successful 

meiotic recombination supplies daughter cells with increased genetic diversity. The 

physical pairing and cohesion of homologous chromosomes is crucial for balanced 

chromosome segregation at later meiotic stages, and therefore is vital for successful 

meiotic cell division and plant fertility (Zamariola et al., 2014; Melamed-Bessudo et al., 

2016). The meiotic recombination program is genetically controlled by a large number 

of molecular factors, and is also post-transcriptionally regulated though chromatin 
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modification; e.g. DNA methylation and trans-factor modification (Brachet et al., 2012; 

Yamada and Ohta, 2013; Mercier et al., 2015; Lambing et al., 2017). Moreover, in 

multiple plant species, environmental stresses; e.g. high temperature, possess an 

impact on both meiotic recombination rate and distribution, indicating that meiotic 

recombination is abiotic stress-sensitive (Law, 1963; Bennett and Rees, 1970; Fedak, 

1973; Francis et al., 2007b; Si et al., 2015).  

 

Several studies revealed that low temperature stress may affect plant meiotic 

recombination. In maize, low temperature contributes to increase of meiotic crossover 

(CO) formation (Verde, 2003). However, in barley, variation of growth temperatures (at 

12, 18 and 24°C) does not significantly alter meiotic recombination rate (JENSEN, 

1981); but instead, at another temperature set, e.g. at 15, 25 and 30°C, cold slightly 

increases recombination rate in male meiocytes, and high temperatures have a 

greater effect on rate elevation and distribution of male meiotic recombination (Phillips 

et al., 2015). The finding that high temperature showing a stronger inductive ability 

than cold stress on the increasing of recombination rate is supported by several other 

studies (Powell and Nilan, 1963; Francis et al., 2007b; Si et al., 2015).  

 

Cold stress interferes with meiotic cell division 

 

Low temperature conditions may affect one or more processes during male meiotic 

cell division of plants. In Arabidopsis, shorts periods of cold stress (1–40 h at 4–5 °C) 

interferes with male meiotic cytokinesis and consequently leads to meiotic restitution 

with resultant diploid (2n) gamete production (De Storme et al., 2012c). More 

specifically, the low temperature stress specifically disrupts the formation and 

organization of meiotic cytoskeleton radial microtubule array (RMA) at the end of male 

meiosis, and hence causes incomplete callosic cell wall formation, which eventually 

leads to meiotic restituted dyads and triads (De Storme et al., 2012c). Since other 

microtubule figures; e.g. spindle and phragmoplast are not altered upon cold stress, in 

line with the observation by meiotic spread examination that shows normal 

chromosome segregation, these findings suggest a stage- and/or microtubule 

structure-specific cold responsiveness of male meiotic cell division program in 

Arabidopsis. Moreover, cold-induced meiotic restituted gametes were shown to be 

predominantly homozygous at chromosome loci close to the centromere, suggesting 

that cold-induced defective cytokinesis is mainly due to the second meiotic restitution 

(De Storme et al., 2012c).  

 

Similarly, low temperature (10 °C) causes defective male meiotic cytokinesis in the 

meiocytes of wheat thermosensitive genic male sterile (TGMS) plants, and 

consequently leads to production of meiotic restituted dyads (Tang et al., 2011a). 

However, compared with Arabidopsis, cold-induced meiotic restitution in wheat TGMS 

line is due to defects in meiosis I, with cytoskeleton structure phragmoplast being 

abnormally formed (Tang et al., 2011a). Expression analyses showed that the genes 

involved in regulation of actin dynamics, e.g. actin-depolymerisation protein profiling, 



 30 

formin, villin, LIM domain protein and Arp2/3, are largely suppressed in cold-stressed 

wheat TGMS meiocytes, while the cytoskeleton signaling genes are gradually 

expressed upon cold (Tang et al., 2011a). In support of this, cytological study showed 

that low temperature-treated wheat TGMS meiocytes produce chaotic actin filaments 

with abnormal phragmoplast constructed and irregular cell plate formed after 

anaphase Ⅰ (Xu et al., 2013). These findings indicate that low temperature affects 

meiotic cytoskeleton structure and consequently causes irregular meiotic cytokinesis 

with resultant meiotic restitution in wheat, by modulating the transcripts of 

cytoskeleton-related genes. However, despite these demonstrated cytological 

mechanisms underlining cold-induced defective meiotic cytokinesis, the genetic 

factors and signaling pathways involved in the process remain largely unknown. 

 

Cold stress disrupts pollen development 

 

At the end of sporogenesis, unicellular microspores are released from tetrad cells, 

and each haploid microspore undergoes two rounds of mitotic nuclei division to 

develop into tricellular pollen grains (Wilson and Zhang, 2009; Gómez et al., 2015). 

During pollen development, the pollen wall is formed using pollen wall components, 

e.g. exine, which is secreted by tapetal cells (McCormick, 2004; Scott et al., 2004b; 

Wilson and Yang, 2004a; Quilichini et al., 2014). At early microspore stages in rice, 

cold treatment induces irregularities in both tapetum and microspore development 

(Satake, 1976). Pollen development is sensitive to cold stress, and this may be due to 

weakly expressed and/or accumulated cold-acclimation proteins in the developing 

pollen (Lee and Lee, 2003). The process of pollen outer cell wall formation is sensitive 

to extreme temperature drops. Under low temperature conditions (22/12 °C day/night 

for 4 d), the callosic cell layer surrounding developing rice meiocytes undergoes 

premature degeneration and consequently leads to defective deposition of cell wall 

components on surface of developing microspores which results in pollen sterility 

(Mamun et al., 2006).  

 

Cold stress may affect carbohydrate/triacylglycerol metabolism (De Storme and 

Geelen, 2014b; Sharma and Nayyar, 2014b). Aborted chickpea flowers due to cold 

stress contain reduced levels of sucrose, glucose and fructose, and additionally 

contain significantly less trehalose and proline (Nayyar et al., 2005). In rice, low 

temperature induces the accumulation of sucrose at microspore stage associated with 

a depletion of starch in mature pollen grains. On the contrary, anthers of cold-tolerant 

rice plants are not affected in their sugar metabolisms (Oliver et al., 2005). Expression 

studies of cold-stressed rice anthers at an early microspore stage revealed that the 

expression of anther-specific cell wall acid invertase gene OSINV4 is suppressed and 

the activity of cell wall bound acid invertase decreased (Oliver et al., 2005). In 

accordance, the content of starch in mature pollen grains is reduced. Since OSINV4 is 

transiently expressed in tapetum at both young microspore stage and a later period 

during binucleate microspores developing into mature pollen grains, disrupted 

formation hexose and starch in cold-stressed rice anthers may be due to reduction in 
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OSINV4 transcription (Oliver et al., 2005). In addition to the carbohydrate metabolism, 

cold stress also affects plant hormone signaling. For example, in rice, cold induces 

defective pollen development and male sterility by reducing endogenous GA levels 

(Sakata et al., 2014b). However, since GA plays a central role in regulating tapetum 

development (Plackett et al., 2011c), cold-induced GA deregulation with associated 

disrupted pollen development could also be a secondary effect of defective tapetum 

function.  

 

When haploid microspores develop into mature pollen grains that contains two sperm 

nuclei and one vegetative nucleus, pollen starts to germinate and produce a pollen 

tube (Franklin-Tong, 1999; Selinski and Scheibe, 2014). When the pollen tube 

reaches the ovary, double-fertilization occurs. Many studies have revealed that low 

temperature affects pollen germination and fertility (Weinbaum et al., 1984; Hedhly et 

al., 2005; Zinn et al., 2010; Sorkheh et al., 2011). Extreme low temperature (4°C) was 

found to reduce fertilization in maize (Zea mays L.) in vitro after 8 h under cold; and 

after 24 h upon exposure to cold stress, complete abortion of fertilization was 

observed (Dupuis and Dumas, 1990). Similarly, In Trifolium repens L. and chickpea, 

cold stress has been shown to affect fertility partially by inhibiting pollen tube growth 

(Jakobsen and Martens, 1994; Srinivasan et al., 1999). Moreover, cold-interfered 

pollen germination also occurs in almond and three male genotypes of pistachio trees, 

in which both endogenous trait; e.g. genotype, and environment factors; e.g. boric 

acid and duration of cold suffering, are involved (Moheb et al., 2016).  

 

Conclusion and perspective 

 

 

Figure 1. Cold interferes with multiple male reproductive development processes. Cold stress 
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reduces GA level in developing rice anthers and disrupts pollen and tapetum development. 

ABA negatively regulates tapetal cell PCD and hence interferes with tapetum development, 

and cold stress induces ABA levels in developing anthers. Cold may affect sugar metabolism 

and transport leading to interupted tapetum and pollen development. Cold stress induces 

alterations in tapetal cell endoplasmic reticulum (ER) and subsequently affects tapetum 

development. Low temperature conditions influences meiotic recombination, meiosis and 

meiotic cytokinesis programs; but the genetic factors and signaling pathways involved remain 

unclear. Dotted arrows represent uncertain and/or indirectly events.  

 

Male reproductive development is initiated from stamen tissue specification, and then 

proceeds into sporogenesis that is followed by pollen development and maturation. 

Successful production of viable haploid gamete is vital for fertilization and plant seed 

set. In recent decades, progress has been made to illustrate the genetic factors and 

signaling pathways that are involved in the regulation of the complex male 

reproductive development programs. In addition, since environment stresses; 

especially for low temperature conditions, have great impacts on the whole process of 

the development and function of male reproductive organs, plant researchers have 

devoted increasing attention and effort to the understanding of the physiological and 

genetic mechanisms underlining the cold-response of stamen tissue and pollen grains. 

The cytological mechanisms of cold-induced male meiotic restitution and diploid 

gamete production have been recently uncovered, revealing the importance of meiotic 

cytoskeleton networks in the response of male meiotic cell division to low temperature 

stresses. However, the genetic factors and the signaling mechanisms involved remain 

largely elusive. Moreover, tapetum acts as the main site that perceives external 

stimuli. These abiotic stresses, are transduced by plant hormone signals to different 

parts of the reproductive organs, which is important for multiple male reproductive 

development programs. The putative roles of tapetum in cold-induced male 

sporogenesis defects need further investigation. On the one hand, Arabidopsis 

thaliana can be utilized as an ideal model for forward genetic studies to perform 

mutant screening and to identify the regulatory genes that mediate in one or more 

aspects of male reproductive development. 
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Part C Gibberellin Regulates Male Reproductive Development 

 

Introduction 

 

In flowering plants, male reproductive development starts from the specification and 

differentiation of stamen tissues, and then proceeds into sporogenesis and 

gametogenesis to eventually yield functionally viable haploid pollen grains (Wilson 

and Yang, 2004a; Yuan and Sundaresan, 2015). The whole process of male 

reproductive development is controlled by an integrated series of complex regulatory 

networks that involves the reprogramming of gene expression and physiological sugar 

metabolism. Current evidence points to the predominant role of gibberellic acid 

hormone signaling pathways in stamen development recently reviewed elsewhere 

(Plackett and Wilson, 2016). 

 

Gibberellic acids (GAs) are a group of plant hormones that regulate many 

physiological activities. Among more than 130 variants, however, only a limited 

number of GAs is bioactive (MacMillan, 2014; Xu et al., 2014). GA signaling mediates 

plant reproductive development including life cycle transition, floral organ specification, 

sporogenesis and gametogenesis, and thus is important for crop fertility, seed set and 

fruit production. Considerable progress has been made indicating that GA plays an 

indispensable role in the control of plant male reproductive development 

(Mutasa-Göttgens and Hedden, 2009a; Plackett et al., 2011b; Kwon and Paek, 2016; 

Plackett and Wilson, 2016). Based on recent findings in Arabidopsis and rice, we here 

summarize the latest understanding of GA metabolism and DELLA-dependent GA 

signaling in male reproductive tissues and discuss the involvement of GA in the 

responses of male reproductive development to temperature stresses.  

 

GA metabolism and signaling pathway in reproductive tissues 

 

Gibberellic acids are synthesized from the diterpenoid C20 precursor geranylgeranyl 

diphosphate (GGDP) in a step-wise manner by the consecutive action of terpene 

synthases (TPSs), cytochrome P450 monooxygenases (P450s) and 2-oxoglutarate–

dependent dioxygenases (2ODDs). In the first step, GGDP is converted into a 

tetracyclic hydrocarbon intermediate ent-kaurene by two plastid located terpene 

synthases, ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS). 

Then, ent-kaurene is converted into GA12 by P450 enzymes (KO and KAO) that are 

located in the plastid envelope and endoplasmic reticulum (ER). Bioactive GAs are 

subsequently synthesized from GA12 by two soluble 2ODDs; e.g. GA 20-oxidase 

(GA20ox) and GA 3-oxidase (GA3ox) (Yamaguchi, 2006; Sun, 2008; Yamaguchi, 

2008; Hedden and Thomas, 2012). The expression pattern of GA biosynthesis genes 

CPS, GA20ox and GA3ox in floral tissues of Arabidopsis and rice have been carefully 

mapped (Plackett et al., 2011a). A summary of the spatial expression patterns of main 

GA metabolic and signaling genes is presented in table 1. Most upstream biosynthetic 



 34 

genes are unigenes or occur at low copy number whereas downstream genes are 

present at a higher copy numbers. AtKAO1 and AtKAO2 encode two partially 

functional-redundant proteins serving in Arabidopsis development, with AtKAO2 

displaying higher expression (Regnault et al., 2014). The expression of AtKAO1 was 

analyzed using GUS-fused marker lines and shown to be confined to pollen grains 

while KAO2-GUS possesses a wider participation range of GA biosynthesis in multiple 

male reproductive organs of Arabidopsis (Regnault et al., 2014). The Arabidopsis GA 

20-oxidase family members GA20ox1 and GA20ox2 are the dominant paralogs 

expressed during open flowering stage 12 buds in stamen filaments and anthers 

(Plackett et al., 2012a). The expression of GA20ox3 and GA20ox4 is much lower 

compared to GA20ox1 and GA20ox2 and therefore less well defined (Plackett et al., 

2012a). The expression of GA-deactivating GA2oxidases was determined using 

real-time quantitative PCR (Rieu et al., 2008a). GA2ox1, -2, -3, -4, and -6 have similar 

biochemical activities, catalyzing 2β-hydroxylation of C19-GAs. The expression of 

GA2ox transcripts was detected at all developmental stages and highest for GA2ox2 

in flowers (Rieu et al., 2008). 

 

The main actions of GA signaling is mediated by the GA-GID1-DELLA regulatory 

module, with GID1 (GA INSENSITIVE DWARF 1) operating as GA receptor and 

DELLAs functioning as nuclear transcriptional regulators that repress the expression 

of GA-signaling genes (Fig. 1) (Sun and Gubler, 2004; Hirano et al., 2008a; Sun, 2010; 

Claeys et al., 2014; Xu et al., 2014). The formation of complex GA-GID1 promotes its 

interaction with DELLA proteins and enhances the subsequent binding of DELLAs 

with F-box proteins SLEEPY1 (SLY1) and SNEEZY (SNE). This consequently leads to 

the degradation of DELLAs by the 26S proteasome (Ariizumi et al., 2011a; Ariizumi 

and Steber, 2011). A recent report by Qin et al. demonstrated that the degradation of 

DELLAs (e.g. RGA and GAI) strongly depends on their phosphorylation status, with 

the TOPP4 phosphatase enzyme dephosphorylating DELLAs to stimulate their 

proteolysis (Qin et al., 2014). Since DELLA proteins lack DNA-binding activity, it is 

likely that DELLAs function by binding with transcriptional regulators as e.g. 

INDETERMINATE DOMAIN (IDD) proteins (Yoshida et al., 2014). Apart from acting as 

repressor in GA signaling, in vegetative development, DELLAs also regulate GA 

homeostasis in a feedback loop mechanism by interacting with GRAS protein 

SCARECROW-LIKE 3 (SCL3), which stimulates GA signaling by promoting GA 

biosynthesis and GA downstream gene expression (Zhang et al., 2011). Although 

most GA-responsive activities are mediated by DELLAs (Sun, 2010), GA signaling 

may function independently from DELLA proteins in some cases (Cao et al., 2006; 

Maymon et al., 2009; Fuentes et al., 2012; Livne et al., 2015).  
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Figure 1. GA metabolism and signaling in Arabidopsis/rice tapetum. Bioactive GAs are 

synthesized by three steps, and deactivated by 2-oxidation. In DELLA-dependent GA signaling, 

the formation of GA-GID1-DELLA complex promotes the interaction of DELLA proteins and 

F-box proteins SLY1/SNE, which leads to DELLA degradation through 26S proteolysis. DELLA 

proteins act as GA signaling repressors and their deactivation subsequently leads to the 

expression of GA-signaling genes and male reproductive development. TOPP4 

dephosphorylates DELLA stimulating degradation. DELLA suppresses expression of 

GA-responsive GAMYB-like factors (e.g. MYB33 and MYB65) that play roles in multiple 

reproductive development events, such as tapetum programmed cell death, male meiotic 

cytokinesis, and pollen wall formation. SPY, a GA-signaling repressor, positively regulates 

DELLA activity by mono-O-fucosylation, whereas SEC inhibits DELLA function by O-linked 

N-acetylglucosamine post-translational modification. DELLAs mediate the cross-talk between 

GA and other hormone signaling pathways and regulate male reproductive development by 

interacting with key transcription regulators. Dotted arrows represent multiple steps. 
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GENE FUNCTION MUTANT PHENOTYPE EXPRESSION PATTERN REFERENCE 

GA METABOLISM GENES 

AtCPS (GA1); 

OsCPS1 

catalyzes the first 

committed step of GA 

biosynthesis 

male-sterile; delayed flowering; 

incomplete petal development; 

impaired stamen development; failed 

tapetum PCD; poor pollen wall 

formation; non-tricellular pollen grains 

tapetum, pollen, stamen (Silverstone et al., 

1997; Cheng et al., 

2004a; Fukuda et al., 

2004; Aya et al., 

2009a) 

AtKS (GA2); 

OsKS1 

catalyzes the first 

committed step of GA 

biosynthesis 

male-sterile; similar to GA-deficient 

ga1 phenotype 

tapetum, pollen, stamen (Yamaguchi et al., 

1998; Sakamoto et 

al., 2004) 

AtKO (GA3); 

OsKO 

catalyzes the three 

intermediate steps of 

the GA biosynthesis 

from ent-kaurene to 

ent-kaurenoic acid 

male-sterile; similar to GA-deficient 

ga1 phenotype 

inflorescences (Helliwell et al., 1998; 

Helliwell et al., 1999; 

Itoh et al., 2004) 

AtKAO1/2; 

OsKAO1/2/3  

catalyzes gibberellin 

biosynthesis from 

ent-kaurenoic acid to 

GA12 

delayed flowering; short anther 

filament and petal; sterile 

AtKAO1: in pollen; 

AtKAO2: in stamen filament, 

anther and pollen; OsKAO1/2/3: in 

immature panicles, and panicles 

at flowering time 

(Helliwell et al., 2001; 

Sakamoto et al., 

2004; Regnault et al., 

2014) 

AtGA20ox1 

(GA5); 

OsGA20ox1 

catalyzes the 

conversion of 

precursor GAs to 

bioactive forms 

 

delayed flowering; reduced fertility, 

shorter stamen and incomplete anther 

development, defective tapetum PCD 

in double ga20ox1 ga20ox2 and triple 

ga20ox1 ga20ox2 ga20ox3 mutants  

 

AtGA20ox1: in tapetum, PMCs, 

mature pollen; OsGA20ox1: in 

tapetum 

(Oikawa et al., 2004; 

Rieu et al., 2008b; 

Plackett et al., 2012a) 

AtGA20ox2; 

OsGA20ox2 

(SD1) 

AtGA20ox2 in tapetum, PMCs, 

mature pollen; OsGA20ox2: in rice 

stamen primordia and epithelium 

(Kaneko et al., 2003; 

Rieu et al., 2008b; 

Plackett et al., 2012a) 
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 layers 

AtGA20ox3; 

OsGA20ox3 

GA20ox3 in anther- filament 

junction and tapetum; 

OsGA20ox3: in PMCs 

(Tang et al., 2010a; 

Plackett et al., 2012a) 

AtGA20ox4; 

OsGA20ox4 

no obvious defective phenotype in 

reproductive development; Additional 

Arabidopsis ga20ox4 mutation in 

ga20ox1 ga20ox2 ga20ox3 

background display delayed flowering 

GA20ox4 in tapetum and mature 

pollen; OsGA20ox4: in PMCs 

during meiosis 

(Hirano et al., 2008c; 

Plackett et al., 2012a) 

AtGA20ox5 catalyzes the 

conversion of GA12 to 

GA9 

stamen and mature pollen (Rieu et al., 2008b; 

Plackett et al., 2012a) 

AtGA3ox1 (GA4); 

OsGA3ox1 

catalyzes the 

conversion of 

precursor GAs to 

bioactive forms 

 

atga3ox1 mutant: delayed flowering; 

no reproductive development defect; 

osga3ox1 mutant: GA-deficiency 

phenotype 

AtGA3ox1: in flower buds, stamen 

filaments, sepal; the expression 

initiates from floral apex at stage 

3; OsGA3ox1: in tapetum 

(Kaneko et al., 2003; 

Mitchum et al., 2006; 

Hu et al., 2008)  

GA3ox2; 

D18/OsGA3ox2 

atga3ox2 mutant: delayed flowering; 

no reproductive development defect; 

osga3ox2 mutant: GA-deficiency 

phenotype 

GA3ox2: weakly expressed than 

GA3ox1 in all anther cells at stage 

6/7, disappear at stage 8 and 

reappear to peak from stage 

11-13; OsGA3ox2: in stamen 

primordia and epithelium layers 

(Kaneko et al., 2003; 

Sakamoto et al., 

2003; Sakamoto et 

al., 2004; Mitchum et 

al., 2006; Hu et al., 

2008)  

AtGA3ox3/4 impaired stamen development and 

lack of anther dehiscence 

similar expression pattern in 

anther and the level of GA3ox4 is 

lower than GA3ox3 (prominent in 

tapetum and reach peak at around 

stage 9/10 before MⅠ;weaker in 

pollen during meiosis; only 

(Mitchum et al., 2006; 

Hu et al., 2008) 
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expresses in pollen as 

degradation of the tapetum and 

before pollen dehiscence 

AtGA2ox1/2/3/4/6 

catalyzes the 

deactivation of 

bioactive GAs 

No obvious defective phenotype in 

single mutants; ga2ox quintuple 

mutant shows earlier flowering 

(GA2ox4 plays the major role), 

reduced fertility caused by 

uncoordinated length of pistil and 

stamens  

AtGA2ox1: in inflorescence, 

flowers; AtGA2ox2: inflorescence, 

flowers; AtGA2ox3: young 

flowers, pollen; AtGA2ox4: 

inflorescence; AtGA2ox6: young 

flowers; OsGA2ox1: in 

inflorescence 

(Thomas et al., 1999; 

Rieu et al., 2008a) 

OsGA2ox1/2/3/4 defective flower development and 

reduced fertility caused by 

GA-deficiency 

OsGA2ox1/3/4: in immature 

panicles and mature panicles; 

OsGA2ox2: not detected 

(Sakamoto et al., 

2003; Sakamoto et 

al., 2004) 

    GA  SIGNALING GENES 

GID1a/b/c 

bioactive GA 

perception, promotes 

DELLA degradation 

No obvious defect in each single 

mutant; combined multiple mutations 

display GA insensitivity, reduced 

fertility, defective stamen filament 

elongation, arrested stamen 

development and delayed flowering 

under LD conditions  

flowers (Griffiths et al., 2006; 

Nakajima et al., 2006; 

Iuchi et al., 2007; 

Murase et al., 2008) 

OsGID1 GA insensitive, sterile or reduced 

fertility 

No description (Ueguchi-Tanaka et 

al., 2005) 
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RGA 

GA signaling 

repressor 

RGA partially rescue GA-deficient 

ga1-3 mutant phenotype (e.g. 

flowering time); rga/gai double null 

mutant show GA overdose phenotype 

with reduced fertility, irregular male 

meiotic cytokinesis and pollen wall 

formation, arrested post-male meiotic 

development  

RGA: in flower buds, tapetum; 

GAI: in flower buds 

(Silverstone et al., 

1998; Dill and Sun, 

2001a; Cheng et al., 

2004b; Tyler et al., 

2004b; Plackett et al., 

2014a; Liu et al., 

2016) 

GAI 

RGL1 RGL2 and RGA play have the 

predominant role in stamen 

development; no obvious reproductive 

defect in single rgl mutant 

RGL1: in anther; RGL2: in 

inflorescence, with high levels in 

young flower buds; RGL3: in 

flowers (very low level) 

(Lee et al., 2002; Wen 

and Chang, 2002; 

Cheng et al., 2004a; 

Tyler et al., 2004b) 

RGL2 

RGL3 

SLR1 (DELLA in 

rice) 

constitutive GA response (e.g. sterile 

caused by inviable pollen) 

stamen primordia; tapetum (Kaneko et al., 2003; 

Chhun et al., 2007b) 

AtSLY1; OsGID2 encodes F-box 

protein, promotes 

degradation of DELLA 

proteins 

GA-insensitive phenotype (e.g. 

reduced fertility, delayed flowering) 

AtSLY1: in anthers, filaments, 

petals; OsGID2: preferentially 

expressed in unopened flowers 

(Gomi et al., 2004; 

Ariizumi et al., 2011b) 

SLY2/SNE encodes F-box 

protein, promotes 

degradation of DELLA 

proteins; homologous 

to SLY1 

partially rescues the phenotypes of 

sly1-10 mutant 

anthers (with lower level than 

SLY1) 

(Strader et al., 2004; 

Ariizumi et al., 2011b)  

TOPP4 promotes degradation 

of DELLA proteins by 

dephosphorylating 

delayed flowering, reduced mature 

pollen grains and fertility, smaller 

flowers, twisted petals 

stamen filaments (Qin et al., 2014) 
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Table 1. Genes involved in GA metabolism and signaling. 

DELLAs 

AtSPY; OsSPY GA signaling 

repressor 

overdose GA phenotype (e.g. earlier 

flowering, reduced fertility, abnormal 

flower development) 

AtSPY: in flowers; OsSPY: in 

flowers, predominantly expressed 

in microspores during meiosis 

(Swain et al., 2002; 

Shimada et al., 2006; 

Hirano et al., 2008b) 

MYB33 and 

MYB65 

GA-responsive gene 

transcription 

regulators 

no defective phenotype in single 

mutants; double myb33 myb65 mutant 

shows male sterile (failed pollen 

shed), shorter stamen, small anther, 

meiotic restitution and hypertrophic 

tapetum 

inflorescence apex, inflorescence 

stem anther filament, tetrads 

(when tetrads are formed), 

predominantly in the tapetum at 

meiosis, and low level in pollen 

grains and epidermis 

(Gocal et al., 2001a; 

Millar and Gubler, 

2005b; Liu et al., 

2016) 

AtMYB101 GA-responsive 

transcription factors 

no defective phenotype in single 

mutants; pollen tube reception is 

defective in triple myb97 myb101 

myb120 mutant 

very low expression in early floral 

and inflorescence shoot apex; 

expression in in developing 

inflorescence stems and below 

mature flowers; predominantly in 

mature pollen grains and pollen 

tubes 

(Gocal et al., 2001b; 

Liang et al., 2013) 

OsGAMYB GA-responsive gene 

transcription 

regulators 

male sterile, shrunken PMCs during 

meiosis, failed sporogenesis, poor 

pollen formation and failed pollen 

shed, impaired stamen development, 

hypertrophic tapetum with defective 

PCD, shrunken and whitened anthers 

inflorescence shoot apical region, 

stamen primordia, tapetum, 

endothecium and the middle layer 

(Kaneko et al., 2004; 

Aya et al., 2009a) 
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GA promotes stamen development 

 

GA signaling is not essential for stamen cell fate determination (Griffiths et al., 2006). 

However, after the establishment of stamen identity within the floral meristem, GA 

plays a crucial role in filament elongation and anther development (Fig. 2). In 

Arabidopsis, the loss of functional SBP-box protein SQUAMOSA PROMOTER 

BINDING PROTEIN LIKE8 (SPL8) causes severe loss of fertility (Unte et al., 2003). At 

early development stages, SPL8 regulates cell differentiation within the developing 

anthers, with mutations in SPL8 leading to failure of meiosis and abortion of 

microspore formation (Unte et al., 2003). At later stages SPL8 positively regulates 

stamen filament elongation by promoting the expression of GA biosynthesis genes 

(e.g. GA20ox). In addition, constitutive overexpression of SPL8 in Arabidopsis causes 

reduced fertility due to defective anther dehiscence, which mimics GA-overdose 

phenotype, suggesting SPL8 plays an important role in modulating bioactive GA level 

during late anther development (Zhang et al., 2007a). In rice and tomato, GA 

deficiency/overdose and/or extreme variations in GA signaling result in arrested 

development of stamen tissues, suggesting a conserved function of GA homeostasis 

in anther development (Nester and Jan, 1988; Jacobsen and Olszewski, 1991; Aya et 

al., 2009b).  

 

In most flowering plants, stamen development is controlled by the B and C classes of 

MADS-box floral homeotic proteins; including PISTILATA (PI; B class), APETALA 3 

(AP3; B class) and AGAMOUS (AG; C class). Studies in hermaphroditic Arabidopsis 

thaliana have revealed that these B and C class MADS-box genes are 

transcriptionally repressed by RGA protein, and that the spatiotemporal increase of 

GA during early flower development releases this suppression by promoting 

degradation of RGA (Yu et al., 2004). Moreover, a recent study has revealed that the 

ectopic expression of the cucumber DELLA homolog CsGAIP in Arabidopsis alters 

stamen development through a reduced transcription of APETALA3 (AP3) and 

PISTILLATA (PI), providing insights into the molecular mechanism by which floral sex 

determination in the monoeoucious cucumber is regulated (Zhang et al., 2014b). 

Besides transcriptional control of stamen development, GA has also been found to 

control stamen development by modulating sugar availability. Reduction of the 

endogenous GA level leads to disruption of stamen development due to reduced 

soluble sugars, suggesting that GA-mediated control of stamen development may 

also occur indirectly by modulating carbohydrate resources. 

 

GA not only promotes anther differentiation, but also plays a regulatory role in the 

elongation of the stamen filament (Fig. 2). Like in many somatic tissues, GA triggers 

the degradation of DELLAs through the ubiquitin-proteasome system and promotes 

anther filament growth by regulating cell elongation rather than cell division (Cheng et 

al., 2004b). In addition, DELLA activity is also positively regulated. The stabilization of 

DELLA proteins entails the small ubiquitin-like modifier (SUMO) protein, and two 

SUMO proteases, OVERLY TOLERANT TO SALT 1 and 2 (OST1 and OST2), 
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de-stabilize DELLAs to promote stamen elongation (Campanaro et al., 2016). 

Moreover, in the same study, the transcript levels of OTS1 and 2 in the anther were 

found to be positively correlated with endogenous GA levels, suggesting that GA 

promotes stamen filament elongation by eliminating the growth suppressive action of 

DELLAs by removing protective SUMOylation by OTS1 and 2 (Campanaro et al., 

2016). In rice, loss of function of OsMAGO1 and OsMAGO2 proteins, which act 

redundantly as exon junction complex (EJC) components, leads to shorter stamen 

filament and smaller stamen cells. In addition, disrupted degeneration of endothecium 

and tapetum, as well as defective pollen development are observed in the double 

osmago1 osmago2 mutant rice plants. Since the expression of OsGA2ox2, 

OsGAMYB and OsTapetum Degeneration Retardation (OsTDR) are downregulated in 

the double osmago mutant plants, OsMAGOs may regulate the development of 

stamen and other male reproductive organs partially through GA signaling (Gong and 

He, 2014).  

 

In Arabidopsis, using a combination of transcriptomic and genetic approaches, Cheng 

et al. identified three stamen-enriched GAMYB-like factors, namely AtMYB21, 

AtMYB24 and AtMYB57, that promote anther filament elongation and that are 

specifically repressed by the DELLA proteins RGA and RGL1. The analysis of single, 

double and triple mutants thereby revealed that these MYBs promote cell elongation 

rather than cell proliferation in the stamen filament, with MYB21 playing a 

predominant role and MYB24 and MYB57 operating in a redundant manner (Cheng et 

al., 2009b). Similarly, in barley, HvGAMYB that is predominantly expressed in 

stamens regulates late stamen development in response to GA signaling (Murray et 

al., 2003b). However, despite these insights, it is not yet known which genetic factors 

function downstream of the GA-DELLA-MYB signaling module to control filament 

growth.    

 

In addition to GA, Jasmonic Acid (JA) also promotes anther filament elongation, as 

JA-deficient oxophytodienoate reductase3 (opr3) and JA-signalling coronatine 

insensitive1 (coi1) Arabidopsis mutants generate short anther filaments with 

associated defective anther dehiscence. Jasmonate regulate stamen development by 

a bHLH-MYB complex (Qi et al., 2015). JA activates the expression of R2R3 MYB 

transcription factors MYB21, MYB24, and MYB57, which work cooperatively with the 

subgroup IIIe basic helix-loop-helix (bHLH) transcription factors MYC2, MYC3, MYC4 

and MYC5 that are directly regulated by JAZ proteins (Qi et al., 2015). GA acts 

upstream of the JA signaling cascade and promotes anther filament elongation 

through activation of transcription factors MYB21, MYB24, and MYB57 (Cheng et al., 

2009a). GA-based stimulation of JA production was found to be controlled by DELLAs 

and their suppressive effect on the expression of the JA biosynthesis gene DAD1, 

providing insights in the molecular control of the GA-JA hormonal crosstalk in anther 

filament elongation (Cheng et al., 2009a). In support of this, a recent study in 

Arabidopsis reports on the identification of a glucosinolate transporter GTR1 that is 

essential for cell-to-cell transport of JA and GA in the regulation of stamen 
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development and filament elongation (Saito et al., 2015). 

 

GA regulates tapetum development 

 

Tapetal cells surround the developing microspores acting as suppliers of various 

metabolites and its function is tightly linked with pollen development and maturation. 

In situ hybridization study in lily anthers showed that exogenous GA application 

induces alterations in the expression of anther-specific genes at microspore stages, 

and the signals appeared predominantly in tapetal cell layer (Hsu et al., 2008). The 

relation between GA signaling and tapetum development is supported by defective 

tapetal development in ga20ox1 ga20ox2 ga20ox3-1 Arabidopsis mutants deficient in 

GA (Plackett et al., 2012a). In Arabidopsis, rice and tomato, plants with GA deficiency 

and/or impaired GA signaling display hypertrophic tapetum or a delayed degeneration 

of the tapetal cell layer caused by disrupted programmed cell death (PCD), thereby 

phenocopying tapetum mutants (Nester and Jan, 1988; Aya et al., 2009b; Plackett et 

al., 2012b).  

 

GA is considered to regulate tapetum development through downstream GAMYB 

transcription factors (Aya et al., 2009b). In rice, GA-mediated tapetum development 

and programmed degeneration in the anther is centrally regulated by the activation of 

the OsGAMYB transcription factor, which is preferentially expressed in the tapetal cell 

layer of the anthers (Kaneko et al., 2004). OsGAMYB regulates tapetum development 

in rice by promoting the expression of downstream targets involved in exine formation 

(e.g. CYP703A3 and KAR) and PCD of tapetal cells (e.g. TDR) (Aya et al., 2009a). 

Similarly, Arabidopsis MYB33 and MYB65, two OsGAMYB homologs, redundantly 

promote early tapetum development and the myb33 myb65 mutant shows tapetum 

hypertrophy at the PMC stage with their activity being regulated in a GA-dependent 

manner (Gocal et al., 2001b; Millar and Gubler, 2005b). Moreover, Arabidopsis 

MYB33 and 65 are post-transcriptionally controlled by the action of miR159, the 

expression of which is suppressed by DELLAs (Achard et al., 2004b). However, in rice 

flowers, the expression of miR159 is not regulated by GA signaling (Tsuji et al., 

2006b).  

 

Although GA is required for tapetum development and function, a proper restriction on 

GA signaling is essential. Constitutive GA signaling in the double rga-28 gai-td1 

mutant plants causes delayed tapetum degradation prior to pollen maturation, 

supporting that the development of tapetum is largely dependent on a proper GA level 

in the tapetum (Plackett et al., 2014a). 

 

Arabidopsis helix-loop-helix (bHLH) transcription factor ABORTED MICROSPORES 

(AMS) regulates both early and late pollen development, with expression peaks occur 

at meiosis and pollen wall construction stages in tapetal cell layer (Ferguson et al., 

2017). In addition, at the end of meiosis, ams mutant displays irregular radial 

microtubule arrays with associated cytokinesis defects, suggesting that AMS is 
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required for completion of male meiotic cell division. Since tapetum development is 

regulated by GA signaling, and the cytokinesis defects in the ams mutant plants show 

highly similarity to the double myb33 myb65 mutant, GA signaling may regulate 

tapetum development through AMS, which remains to be determined. 

 

 

Figure 2. GA-signaling regulates stamen and tapetum development. Tapetal cell specification 

is independent of GA signaling. SPL8 positively regulates stamen development by enhancing 

the biosynthesis of GA in stamen. DELLA suppresses tapetum development and tapetum PCD 

by modulating MYBs activities. The activity of DELLA can be post-translationally regulated by 

small ubiquitin-like modifier (SUMO) proteins. GA promotes stamen filament elongation in 

Arabidopsis by suppressing DELLA activity and upregulating the level of jasmonic acid (JA) 

through a cross-talk mechanism with JA signaling pathway. 

 

Role of GA in male meiotic cell division 

 

In Arabidopsis thaliana, chromosome segregation during male meiosis is not affected 

by GA-deficiency (Cheng et al., 2004b) or by constitutively activated GA signaling (Liu 

et al., 2016), suggesting that male meiotic chromosome dynamics is independent of 

GA signaling. However, exogenous GA treatment of flowering Arabidopsis plants 

causes irregularities in meiotic cytokinesis associated with 2n male gamete formation 

by a de-regulation of the DELLA-MYBs module (Fig. 3) (Liu et al., 2016). A similar 

GA-induced restitution of male meiosis was also observed in safflower (Kumar and 

Srivastava, 2009). These findings suggest that GA signaling in the tapetum plays a 

regulatory role in promoting the last step of male meiotic cell division, likely through a 

non-cell autonomous manner. Moreover, since combined loss of function of RGA and 

GAI only interferes the formation and organization of RMAs figures in meiocytes 
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instead of affecting other cytoskeleton structures (e.g. spindle) and in other 

reproductive organs, GA signaling in the tapetum may specifically regulate the 

cytokinetic genes involved in RMA dynamics in developing Arabidopsis meiocytes, for 

example, TETRASPORE (TES). However, in Brassica campestris, exogenous 

application of GA has been found to induce defects in both meiotic cytokinesis and 

chromosome dynamics (Kumar and Dwivedi, 2014), suggesting the sensitivity of 

meiotic chromosome dynamics to the alterations in GA signaling varies among plant 

species. In addition, these reports imply that at early anther developmental stages (i.e. 

prior to male meiotic cytokinesis), bioactive GA must be maintained at a relatively low 

level for a complete male meiotic cell division. In support of this, microarray analysis in 

rice anthers revealed expression alterations of GA-responsive genes during meiosis 

and mature anther stages (Wang et al., 2005), implying that GA may play a role in rice 

meiosis. Transcriptome studies of GA biosynthesis and signaling genes in rice 

revealed that at the early anther developmental stages, the expression level of genes 

encoding for GA biosynthesis enzymes is kept relatively low compared to those 

involved in GA signaling, and that this situation reverses during pollen development 

stages (Fig. 3) (Chhun et al., 2007b; Hirano et al., 2008c; Tang et al., 2010b). Despite 

these insights, however, it is yet unknown how DELLAs regulate male meiotic cell wall 

formation and how this is linked with the control of GA accumulation in the anthers.  

 

Several Arabidopsis mutants with altered tapetum development show failure of male 

meiotic cytokinesis, and some of them are downstream elements of GA signaling (e.g. 

ems1, tpd1 and myb33 myb65) (Doerks et al., 2002; Yang et al., 2003c; Millar and 

Gubler, 2005b; Yang et al., 2005b; Jia et al., 2008; Liu et al., 2016), suggesting that 

GA may regulate male meiotic cytokinesis in Arabidopsis through tapetum function. 

On the other hand, in tomato, GA deficiency causes arrested and/or delayed 

sporogenesis before the initiation of male meiosis (Nester and Jan, 1988; Jacobsen 

and Olszewski, 1991; Olimpieri et al., 2011), suggesting a putative role of GA in the 

mitosis-to-meiosis transition. In addition, tomato with silenced gene SlGA20ox1 

involved in GA biosynthesis produces meiotic restituted tetrads and polyads, 

indicating defective meiotic chromosome segregation and cytokinesis, in addition to 

its delayed meiosis initiation phenotype (Olimpieri et al., 2011). This observation 

suggests that the reliance of successful male meiotic cell division programs on proper 

GA signaling differs among plant species. 

 

GA regulates male gametogenesis 

 

In Arabidopsis, the GA-deficient mutant ga1-3 produces pollen grains with single or no 

nucleus instead of tricellular pollen grains, and displays impaired microsporogenesis 

prior to the first or second pollen mitotic cell division (Cheng et al., 2004a) and loss of 

function of GA biosynthetic GA20ox genes in Arabidopsis results in arrested pollen 

development with associated reduced fertility (Plackett et al., 2012a). GA deficiency 

and/or impaired GA signaling in Arabidopsis and rice cause inviable pollen grain 

production, defective pollen tube elongation and reduced fertility (Singh et al., 2002; 
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Chhun et al., 2007b). These observations indicate that GA signaling is involved in 

Arabidopsis pollen development. Interestingly, defective nuclei polarization, 

microspore degeneration and poor pollen wall formation were observed in Arabidopsis 

DELLA mutants (Plackett et al., 2014a; Liu et al., 2016), suggesting that a restricted 

GA signaling is also crucial for gametogenesis. The requirement of a proper limiting of 

GA signaling for viable pollen production was also reported in rice (Kwon et al., 2015).  

 

In many cases, GA modulates pollen development by regulating outer pollen cell wall 

formation; e.g. exine formation, through GAMYB-like proteins (Fig. 3) (Shi et al., 2015). 

For example, in rice, OsGAMYB mediates exine formation by directly activating 

cytochrome P450 hydroxylase CYP703A3 and β-ketoacyl reductase (KAR) that are 

required for exine and Ubisch body formation, with the gamyb rice mutant showing 

lack of pollen exine layer and impaired microspore development (Aya et al., 2009b). 

The regulation of CYP703 in exine formation by GA-GAMYB regulatory module is 

highly conserved among land plant lineages (Aya et al., 2011a). Moreover, in lily, an 

anther-specific adhesion-like protein LLA1271 expressed in both tapetum and 

microspores is deposited on the surface of developing microspores to regulate exine 

formation or patterning, and has been found to be transcriptionally induced by the 

endo- and exogenous application of GA (Liu et al., 2014). Another anther-specific 

protein LLA115, which is preferentially expressed in the tapetal cell layer, is also 

transcriptionally inducible by exogenous application of GA, but its putative role in 

tapetum/pollen development remains to be examined (Tzeng et al., 2009). In addition, 

a cis-prenyltransferase gene LLA66 that encodes a prenyltransferase in lily tapetum 

and microspores, regulates tapetum and microspore development, and is 

endogenously GA-inducible (Liu et al., 2011). Since tapetum is vital for pollen wall 

formation (Liu and Fan, 2013), and defects in the pollen and tapetum development 

caused by extremely altered GA-signaling are often associated with each other, GA 

may regulate pollen development and gametogenesis partially via modulating 

tapetum function. 
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Figure 3. GA-signaling regulates sporogenesis and gametogenesis in Arabidopsis and rice. 

MYB33 and MYB65 are essential for tapetum programmed cell death (PCD), which is required 

for pollen development. Functional tapetum is required for completion of male meiotic cell 

division. OsGAMYB in rice mediates tapetum PCD downstream of GA signaling. OsGAMYB 

regulates outer pollen wall formation (e.g. exine) by modulating the activity of CYP703 during 

rice pollen development. Transcriptome study in rice anther revealed that at early development 

stage (before meiotic cytokinesis) of rice anthers, the expression of GA biosynthesis genes are 

relatively kept at low levels than that of GA signaling genes, and this situation alters reversely 

at postmeiotic pollen development stages. Dotted arrows represent indirect and/or 

undetermined mechanism. 

 

GA integrates in response of male reproductive development to temperature 

stresses 

 

GA signaling integrates in the response of plant reproductive development to 

environmental stresses especially for unfavor temperature conditions. Heat stress 

reduces bioactive GA level and interferes with anther and pollen development in 

developing rice anthers, leading to fertility reduction (Wu et al., 2016). High 

temperature disrupts tapetum and pollen development in rice and additionally causes 

defects in pollen germination; in addition, the microsporogenesis of rice shows highest 

sensitivity to heat stress at early microspore stage, with plants treated with high 

temperature at this stage displaying most severe fertility phenotype (Endo et al., 

2009). Under heat stress, the expression of anther-specific gene CYP703, which is 

predominantly expressed in tapetal cells at microspore stage and functions in pollen 

cell wall formation controlled by GA-GAMYB module, is downregulated, although that 

the expression of two tapetum-specific genes TDR and OsRAFTIN required for 

tapetum PCD and pollen wall formation, respectively, is not affected (Aya et al., 2009b; 
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Endo et al., 2009). Meanwhile, in rice, higher GA level in developing anthers is 

correlated with higher pollen bioactivity under mild heat stress, suggesting GA 

promotes heat tolerance of pollen development (Tang et al., 2008). Similarly, 

GA-sensitive wheat plants are more tolerant to heat and drought stress with higher 

seed set compared with GA-insensitive plants, supporting a positive role of GA in heat 

tolerance. Moreover, heat stress-interfered fertility is more sensitive to endogenous 

developmental conditions; e.g. water availability and plant age, but whether GA 

mediates heat response of wheat reproduction by interacting with these endogenous 

signals is unknown (Alghabari et al., 2014).  

 

Under low temperature conditions, GA biosynthesis genes GA20ox3 and GA3ox1 in 

rice anthers are downregulated, and this is mediated by the enhanced expression of 

the cold-inducible DREB1b/C-repeat/ DRE Binding Factor1 (CBF1). As a result, 

reduced bioactive GA levels in cold-stressed rice anthers lead to abnormal 

reproductive development with a decreased tapetum cell number, irregular 

enlargement of tapetum cells and disrupted pollen development; in addition, 

GA-deficient and -insensitive rice plants display more severe defective anther 

development and lower fertility (Sakata et al., 2014a). Previously it has been found 

that cold stress induces male meiotic restitution and associated 2n pollen formation in 

Arabidopsis by disrupting male meiotic cytokinesis reminiscent to the double rga-24 

gai-t6 DELLA mutant or plants with exogenous GA treatment (De Storme et al., 2012c; 

Liu et al., 2016), implying that that cold-induced defects in Arabidopsis male meiotic 

cell division may result from an increased level of GA in the anthers and the 

subsequent deactivation of DELLA proteins RGA and GAI. However, by using 

combined chemical and genetic studies on a series of GA-metabolic and –signaling 

mutants, we found that altered GA signaling does not affect the cold sensitivity of 

sporogenesis in Arabidopsis. Actually, as the case in developing rice anthers and 

Arabidopsis seedlings, cold stress reduces bioactive GA level and promotes DELLA 

protein abundance in the developing Arabidopsis anthers, indicating that GA signaling 

does not mediate cold-induced male meiotic restitution in Arabidopsis. In addition, 

Arabidopsis myb33 myb65 plants show defective tapetum development and disrupted 

gametogenesis, displaying severe male sterility, while the fertility condition improves 

when the mutant plants are exposed to increased light or decreased temperature 

conditions (Millar and Gubler, 2005b), suggesting that the male fertility of myb33 

myb65 plants is partially environment-dependent, but the detailed mechanisms 

involved are not reported yet. 

 

Conclusion and perspective 

 

Recent studies have uncovered the expression patterns of several key genes 

functioning in GA metabolism and signaling in relation to male reproductive 

development. There is increasing evidence supporting that the tapetum development 

is controlled by GA signaling and they coordinately regulate pollen development. 

Remarkably, GA signaling is also associated with abiotic stress in the anther. 
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However, there are still many outstanding questions which in our opinion should be 

addressed to decorticate the multiple functions of GA during male reproductive 

development. In this Ph.D study, we aim to answer the biological questions below: 

 

1. Whether and how does GA signaling regulate male meiotic cell division in 

Arabidopsis? 

2. If GA signaling plays a role in early pollen development stages; i.e. in male 

meiosis, where does GA signaling operate and what signaling components are 

involved? 

3. What is the role of tapetum in regulating male sporogenesis and how does it 

modulate GA signaling during male reproduction? 

4. GA signaling mediates the cold response of vegetative and late pollen 

development of plants, but whether it also regulates the cold-interfered male 

meiosis in Arabidopsis? 
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Chapter 2 Methodology 

 

This chapter introduces the methodology that has been applied in this Ph.D study. 
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Plant Materials and Growth Conditions 

 

Arabidopsis (Arabidopsis thaliana) Columbia-0 (Col-0), Landsberg erecta (Ler) and 

Wassilewskija (Ws) accessions were obtained from the Nottingham Arabidopsis Stock 

Centre. The qrt1-2-/- mutant (Preuss et al., 1994; Francis et al., 2006) was ordered 

from Nottingham Arabidopsis Stock Centre; The gai mutant was kindly provided by 

Patrick Achard. For the in vivo gametophytic ploidy determination, Arabidopsis plants 

containing pWOX2::CENH3-GFP (De Storme and Geelen, 2011) were used. pWOX2 

is a promoter active in young microspores and CENH3 protein is required for 

chromatin organization in plants. Since CENH3 is localized at the centromere of each 

chromosomes, the foci of GFP fluorescence can represent the number of 

centromeres which hence can be used as indication of gamete ploidy level. The 

DELLA double mutant rga-24 gai-t6 and the quadruple mutant rga-t2 gai-t6 rgl1-1 

rgl2-1 were previously described (Achard et al., 2006) and were kindly provided by 

Patrick Achard and Nicholas Harberd. The rga-24 gai-t6 double mutant plants 

harboring pWOX2::CENH3-GFP were isolated in F2 population from the rga-24 gai-t6 

double mutant intercrossing with pWOX2::CENH3-GFP transgenic line, according to 

the phenotype of pWOX2::CENH3-GFP transgenic line and genotyping of rga-24 and 

gai-t6 mutation (diploid gamete formation). The rga-24 and gai-t6 single mutants were 

acquired from F2 population from the rga-24 gai-t6 double mutant intercrossing with 

pWOX2::CENH3-GFP transgenic line by genotyping rga-24 and gai-t6 mutation 

respectively. The pentuple rga-t2 gai-t6 rgl1-1 rgl2-1 rgl3-1 mutant was kindly shared 

by M. Höfte. The single and double myb33 myb65 mutants were kindly provided by 

Anthony Millar. The pRGA::GFP-RGA transgenic plants were obtained from Nicholas 

Harberd. The 35S::CBF1 and 35S::CBF3 seeds were shared by Thomashow MF. The 

FTL reporter lines in the qrt1-2-/- background (FTL1313 and FTL3332), used for 

genotyping 2n gametes, were described earlier (Francis et al., 2007a; Berchowitz and 

Copenhaver, 2008). The FTL constructs are leaded by pollen-active promoter LAT52. 

Since meiotic recombination undergoes at a low chance at regions close to 

centromere, the FTL insertions near the centromere will separate along with 

centromeres at high chances. Therefore, by monitoring the recombination of the 

fluorescent signals we can estimate the behaviors of homologous chromosomes and 

therefore can quantify the frequency of meiotic recombination rate at certain regions 

and/or determine meiotic restitution types. The dyt1, tdf1, ams, ms103 and ms1 

mutant seeds were kindly provided by prof. Yang ZN. The Arabidopsis plants 

containing pMGH3::H2B-GFP (De Storme et al., 2012b) was provided by D. Twell. 

The 3-9-28 mutant plants harboring pWOX2::CENH3-GFP or pMGH3::H2B-GFP 

were isolated in F2 population from the 3-9-28 mutant intercrossing with 

pWOX2::CENH3-GFP and/or pMGH3::H2B-GFP transgenic line, according to the 

phenotype of pWOX2::CENH3-GFP and/or pMGH3::H2B-GFP transgenic line and the 

phenotype of 2n gamete. The double ahk2-2 ahk3-3, triple ahp2-1 ahp3 ahp5-2 and 

the arr1-3 mutant were kindly shared by Jungmook Kim and Jin Jeon (Jeon et al., 

2010; Jeon and Kim, 2013). The ipt single mutants, and the 35S::CKXs transgenic 

lines used in this study were kindly shared by Tatsuo Kakimoto (Miyawaki et al., 2006) 
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and T. Schmülling (Werner et al., 2003), respectively. The 35S::CKX2 and 35S::CKX4 

transgenic lines have been described as (Werner et al., 2001; Werner et al., 2003). 

The homozygous duet-/- mutant was provided by Imran Siddiqi. 

 

Seeds were germinated on K1 medium for 6-8 days and then seedlings were 

transferred to soil and cultivated in growth chambers at 12 h day/12 h night, 20°C, and 

less than 70% humidity. Upon flowering, the photoperiod was changed to a 

16-h-day/8-h-night regime.  

 

Chemical treatment 

 

To determine the effect of GA3 treatment on male meiotic products, tetrads and 

microspores were observed at 36-48 h and 72-96 h later after GA3 and water spraying 

respectively. To monitor the effect of GA3 treatment on larger pollen formation, mature 

pollen grains were analyzed in the 14 days following GA3 treatment. For GA3 

treatment, flowering plants were sprayed by water (+0.02% Tween) and 100 µM GA3 

(+0.02% Tween) respectively. For pRGA::GFP-RGA expression analysis, to stabilize 

the GFP-RGA signals in Arabidopsis flowers, flowering pRGA::GFP-RGA plants were 

sprayed with PAC (1mM, 0.06% Tween-20) and water respectively. For ABA treatment, 

flowering plants were sprayed by water (+0.02% Tween) and 100 µM ABA (+0.02% 

Tween), respectively. The plants were treated with six different conditions: Mock 

treatment with and without cold stress; once 100 µM ABA treatment with and without 

cold; twice 100 µM ABA treatment with and without cold (the second ABA treatment 

was applied at 24 h later after the first ABA application). At 48 h later under cold stress, 

plants were transferred to normal temperature conditions (NC) for recovering 

(20-22℃), and the unicellular stage microspores were examined and quantified at 24 

h post cold treatment. The concentration of the hormones used in this study is 

according to studies of plant hormone treatment that have been reported. 
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Figure 1. Experiment set up of exogenous ABA treatment and cold response of Arabidopsis 

sporogenesis examination. 

 

Measurement of cold sensitivity of Arabidopsis sporogenesis 

 

The cold treatment of flowering Arabidopsis plants and the measurement of 

corresponding cold sensitivity of male sporogenesis were performed according to De 

Storme et al. (De Storme et al., 2012b) with minor modifications. Young flowering 

Arabidopsis plants were treated with cold (4°C–5°C) for 48 h and the unicellular stage 

microspores were examined at 24-36 h after the cold treatment under microscope. 

For all the quantification of meiotic products, At least five biological repeats have been 

analyzed, and the numbers of the counted cells are indicated in the text. 

 

Pollen nuclei DAPI staining 

 

Only flowers which are fully open can be used for DAPI sperm visualization. For each 
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line, 5-10 flowers are harvested and collected in an Eppendorf tube. Pollen grains are 

extracted out of the flowers by adding 350 µl EDTA 0.5 M to the flowers and by 

subsequently vortexing this solution for approximately 5 minutes. Next, flowers are 

removed from the Eppendorf tube using tweezers and the solution is centrifuged for 5 

min at 13000 revolutions per minute (rmp). Supernatant is carefully removed, leaving 

the yellowish pellet for further treatments. The fixation solution used in this protocol is 

a 3:1 ethanol: acetic acid buffer. In each Eppendorf tube, 200 µl fixation buffer is 

added and the pellet is fixated for 20 minutes. Subsequently, after centrifugation for 5 

min at 13000 rpm, the supernatant is removed. In each Eppendorf tube, 350 µl 

distilled H2O is added to wash away the remaining fixative from the pollen grains. 

Again, after centrifugation for 5 min at 13000 rpm, the supernatant is removed. Pollen 

nuclei are stained with a DAPI solution (2µg/ml). For each sample, 10 µl of DAPI 

staining solution is added to the washed pollen pellet. For good staining results, DAPI 

has to interact for 30 minutes with the DNA material. So, after half an hour, 200 µl of 

distilled H2O is added, the sample is centrifuged (5 min at 13000 rpm) and the 

supernatant is removed. To diminish background interference, pollen grains are 

washed with distilled H2O. After adding 350 µl of distilled H2O, samples are 

centrifuged (5 min at 13000 rpm) and the supernatant is removed. Finally, 15 µl of 

distilled H2O is added to the washed pollen pellet and this sample material is put on a 

microscopy slide and covered with a cover slip. Sperm visualization was performed 

using 365 nm UV light at magnification 20X and 100X. 

 

Orcein, DAPI and aniline blue staining of meiotic product 

 

Male meiotic product was examined by releasing spores in a drop of orcein (45% 

[m/v] ; Sigma), DAPI (1 mg/ mL; Sigma) and/or aniline blue solution (0.1% [m/v] in 

0.033% K3PO4 [m/v]), respectively.  

 

Fluorescein Diacetate (FDA) staining 

 

Mature pollen grains were released in a drop of FDA (2mg/ml in acetone) solution on a 

slide, and were covered by a cover slide followed by microscope observation. 

 

Propidium iodide (PI) staining 

 

Intact seedling is collected and incubated 2 min in 10uM PI. Entire seeding was rinsed 

in two changes of distilled water (1 min for each). Transfer the seedling to a slide 

followed by adding proper amount of distilled H2O and mounting with coverslip. The 

slide is then observed under TXRED filter. 

 

Preparing of meiotic spread 

 

Chromosome behavior during meiotic cell division was visualized cytologically using 

the well-established chromosome-spreading technique (Jones and Heslop-Harrison, 
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1996) with some minor modifications. After fixation of meiotic buds in 3:1 ethanol: 

acetic acid, buds were rinsed twice (once in distilled water and once in citrate buffer) 

and incubated in an enzyme mixture consisting of 0.3% (w/v) pectolyase (Sigma) and 

0.3% (w/v) cellulase (Sigma) in citrate buffer at 37°C in a moisture chamber for 1.5 h. 

Digested buds were subsequently rinsed in citrate buffer. A single enzyme digested 

bud was transferred to a slide, macerated with a needle in a small drop of 60% acetic 

acid, and stirred gently on a hotplate at 45°C for 30 s. The slide was then flooded with 

freshly made ice-cold 3:1 ethanol: acetic acid and subsequently air dried. Finally, 

slides were stained by adding 1 µg mL-1 DAPI in Vectashield anti-fade mounting 

medium, mounted with a coverslip, and squashed between filter paper to remove 

excess stain and mounting medium. 

 

Tubulin Immunolocalization  

 

The ɑ-tubulin immunolocalization was performed according to the method of and De 

Storme et al. (2012) with minor modifications. After m-maleimidobenzoyl 

N-hydrosuccinimide ester treatment (100 mM in 50 mM potassium phosphate buffer 

and 0.05% [v/v] Triton X-100, pH 8; 30 min under vacuum) and fixation for 1 h in 4% 

(w/v) paraformaldehyde, inflorescences were washed in 50 mM potassium phosphate 

buffer (pH 8) and digested in an enzyme mixture consisting of 0.3% (w/v) pectolyase 

(Sigma), 0.3% (w/v) cytohelicase (Sigma), and 0.3% (w/v) cellulase (Sigma) in a 

humid chamber at 37°C for 3 h. Enzyme-digested anthers were dissected, squashed, 

and fixed on a slide by freezing in liquid nitrogen. Released cells were then digested 

again at 37°C for 1.5 h using the same enzyme mix. After rinsing with potassium 

phosphate buffer, immobilized cells were incubated overnight at room temperature 

with rat a-tubulin primary antibody (0.3% [v/v]; clone B-5-1-2; Sigma-Aldrich) in 

phosphate-buffered saline, 0.1% (v/v) Triton X-100, and 4.5 g L-1 bovine serum 

albumin. Cells were rinsed three times with phosphate-buffered saline and treated for 

3-5 h with 0.5% (v/v) secondary antibody (labeled goat anti-rat) at 37°C in the dark. 

After five phosphate-buffered saline rinses, a small droplet of DAPI (2 mg mL-1) in 

Vectashield mounting medium (Vector Laboratories) was added. 

 

GFP intensity quantification 

 

Image J was used for the quantification of GFP intensity. The entire anther area was 

chosen for fluorescence quantification and the area within the tapetal cell layers was 

used as background. 

 

Pollen viability examination 

 

For pollen germination, mature pollen grains from newly opened flowers are soiled on 

pollen growth medium (5 mM CaCl2, 1 mM MgSO4, 5mM KCl, 0.01 mM H3BO3, 18% 

sucrose, 1.5% agarose, pH at 7.5 modified by 0.1 M NaOH), and the pollen tube is 

observed after incubation in humid chamber under dark for 24 h. 
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Visual assessment of petal leaves  

 

Mature Arabidopsis flowers were fixed by 3:1 ethanol: acetic acid for at least 24 h, and 

the intact petals were subsequently isolated and washed using distilled H2O, followed 

by being placed on a slide. A proper amount of water was added and the samples 

were covered by a coverslip before visualization. 

 

Cytology 

 

Visualization of pWOX2::CENH3-GFP constructs was performed by releasing spores 

in a 0.05 M NaPO4 (pH 7.0) and 0.5% Triton X-100 (v/v) solution. FDR/SDR 

genotyping of mature pollen grains in FTL lines (FTL1313 and FTL3332) was 

performed by releasing mature pollen grains in a drop of pollen extraction buffer (0.5 

M EDTA) on a slide, and was visualized under fluorescence microscope. 

 

Expression Analysis 

 

The young flowering Arabidopsis wild type Columbia-0 plants were treated with cold 

(4°C–5°C) for 0, 2 and 24 h, respectively, and the total RNA from young flower buds 

was isolated using the RNeasy Plant Mini Kit with additional on-column DNase I 

treatment (Qiagen). For each treatment group, ten individual plants were taken as one 

group and were treated together; the isolated buds according to their sizes from ten 

individuals were pooled together for RNA collection. Three independent experiments 

were repeated (using different plant individuals). First-strand cDNA was synthesized 

using the GoScript™ Reversion Transcription System Kit (Promega). Quantitative 

gene expression analysis was performed by qRT-PCR on a Stratagene MX3000 

real-time PCR system using the GoTaq® qPCR Master Mix (Promega). For qPCR 

analysis, three biological repeats and three technic repeats were performed. 

Arabidopsis AtActin2 gene was used as reference gene. Significance analysis was 

performed by using t-student and/or Wilcoxon rank test.  

 

Mapping of mutation in 3-9-28 

 

Mutant 3-9-28 was isolated from a genetic M2 screen (Monogenic recessive mutation; 

Col-0 Background). Mutant 3-9-28 was outcrossed with Ler background and the F2 

offspring population was screened for the 3-9-28 phenotype (2n gamete). The 

selected F2 segregated individuals were bulked and genomic DNA was extracted. 

DNA samples were sent to NXTGNT, Ghent University for library construction and 

76bp single-end sequencing on the Illumina SR75 Nextseq500. All raw sequence 

reads (FASTQ format) were quality controlled through the FASTQC tool v0.63 

available in the online Galaxy platform (usegalaxy.org). To remove nucleotides with a 

lower PHRED quality score, 5 nucleotides were trimmed at the 3’ side of every read 

and 10 nucleotides at the 5’ side (FASTQ Trimmer v1.0.0). The CloudMap Variant 
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Discovery Mapping (and Variant Calling) workflow was used for read alignment and 

variant calling (workflow imported in Galaxy). All settings were used like described in 

Minevich et al. (2012). Average depth of coverage was 29.45. In total 515170 variant 

calls were made. 

 

From this full set of called variants, first only the variants that are derived from the Ler 

background were selected. This was possible by using a full set of variants present in 

the Ler outcrossing partner that was used to construct the mapping population. This 

specific Ler line was sequenced earlier by the research group and variants were 

called compared to the reference genome. Hard filtering was applied to remove 

variants with low quality (Depth of coverage (DP) ≥ 10). The remaining 419481 

variants were used to generate a plot of allele frequencies (ratio of alternate alleles to 

total reads) for every variant (Supplemental fig. S1). Subtracting of datasets and hard 

filtering was done through the ‘Select Variants from VCF files’ tool v0.0.3 available in 

Galaxy. 5. Second, from the full set of called variants (515170 variants), all Col-0 

background and Ler background variants are subtracted to only retain the EMS 

induced mutations. To do this, sequence data from the Ler WT parent and 9 

independent samples of segregating F2 resulting from an outcross between Col-0 and 

Ler were used to subtract common variants (the variant files for these samples were 

available in the lab). In the end 1765 SNPs remained and after hard filtering (DP≥10) 

800 confident EMS mutations were used to generate a plot. 

 

Microscopy  

 

Both bright-field and fluorescence microscopy were performed using an Olympus 

IX81 inverted fluorescence microscope equipped with an X-Cite Series 120Q UV lamp 

and an Olympus XM10 camera. Fluorescence from pRGA::GFP-RGA transgenic line 

and propidium iodide staining was captured using Nikon A1r confocal laser scanning 

microscope equipped with Axiovision software (LiMiD). Merging images and Z-stacks 

were processed using ImageJ. Brightness and contrast settings were adjusted using 

Photoshop CS6. 
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Chapter 3 The Role of Stress-Responsive Hormone 

Abscisic Acid and Cytokinin in Cold-induced Meiotic 

Restitution in Arabidopsis 

 

Summary 

 

This chapter is composed by two parts (part A and B), respectively describing the 

putative role of abscisic acid and cytokinin in mediating the cold response of 

Arabidopsis male sporogenesis. It has been reported that plant hormones; e.g. 

abscisic acid, auxin, cytokinin and gibberellic acid, play varies important roles in 

regulating growth and development of plants, and act as massagers and regulatory 

molecules mediating the sensitivity and reaction of plant to external cues. Numerous 

studies have revealed that several plant hormones have significant function in 

conferring plants with sensitivity and tolerance abilities to cold stress, and therefore 

we take these hormones as interested candidates in searching for the signaling 

mechanisms mediating the cold response of Arabidopsis male meiotic cell division to 

the cold stress.  

 

Abscisic acid and cytokinin are widely known plant hormones that play central roles in 

regulating cold response of plants. In this chapter, by performing chemical, genetic 

and cytological research strategies, we tried to explore the putative involvement of 

ABA and CK in the process of cold-interfered male meiotic cytokinesis. The part A of 

this chapter presents the effect of exogenous ABA treatment on the cold sensitivity of 

Arabidopsis male microsporogenesis. In the part B, the cold sensitivity of meiotic 

cytokinesis in Arabidopsis plants with endogenously altered CK metabolism and/or 

signaling, respectively, was examined and evaluated. Overall, the findings in this 

chapter will provide us with the understanding whether ABA and CK are involved in 

cold-induced male meiotic restitution and 2n pollen formation in Arabidopsis thaliana.  

 

The data of part B has been published as ‘Bing Liu, Nico De Storme and Danny 

Geelen (2017) Cold interferes with male meiotic cytokinesis in Arabidopsis thaliana 

independently of the AHK2/3-AHP2/3/5 cytokinin signaling module. Cell Biology 

International’. 
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Part A Exogenous ABA treatment does not influence cold 

sensitivity of male microsporogenesis in Arabidopsis thaliana 

 

Introduction 

 

Abscisic acid (ABA) is one of the best known stress-responsive plant hormones 

integrating in the sensitivity and response of plant development to multiple abiotic 

stresses (Tuteja, 2007; Ye et al., 2012; Danquah et al., 2014; Golldack et al., 2014; 

Sah et al., 2016). Especially, ABA signaling is largely involved in the response of plant 

development activities to low temperature stress in different plant species and tissues 

(Bravo et al., 1998; Baron et al., 2012; Shi and Yang, 2014; Mega et al., 2015). It has 

been proposed that ABA may mediate cold-responsive genes expression partially by 

activating the cold-inducible C-repeat binding factors (CBFs), with subsequently 

increased transcripts of cold-regulated (COR) genes (Knight et al., 2004).  

 

Under cold stress, rice and chickpea display pollen abortion and sterility with 

associated increased endogenous ABA level in developing anthers, and the 

cold-tolerant rice plants harbor lower ABA accumulation compared with cold-sensitive 

plants (Bakht et al., 2006; Oliver et al., 2007). Actually, in addition to low temperature 

conditions, other abiotic stresses such as heat and drought also promote ABA 

abundance in the anthers of rice and cereals crops, accompanying with disrupted 

pollen development (Tang et al., 2008; Ji et al., 2011a; Bita and Gerats, 2013). This 

correlation pattern that induced ABA level contributes to cold-caused development 

defects in anthers differs reversely as the case in the vegetative tissues, in which 

increased ABA activity confers enhanced cold tolerance (Kumar et al., 2008; Melgoza 

et al., 2014; Cheng et al., 2016). It is likely that ABA is synthesized in the vascular 

parenchyma cells in developing anthers, and cold-induced ABA accumulation in rice 

anther is due to promoted expression of ABA biosynthesis genes OsZEP and 

OsNCED3 (Oliver et al., 2007; Ji et al., 2011a). In the anthers of rice plants with 

stronger cold tolerance, the C-8′ hydroxylation pathway, which mediates bioactive 

ABA deactivation, is more active; and the ABA catabolic genes ABA8ox1 and 

ABA8ox2 are expressed at a higher level, supporting a negative role of ABA in pollen 

development under low temperature conditions (Nambara and Marion-Poll, 2005; 

Oliver et al., 2007; Ji et al., 2011a).  

 

Tapetum is the site where ABA signaling is believed to take action mediating the cold 

response of pollen development, since the decreased ABA level and associated 

rescued pollen development and male fertility under cold stress is observed only 

when overexpression of wheat TaABA8′OH1 occurs in rice tapetum but not in other 

reproductive tissues (Ji et al., 2011a). In addition, increased activity of TaABA8′OH1 in 

rice tapetum leads to the maintenance of the transcript of cell wall invertase gene 
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OsINV4 under low temperature, the function of which is required for pollen wall 

formation (Koonjul et al., 2005; Ji et al., 2011a). Moreover, since ABA interferes with 

tapetum programmed cell death, and cold stress also causes delayed and/or omitted 

PCD in tapetal cells, the cold-induced defective tapetum development may be due to 

increased ABA level in the anthers (Wang et al., 1999a; De Storme and Geelen, 

2014b). 

 

Despite these progressed understanding of the role of ABA in the cold response of 

pollen and tapetum development, the putative involvement of ABA in earlier 

sporogenesis stages remains unclear; more specifically, it is yet unknown whether 

ABA mediates in the cold-induced alterations during male meiotic cell division and the 

resulting diploid gamete formation. To address this possibility, we here test the cold 

sensitivity of sporogenesis in flowering Arabidopsis plants with exogenously 

application of ABA. By quantifying the frequency of enlarged diploid or polyploid 

microspores produced by ABA-sprayed plants after cold treatment (experiment set up 

is shown in figure 1), we found that exogenous ABA treatment does not influence the 

cold sensitivity of sporogenesis, and therefore our observation suggests that 

Exogenous ABA treatment does not influence cold sensitivity of male meiotic 

restitution in Arabidopsis thaliana. 

 

Result 

 

To determine the putative involvement of ABA in cold-induced male meiotic restitution 

and associated 2n gamete production in Arabidopsis, we set up an experiment by 

spraying flowering Arabidopsis plants with exogenous ABA prior to cold treatment, 

and then quantified enlarged unicellular microspore produced after treatment. Without 

cold stress, both control and ABA-treated Arabidopsis wild type Columbia-0 plants 

consistently produced normal sized haploid microspores (Fig. 1A, B and C), indicating 

that exogenous ABA application does not affect Arabidopsis male sporogenesis. After 

cold treatment, however, enlarged microspores with a frequency of 5.7% were 

observed in mock-sprayed Col-0 plants (Fig. 1A and D). Interestingly, plants with once 

or twice exogenous ABA application produced 7.85% (Fig. 1A and E) and 5.77% (Fig. 

1A and E) larger microspores after cold stress, respectively, with no significant 

difference compared with mock-sprayed plants exposure to cold. In conclusion, this 

data suggests that the exogenous treatment with ABA does not influence the cold 

sensitivity of male sporogenesis in flowering Arabidopsis plants, and additionally 

implying that ABA might be not involved in cold-induced male meiotic restitution and 

2n game formation in Arabidopsis thaliana. 
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Figure 1. Effect of exogenous ABA treatment on the cold response of Arabidopsis 

sporogenesis. A, Histogram showing the frequency of enlarged unicellular microspore 

produced after different treatment conditions. Five biological repeats were performed and 

Student t-test was used; p > 0.05. For each technical repeat, 500 cells were counted. B-E, 

Haploid unicellular microspores in mock- (B) and 100 µM ABA-treated (C) Arabidopsis plants, 

and enlarged unicellular microspores yielded by plants treated with mock and cold (D) and 

plants treated with 100 µM ABA and cold. Scale bar = 10 µm. 

 

Conclusion 

 

In this part, we showed that exogenous application of ABA on flowering Arabidopsis 

plants had no effect on male meiotic cell division and haploid spore formation under 

normal growth conditions, and the chemical treatment did not significantly affect the 

cold sensitivity of male microsporogenesis. This assay therefore suggests that ABA 

may not play a role in Arabidopsis male meiosis and may be not involved in the cold 

response of male microsporogenesis and gamete ploidy reduction. However, since 

we have not examined and confirmed that the ABA treatment in our experiment had 

effect on the treated-plants, several experiment should be performed prior to the 

conclusion. For example, exogenous ABA treatment on rice plants has been reported 

to cause disruption of pollen development and reduced male fertility, which mimics the 

effect of cold stress on pollen development (Oliver et al., 2007). In addition, 

ABA-interfered pollen development and male fertility was found to be caused by 

delayed and/or arrested tapetal cell PCD and deregulated tapetum wall invertases; 

e.g., INV4 (Wang et al., 1999b; Ji et al., 2011a). Therefore, whether the pollen 

development is influenced, whether tapetum degradation is defective, and whether 

tapetal cell wall invertase genes are downregulated using our ABA treatment protocol 

and under our ABA treatment conditions, could be analyzed to determine the effect of 

the ABA application on Arabidopsis plants in our experiment. 
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Part B Cold interferes with male meiotic cytokinesis in 

Arabidopsis thaliana independently of the AHK2/3-AHP2/3/5 

cytokinin signaling module 

Abstract 

 

Previously we have shown that low temperature stress in Arabidopsis causes defects 

in microtubule organization and cytokinesis in male meiocytes, which leads to the 

formation of diploid pollen. Because cytokinin (CK) mediates multiple physiological 

responses to cold stress, we investigated whether CK signaling is involved in 

cold-induced diploid pollen formation. To this end, we monitored male sporogenesis in 

a series of mutants defective in CK metabolism and signalling. Arabidopsis plants with 

altered CK homeostasis, i.e. the ahk2-2 ahk3-3 double and the ahp2-1 ahp3 ahp5-2 

triple mutant, were cold sensitive and displayed similar defective male meiotic 

cytokinesis as wild type plants upon cold stress. These findings demonstrate that the 

AHK2/3-AHP2/3/5 CK-signaling module is not required for cold-induced ploidy 

stability of male gamete in Arabidopsis. Cytological analysis further revealed that the 

cold-induced cytokinesis defects in the ahk2-2 ahk3-3 mutant correlated with irregular 

organization of the radial microtubule array (RMA) in tetrad microspores at the end of 

male meiosis. Contrary to the ahk and ahp mutants, Arabidopsis plants defective for 

ARR1, a downstream target of ahk and ahp mediated CK signalling, displayed higher 

cold-tolerance of male meiotic cytokinesis program. We here suggest that the 

transcription regulator ARR1 may act independently from the CK AHK2/3-AHP2/3/5 

signaling module in conveying the cold response to male meiocytes. 

 

Introduction 

 

The production of viable haploid gamete is important for ploidy stability and male 

fertility in flowering plants. Genetic alterations of meiotic regulators and/or external 

stresses may cause defects in male meiotic cell division and subsequently lead to 

meiotic restitution with associated diploid gamete production (De Storme and Mason, 

2014). The cytological mechanisms that result in male meiotic restitution can be 

classified into omission of meiosis cycles, fused and/or parallel spindles and 

incomplete meiotic cytokinesis (Ramanna and Jacobsen, 2003a). Shorts periods of 

cold stress (4-5°C for 1-40 h) induces male meiotic restitution and 2n gamete 

formation in Arabidopsis by specifically interfering with male meiotic cytokinesis (De 

Storme et al., 2012b). More specifically, the low temperature stress evokes alterations 

in the formation and organization of meiotic cytoskeleton radial microtubule arrays 

(RMAs) in developing meiocytes at telophase II stage, and subsequently leads to 

incomplete meiotic cell wall formation at tetrad stage resulting in diploid or polyploid 

microspore formation (De Storme et al., 2012b). Concerning the specifically targeted 
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meiotic program (meiotic cytokinesis) and the affected cytoskeleton structure (RMA), 

it is considered that cold-induced meiotic restitution is mediated by cold-responsive 

genetic mechanisms. However, these involved molecular regulators and signaling 

pathways are not yet known. 

 

Cytokinin (CK) regulates cell division, cell differentiation and chlorophyll senescence 

in plants, and additionally integrates in the response of plants to abiotic stresses such 

as cold (Mok and Mok, 2001; Argueso et al., 2009). CKs are generally classified in 

four types; isopentenyladenine nucleotide (iP), trans-zeatin (tZ), cis-zeatin (cZ) and 

dihydrozeatin (dZ), with iP and tZ harboring strongest ligand affinity to CK receptors 

(Inoue et al., 2001; Suzuki et al., 2001; Yamada et al., 2001; Spíchal et al., 2004; 

Romanov et al., 2006). De novo biosynthesis of CKs is conducted in a step-wise 

manner. The first step of is initiated by adenosine phosphate-isopentenyltransferase 

(IPT), which catalyzes the conversion of dimethylallyl diphosphate (DMAPP), 

adenosine 5’-phosphates and/or hydroxymethylbutenyl diphosphate (HMBDP) into iP 

nucleotide (Sakakibara, 2005; Hirose et al., 2008). The cZ cytokinin is synthesized 

through tRNA degradation by tRNA-isopentenyltransferase (tRNA-IPT); and the 

source of dZ is considered to be a putative zeatin reductase (Hwang and Sakakibara, 

2006; Frébort et al., 2011). In Arabidopsis, there are seven IPT genes (i.e. IPT1 and 

IPT3-8) encoding IPT proteins that show differential subcellular specificity (Kakimoto, 

2001; Takei et al., 2001; Sun et al., 2003; Kasahara et al., 2004). Trans-zeatin (tZ) is 

synthesized by the subsequent hydroxylation of iP by the cytochrome P450 

monooxygenases (P450s) CYP735A1 and CYP735A2 (Kamada-Nobusada and 

Sakakibara, 2009). Maintenance of proper bioactive CK levels is critical for normal 

plant development and requires cytokinin dehydrogenases (CKXs) that irreversibly 

degrade cytokinin (Frébort et al., 2011). In Arabidopsis, the CKX protein family 

consists of seven members (Sakakibara, 2006; Werner et al., 2006). CKX1, CKX3 

and CKX5 are considered to exert redundant functions as overexpression of these 

genes causes similar physiological phenotypes (Werner et al., 2003). However, 

overproduction of CKX2 and CKX4 causes a more severe degree in CK-deficiency 

with the strongest enzymatic effect on iP, tZ and the respective ribosides (Werner et 

al., 2003; Nishiyama et al., 2011; Köllmer et al., 2014).  

 

In Arabidopsis, CK signalling is mainly mediated by a two-component system that is 

composed of Arabidopsis Histidine Kinases (AHKs) and Arabidopsis Histidine 

Phosphotransfers (AHPs) (To and Kieber, 2008). The AHKs are membrane proteins 

that show a conformational change and autophosphorylation upon binding with 

extracellular cytokinin (Heyl and Schmülling, 2003). Arabidopsis Histidine 

Phosphotransferases (AHPs) mediate the cytoplasmic-to-nuclear signal transfer from 

AHKs to nucleus-localized B-type Arabidopsis Response Regulators (B-type ARRs); 

B-type ARRs act as transcription regulators by binging with the promoter of A-type 

ARRs and consequently induce CK-dependent physiological activities (Heyl and 

Schmülling, 2003; Kakimoto, 2003; Ferreira and Kieber, 2005; To and Kieber, 2008; 

Hwang et al., 2012). In Arabidopsis, there are three CK receptor AHK proteins; i.e. 
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AHK2, AHK3 and AHK4/CRE1, which harbor both specific and redundant functions in 

the transduction of CK signals (Heyl and Schmülling, 2003; Higuchi et al., 2004; 

Nishimura et al., 2004; Heyl et al., 2012). Arabidopsis AHP1, AHP2, AHP3, AHP4 and 

AHP5 are redundant regulators that act positively in CK signaling with stable 

transcripts upon exogenous CK treatment; AHP6, on the other hand, is a negative 

regulator of CK signaling and its expression decreases upon CK application (Tanaka 

et al., 2004b; Hutchison et al., 2006; Mähönen et al., 2006). Both AHK2, 3, and 

AHP1-5 are expressed in Arabidopsis flowers (Nishimura et al., 2004; Hradilová and 

Brzobohatý, 2007). Upon phosphorylation by the AHKs, the AHPs in their turn 

phosphorylate ARR regulators that act downstream of CK signaling and that modulate 

plant development by regulating the expression of downstream target genes (Ferreira 

and Kieber, 2005). In Arabidopsis, there are 23 ARR proteins, and they are classified 

into two groups (type A and B) according to their sequence and domain structures 

(Brandstatter and Kieber, 1998; Imamura et al., 1999). Gene expression of A-type 

ARRs is inducible by exogenous CK, whereas transcript levels of B-type ARRs are 

relatively stable in response to exogenous CK treatment (Brandstatter and Kieber, 

1998; Taniguchi et al., 1998; Imamura et al., 1999; Kiba et al., 1999).  

 

CK is involved in the regulation of reproductive development in plants (Cucinotta et al., 

2016). Genetic studies revealed that the combined loss-of-function of the CK 

receptors AHK2, 3 and 4 leads to delayed flowering induction, impaired female 

gametophyte development and decreased ovule number, indicating that CK is 

required for flowering initiation and ovule development (Nishimura et al., 2004; 

Bartrina et al., 2011; Bencivenga et al., 2012; Cheng and Kieber, 2013). Male gamete 

development is also dependent on proper CK signalling, since ectopic expression of 

CKX1 in pollen and anthers of maize and tobacco causes male sterility, which can be 

restored by exogenous CK application (Huang et al., 2003). Although it is likely that 

CK deficiency-induced male sterility is caused by the CKX1-OX induced alteration of 

one specific anther developmental stage (Huang et al., 2003), it is yet unknown 

whether CK is required for male sporogenesis or pollen development, or plays a role 

in other male developmental processes. Studies in petunia have revealed that CK 

additionally mediates pollen tube growth by modulating the rearrangement of actin 

cytoskeleton (Kovaleva et al., 2015). Considering earlier stages in male reproductive 

development, CK has also been found to stimulate the initiation of meiosis in rye, 

suggesting a yet regulatory role for CK in male sporogenesis (Rueda and Vázquez, 

1985). However, despite these preliminary findings, it is not yet known whether CK 

plays a regulatory role during male meiotic cell division in flowering plants. 

 

CK signaling mediates the response of plant development to environmental stresses 

and in particular cold tolerance by activating the expression of downstream genes 

through the AHKs-AHPs two-component system (Tran et al., 2010; Ha et al., 2012; 

Hwang et al., 2012; Kim and Jeon, 2013). The expression induction of 

cold-responsive A-type ARRs through AHKs is not through affecting AHK transcript or 

CK levels (Jeon et al., 2010). Moreover, this AHK-induced expression of 
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cold-responsive A-type ARRs requires the action of AHP2/AHP3/AHP5 that function 

redundantly in CK signaling (Jeon and Kim, 2013). A role for cytokinin signaling in 

cold stress is further corroborated by the observation that the double ahk2-2 ahk3-3 

mutant shows higher tolerance to freezing temperatures (Jeon et al., 2010). Also, 

gene expression studies revealed the Arabidopsis arr1 mutant exhibits reduced 

expression of A-type ARRs, whereas increased ARR1 activity enhances the transcript 

level of cold-inducible A-type ARRs, conferring enhanced freezing tolerance (Jeon 

and Kim, 2013).  

 

Considering the role of CK signaling in the cold response of plant development, we 

hypothesized that cold-induced alterations in male meiotic cell division may be 

mediated by the CK signaling pathway. By monitoring the cold sensitivity of male 

meiotic cell division in a series of CK metabolism mutants, we here report that altered 

endogenous CK levels do not influence the cold response of male meiotic cytokinesis. 

at the same time, double ahk2-2 ahk3-3 and triple ahp2-1 ahp3 ahp5-2 mutant plants 

that harbor defective CK signaling produce similar frequencies of meiotically restituted 

dyads and triads as wild type plants upon exposure to cold stress, suggesting that the 

AHK2/3-AHP2/3/5 CK signaling module does not confer cold-induced meiotic 

restitution in Arabidopsis male sporogenesis. We further tested the cold sensitivity of 

plants defective for CK-signaling downstream factor ARR1, and the arr1 null mutant 

plants showed an improved tolerance of male meiotic cell division to the effects of 

cold, as reflected by the reduced number of cold-induced diploid (2n) pollen grains. 

Thus, in this study we found that although CK signaling through AHK2/3-AHP2/3/5 is 

not critical for cold-induced male meiotic restitution and 2n pollen formation in 

Arabidopsis, the CK-related transcriptional regulator ARR1 is somehow involved in 

this process. 

 

Results 

 

Reduced endogenous CK levels do not influence the cold sensitivity of male 

sporogenesis in Arabidopsis 

 

To determine the effect of a reduced endogenous CK level on the cold sensitivity of 

male meiotic cell division in Arabidopsis, we quantified the cold-induced male meiotic 

response (i.e. meiotic non-reduction) of a series of mutant lines with reduced CK 

biosynthesis or promoted CK catabolism (Fig. 1). Previous studies have shown that 

the combined loss-of-function of IPT1, IPT3, IPT5 and IPT7 significantly reduces the 

level of bioactive CK in developing Arabidopsis thaliana seedlings, and thereby 

concomitantly confers an enhanced tolerance to salt and drought stress (Nishiyama et 

al., 2011). AtIPT1, 3, 5 and 7 are expressed at low levels in Arabidopsis flowers with 

IPT1 displaying highest transcripts compared with other IPTs (Miyawaki et al., 2004; 

Takei et al., 2004). In our growth assays, single ipt1/3/5/7 and quadruple ipt1357 

mutant plants displayed different severity of vegetative growth phenotypes, with the 

ipt1357 mutant showing defects in leaf development, and the ipt5 mutant exhibiting 
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the strongest phenotype among the single mutant plants (Supplement figure S1A). In 

line with previous reports, loss-of-function of all four CK biosynthesis genes causes 

defects in vegetative growth and development, and leaf development in Arabidopsis 

(Miyawaki et al., 2006; Nishiyama et al., 2011). Since the quadruple ipt1357 and the 

single ipt5 mutant plants do not produce sufficient flower buds to detect cold-induced 

diploid pollen formation, quantification analysis was not possible. We therefore 

analyzed the single ipt1, ipt3 and ipt7 mutants. Under normal temperature conditions, 

ipt1, ipt3 and ipt7 mutant lines produce normal haploid microspores (Fig. 1A and C), 

similar as in wild type Col-0 plants, indicating that IPT1, IPT3 and IPT7 are not 

essentially required for male meiotic cell division. Moreover, at 24-36 h after cold 

treatment, the frequency of enlarged, meiotically restituted microspores produced by 

these three mutant lines was similar to that in cold-stressed wild type Col-0 plants (P > 

0.05) (Fig. 1A; D, wild type plant; E, ipt1; F, ipt3; G, ipt7). These data demonstrate that 

reduced CK levels by single ipt1, 3 and/or 7 mutations do not influence the cold 

sensitivity of Arabidopsis male sporogenesis. 

 

CKX proteins catabolize CKs and the overexpression of CKXs (35S::CKXs) leads to a 

reduction of endogenous CK levels (Werner et al., 2001; Werner et al., 2003). 

Transgenic plants (35S::CKXs) that overexpress CKX1, CKX2, CKX3 or CKX4, were 

selected for the cold sensitivity analysis of male sporogenesis. All four 

CKX-overexpression lines contain a reduced endogenous CK level and show altered 

vegetative development (Nishiyama et al., 2011) (Supplement figure S1A), however, 

overexpression of CKX1 and CKX3 causes greater reduction of endogenous CKs  

(Werner et al., 2003; Nishiyama et al., 2011) and a more severe inhibition of lateral 

leaf development than in the 35S:CKX2 and 35S:CKX4 plants (Supplement figure 

S1A). Since both 35S:CKX1 and 35S:CKX3 plants failed to produce enough flower 

buds for meiotic outcome assessment, we only analyzed the cold response of male 

meiotic cell division in 35S:CKX2 and 35S:CKX4 plants. AtCKX2 and 4 has been 

shown to expressed in shoot, shoot apex and in the apical stem of Arabidopsis 

(Werner et al., 2003). Similar to wild type and to the ipt1, ipt3 and ipt7 mutant plants, 

both the 35S:CKX2 and 35S:CKX4 transgenic plants produce normally sized, haploid 

microspores under control temperature conditions (Fig. 1B and C) and yield 

meiotically restituted 2n microspores at a similar frequency as wild type Arabidopsis 

Col-0 plants after 24-36 h of cold treatment (P > 0.05) (Fig. 1B; 1H, 35S:CKX2 plant; 

1I, 35S:CKX4 plant), indicating similar cold sensitivity of male sporogenesis as wild 

type plants. 

 

Collectively, these findings demonstrate that an endogenous reduction of CKs caused 

by either single IPT1/3/7 mutation or by overexpression of CKX2/4 does not inhibit or 

alter the frequency of cold-induced male meiotic restitution in Arabidopsis thaliana.  
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Figure 1. Cold sensitivity of male meiotic cell division in cytokinin metabolism mutants. A, 

Histogram showing the frequency of enlarged 2n microspores produced by cold-stressed ipt1, 

ipt3 and ipt7 single mutants. B, Histogram showing the frequency of enlarged 2n microspores 

produced by cold-stressed 35S::CKX2 and 35S::CKX4 transgenic plants. Five biological 

repeats have been performed, and for each technical repeat, 500 cells were counted. 

Student’s t-test and/or Wilcoxon rank test was performed for significance comparison analysis 

(P > 0.05). C, Haploid unicellular stage microspore produced by wild type Col-0 plants under 

control temperature conditions. D-I, Cold-induced meiotically restituted 2n unicellular stage 

microspores in wild type Col-0 (D) and ipt1 (E), ipt3 (F), ipt7 (G), 35S::CKX2 (H) and 

35S::CKX4 (I) plants. Scale bar = 10 µm. 

 

Altered CK-signaling does not affect cold-induced male meiotic restitution in 

Arabidopsis 

 

Since the combined loss-of-function of AHK2 and AHK3, and/or AHK3 and AHK4, 

leads to enhanced freezing tolerance; and the triple ahp2-1 ahp3 ahp5-2 mutant 

exhibits reduced cold-inducible gene expression (Jeon et al., 2010; Jeon and Kim, 

2013), we further tested the possibility whether AHK-mediated signaling is involved in 

cold-induced male meiotic restitution in Arabidopsis (Fig. 2), independently of CK 

homeostasis. To test the roles of AHK2/3 cytokinin receptors as well as the 

downstream signal mediators AHP2/3/5 herein, corresponding mutants were 

analyzed for their response of male meiotic cell division to cold.  

 

Under control temperature conditions, the double ahk2-2 ahk3-3 and triple ahp2-1 

ahp3 ahp5-2 mutant display regular male meiotic cytokinesis, as exemplified by the 

production of normal tetrad figures, together with the formation of normally sized, 

haploid microspores (Fig. 2). Upon exposure to cold stress, however, meiotically 

restituted figures, such as dyads and triads, together with enlarged 2n microspores 

were observed in both types of CK signalling mutants, at a similar rate as those 

formed in cold-stressed wild type Arabidopsis plants (Fig. 2). Our data therefore 
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suggest that the CK signaling AHK2/3-AHP2/3/5 regulatory module is not required for 

causing male meiotic restitution in response to cold spells. 

 

 

Figure 2. Cold sensitivity of male meiotic cell division in cytokinin signaling mutants. A and B, 

Histograms showing the frequency of enlarged 2n microspores produced by cold-stressed 

ahk2-2 ahk3-3 (A) and ahp2-1 ahp3 ahp5-2 mutant plants (B). Transmission images of 

orcein-stained tetrad stage male meiocytes and microspores (C-T). C-H, Tetrad (C), haploid 

unicellular microspore (D), balanced dyad (E), unbalanced dyad (F), triad (G) and 2n 

microspore (H) produced by wild type Col-0 plants under normal temperature conditions (C 

and D) or after cold stress (E-H). I-N, Tetrad (I), haploid unicellular microspore (J), balanced 

dyad (K), unbalanced dyad L), triad (M) and 2n microspore (N) produced by ahk2-2 ahk3-3 

mutant plants under normal temperature conditions (I and J) or after cold stress (K-N). O-T, 

Tetrad (O), haploid unicellular microspore (P), balanced dyad (Q), unbalanced dyad (R), triad 

(S) and 2n microspore (T) produced by ahp2-1 ahp3 ahp5-2 mutant plants under normal 

temperature conditions (O and P) or after cold stress (Q-T). Five biological repeats have been 

performed, and for each technical repeat, 500 cells were counted. Scale bars = 10 µm. 

 

Cold-induced alterations in male meiotic radial microtubule array (RMA) and 

cell wall formation occur independently from cytokinin signaling 

 

Cold stress interferes with male meiotic cytokinesis in wild type Arabidopsis plants by 
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disrupting the organization of the radial microtubule arrays (RMAs) at telophase II. To 

determine whether cold-induced disorganization of male meiotic RMA depends on 

CK-signaling, we performed tubulin immunolocalization on cold-stressed male 

meiocytes in the double ahk2-2 ahk3-3 mutant plants (Fig. 3). Under normal 

temperature conditions, ahk2-2 ahk3-3 mutant meiocytes (Fig. 3I-L) exhibit a regular 

organization of all microtubular cytoskeletal structures (i.e. spindles, phragmoplast 

and RMAs) throughout meiotic cell division (Fig. 3), supporting our previous notion 

that ahk2-2 ahk3-3 plants undergo normal male meiosis and meiotic cytokinesis. 

Following 48 h cold treatment, ahk2-2 ahk3-3 mutant male meiocytes were found to 

display a subset of disorganized RMAs at telophase II stage, at a similar rate as those 

observed in cold-stressed wild type plants (Fig. 3). Triad-like RMA figures were 

observed in both Col-0 (Fig. 3H) and ahk2 ahk3 mutant meiocytes (Fig. 3P-T), 

showing lack of microtubule structures between two adjacent haploid nuclei (Fig.3 red 

arrows). At other meiosis stages, i.e. from prophase I to anaphase II, no alterations in 

the microtubular cytoskeletal structures were observed in both Col-0 and ahk2 ahk3 

mutant meiocytes (Fig.3). Because CK signaling mutants produce regular 

microspores under normal temperatures and show cold-induced disorganization of 

the RMA, at a similar rate as in cold-stressed wild type Arabidopsis plants, we 

conclude that the AHK2/3-AHP2/3/5 CK signaling module is not involved in male 

sporogenesis, and is not required for the cold sensitivity of male meiotic cytokinesis in 

Arabidopsis. 
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Figure 3. α-Tubulin immunostaining in wild type (A-H) and ahk2-2 ahk3-3 male meiocytes (I-T) 

to visualize microtubular structures. Male meiocytes isolated from plants grown under normal 

temperature conditions (A-D and I-L) or following a 48 hour cold treatment (E-H and M-T). 

Illustrated stages are prophase I (A,E,I,M), interkinesis (B, F, J, N), anaphase II (C, G, K, O) 

and telophase II (D, H, L, P-T). Red arrows indicate co-localized haploid nuclei. Scale bar = 10 

µm. 

 

Male meiotic cell division in the arr1 Arabidopsis mutant shows reduced 

sensitivity to cold stress 
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The lack of involvement of the AHK/AHP two-component signaling module in the male 

meiotic cold response implies that downstream response regulators are also not 

critical for cold-induced meiotic restitution. An important downstream regulator of cold 

signaling is ARR1 as the corresponding loss-of-function arr1 mutation causes a 

severely reduced cold-inducible expression of type A ARRs (Jeon and Kim, 2013). To 

test the putative functional requirement of ARR1 in cold-induced male meiotic 

non-reduction, we exposed arr1-3 mutant plants to cold and subsequently analyzed 

the male meiotic outcome. Under control temperature conditions, arr1 male meiocytes 

exhibit regular male meiotic cytokinesis together with the consistent production of 

haploid microspores, similar as in wild type Col-0 (Fig. 4). Interestingly, upon exposure 

to cold, arr1-3 male meiocytes exhibited a significant reduction in cold sensitivity 

compared to wild type Col-0 male meiocytes, as reflected by the significant reduction 

in meiotically restituted gametes upon cold stress (P < 0.01) (Fig. 4). This observation 

suggests that cold-induced male meiotic cytokinesis in Arabidopsis is partially 

mediated by ARR1 protein. 

 

 

Figure 4. Cold sensitivity of male meiotic cell division in the Arabidopsis arr1-3 mutant. A, 

Histogram showing the frequency of enlarged 2n microspores produced by cold-stressed wild 

type Col-0 and arr1-3 mutant plants (A). Five biological repeats have been performed, and for 

each technical repeat, 500 cells were counted. Wilcoxon rank test was performed for 

significance comparison analysis. B-G, Tetrad (B), haploid unicellular stage microspore (C), 
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balanced dyad (D), unbalanced dyad (E), triad (F) and enlarged 2n unicellular stage 

microspore (G) produced by wild type Col-0 plants under normal temperature conditions (B 

and C) or upon cold stress (D-G). H-M, Tetrad (H), haploid unicellular stage microspore (I), 

balanced dyad (J), unbalanced dyad (K), triad (L) and enlarged 2n unicellular stage 

microspore (M) produced by arr1-3 mutant plants under normal temperature conditions (H and 

I) or upon cold stress (J-M). N and O, RMAs of arr1 male meiocytes under normal temperature 

conditions (N) and upon 48 h cold shock (O). Scale bars = 10 µm. 

 

Discussion 

 

Cytokinin regulates multiple abiotic stress responses of plants (Zwack and Rashotte, 

2015) and the downstream AHK-AHP two-component CK signalling pathway is 

specifically involved in the modulation of gene expression upon exposure to cold  

(Jeon et al., 2010; Jeon and Kim, 2013). In support of this, it has been shown that the 

double ahk2-2 ahk3-3 mutant displays enhanced freezing tolerance, and that the CK 

signalling factors AHP2, AHP3 and AHP5 act positively in cold signaling to induce the 

expression of cold-responsive A-type ARRs (Jeon et al., 2010; Jeon and Kim, 2013). 

Here we test the hypothesis whether cold-induced alterations in male meiotic 

cytokinesis are mediated by CK homeostasis and signaling. Quantitative analysis of 

the male meiotic outcome of double ahk2-2 ahk3-3 and triple ahp2-1 ahp3 ahp5-2 

mutant plants revealed that cold sensitivity of male meiotic cytokinesis and the 

associated production of meiotic restituted 2n gamete is similar as in wild type plants. 

Hence, the results therefore indicate that the AHK2/3-AHP2/3/5 module is not 

essentially required for conferring cold-induced meiotic restitution through alterations 

in male meiotic cytokinesis in Arabidopsis. However, the effect of single ipt mutations 

and overexpressed CKX genes driven by 35S promoter on the CK levels in young 

flower buds at the stage when they were examined for male meiosis remain to be 

examined. 

 

Besides AHK2 and AHK3, Arabidopsis has another cytokinin receptor, which is 

CRE1/AHK4 that also functions in cytokinin reception and signal transduction 

(Yamada et al., 2001; Hwang et al., 2012). Since the ahk3 ahk4 Arabidopsis mutant is 

also more tolerant to freezing temperatures than wild type plants (Jeon et al., 2010), 

our findings cannot exclude the possibility that AHK4 mediates the cold response of 

Arabidopsis male meiotic cell division, and that AHK2, AHK3 and AHK4 function 

redundantly in mediating cold-induced male meiotic restitution. To this end, the cold 

sensitivity of male meiosis in the ahk3 ahk4 mutant and/or a higher combination of 

AHK mutations should be checked. In Arabidopsis, the AHP family consists of six 

histidine phosphotransferase members (AHP1-6), with AHP1-5 redundantly 

promoting CK signal transduction (Tanaka et al., 2004b; Hutchison et al., 2006; 

Mähönen et al., 2006). Since this study only focuses on the putative role of AHP2, 3 

and 5 in conferring cold-induced male meiotic restitution, the putative involvement of 

the other two AHPs, i.e. AHP1 and AHP4, remains to be investigated.  
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Although the CK signaling components AHK2/3 and AHP2/3/5 are not involved in the 

cold sensitivity of male meiotic cell division, we found that the arr1-3 mutation 

dampens the response, suggesting that the transcriptional regulator ARR1 may play a 

role in cold-induced alterations in meiotic cytokinesis and associated meiotic 

non-reduction. ARR1 has recently been shown to mediate the drought tolerance of 

vegetative development in Arabidopsis (Nguyen et al., 2016). It has been reported 

that many genes that are preferentially expressed in Arabidopsis male meiocytes 

share conserved motifs in their putative 1000 bp promotor regions, and that these 

conserved sequences are the binding sites of transcription regulators (Li et al., 2014). 

In among fifty promotors of male meiocyte-expressed genes, a conserved binding site 

of ARR1 protein was identified (Li et al., 2014), suggesting that ARR1 is an important 

regulator of gene expression during male meiocyte development. These downstream 

target genes, however, are clearly not critical for male meiotic cell division, as arr1-3 

male meiosis produces normal tetrads and regular numbers of haploid spores, 

eventually leading to fully fertile mutant plants. The functional requirement for ARR1 in 

the cold responsiveness of Arabidopsis male meiotic cell division, together with the 

lack of requirement for the CK signalling proteins AHK2/3 and AHP2/3/5, implies that 

cold stress mediates ARR1 activity independently from cytokinin signaling to 

modulate factors involved in male meiotic cytokinesis. Actually, ARR1 also acts in 

other hormone signaling pathways. For example, ARR1 plays a role in 

ethylene-mediated root development in Arabidopsis, with null arr1 mutant displays 

reduced ethylene sensitivity of root apical meristem (Street et al., 2015). Ethylene 

suppresses freezing tolerance in Arabidopsis by inhibiting the expression of A-type 

ARRs including ARR7, which is one of the cold-inducible targets of ARR1 (Shi et al., 

2012; Jeon and Kim, 2013). In addition, ARR1 is regulated by endogenous GA and 

GA suppresses ARR1 activity by inhibiting DELLAs, which physically interact with 

ARR1 and positively co-regulate gene expression (Marín-de la Rosa et al., 2015; 

Fonouni-Farde et al., 2016). Since both ethylene and GA are stress-responsive 

hormones, and both are involved in the cold-response of plant development (Zinn et 

al., 2010; Colebrook et al., 2014b; Kazan, 2015; Wani et al., 2016), the function of 

ARR1 in mediating the cold sensitivity of male meiotic cell division in Arabidopsis may 

be controlled by a complex hormone cross-talk mechanism involving GA and ethylene. 

Previously we have shown that functional GA-DELLA is critical for regular male 

meiotic cytokinesis and gametophytic ploidy consistency in Arabidopsis (Liu et al., 

2016). Further research is thus needed to clarify the putative role of ARR1 together 

with the plant stress hormones GA and ethylene in the control of cold-induced male 

meiotic restitution and associated 2n pollen formation in Arabidopsis thaliana. 
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Chapter 4 Gibberellin Induces Diploid Pollen 

Formation by Interfering with Meiotic Cytokinesis 

 

Summary 

 

A proper bioactive Gibberellic acid (GA) level and signaling activity in reproductive 

organs is indispensable for male gamete formation and fertility in flowering plants. 

Increasing evidence has been collected supporting a central role of GA in regulating 

stamen and pollen development in Arabidopsis, rice and other crops. GA-deficiency 

and –overdose have been reported to cause impaired tapetum development due to 

delayed and/or arrested programmed cell death, with associated defective 

microsporogenesis and pollen development. As reviewed in the part C of chapter 1, 

GA has a dominant role in late pollen development by regulating pollen cell wall 

formation. However, despite advances have been made in understanding the effect of 

GA in late gametogenesis in Arabidopsis, whether GA has an impact on earlier 

microsporogenesis process; i.e. male meiotic cell division, remains unknown. 

 

In this chapter, we explored the effect of exogenous GA application and extremely 

altered GA signaling on microsporogenesis of flowering Arabidopsis plants. More 

specifically, using genetic and cytological technologies, we investigated the regulatory 

role of GA signaling in male meiotic cell division and haploid gamete formation. 

Remarkably, the response of meiotic cell wall and meiotic cytoskeleton microtubule 

structures to GA signaling alterations were analyzed and presented here. In addition, 

to address where and how does GA signaling regulate male meiosis I introduced GFP 

marker line to monitor the localization of GA signaling in reproductive tissues in 

controlling of male meiosis.  

 

Collectively, the data obtained in this chapter may supply us with evidence whether 

GA plays a role in early microsporogenesis process (i.e. male meiotic cell division), 

and may reveal the genetic mechanisms involved. 

 

The findings of this chapter has been published as ‘Bing Liu, Nico De Storme and 

Danny Geelen (2016) Gibberellin induces diploid pollen formation by interfering with 

meiotic cytokinesis. Plant Physiology’ 

  



 76 

Gibberellin induces diploid pollen formation in Arabidopsis 

thaliana by interfering with meiotic cytokinesis 

Abstract 

 

The plant hormone gibberellic acid (GA) controls many physiological processes, 

including cell differentiation, cell elongation, seed germination, and response to abiotic 

stress. In this study, we report that exogenous treatment of flowering Arabidopsis 

(Arabidopsis thaliana) plants with GA specifically affects the process of male meiotic 

cytokinesis leading to meiotic restitution and the production of diploid (2n) pollen 

grains. Similar defects in meiotic cell division and reproductive ploidy stability occur in 

Arabidopsis plants depleted of RGA and GAI, two members of the DELLA family that 

function as suppressor of GA signaling. Cytological analysis of the double rga-24 

gai-t6 mutant revealed that defects in male meiotic cytokinesis are not caused by 

alterations in meiosis I (MI or meiosis II (MII) chromosome dynamics, but instead 

result from aberrations in the spatial organization of the phragmoplast-like radial 

microtubule arrays (RMAs) at the end of meiosis II. In line with a role for GA in the 

genetic regulation of the male reproductive system, we additionally show that DELLA 

downstream targets MYB33 and MYB65 are redundantly required for functional RMA 

biosynthesis and male meiotic cytokinesis. By analyzing the expression of 

pRGA::GFP-RGA in the wild-type Landsberg erecta background, we demonstrate that 

the GFP-RGA protein is specifically expressed in the anther cell layers surrounding 

the meiocytes and microspores, suggesting that appropriate GA signaling in the 

somatic anther tissue is critical for male meiotic cell wall formation and thus plays an 

important role in consolidating the male gametophytic ploidy consistency. 

 

Introduction 

 

Polyploidization repeatedly occurred in the history of plant evolution creating a basis 

for genetic diversification and speciation (Adams and Wendel, 2005b). Different 

mechanisms may contribute to the formation of polyploid species (Ramsey and 

Schemske, 1998a), yet the production of diploid gametes is considered the main 

cause of polyploid induction (Bretagnolle and Thompson, 1995b). Generally, both pre- 

and post-meiotic genome duplication events, as well as meiotic restitution can lead to 

2n gamete formation (Bretagnolle and Thompson, 1995b; Ramsey and Schemske, 

1998a). In the tomato pmcd1 mutant, for example, ectopic defects in cell wall 

formation during mitotic cell division in meiotic founder cells lead to pre-meiotic 

genome duplication and the associated formation of tetraploid meiocytes and diploid 

pollen grains (De Storme and Geelen, 2013d). As the main cellular process driving 

sexual polyploidization, meiotic restitution can be classified into three types of 

mechanisms: omission of meiosis I or II, alteration in spindle organization and 

unsuccessful or incomplete meiotic cytokinesis (Ramanna and Jacobsen, 2003b).  
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Meiotic cell division and gametophytic ploidy stability are strictly controlled at the 

molecular level and several factors operating in this process have already been 

identified (De Storme and Mason, 2014). In Arabidopsis, DYAD/SWITCH1 regulates 

meiotic chromatid cohesion and chromosome structure, and loss of function of this 

gene has been found to fully convert the reductional meiotic cell division into a mitotic 

one, eventually yielding clonal, diploid gametes in female sporogenesis (Ravi et al., 

2008b). The Arabidopsis OSD1/GIG1 and TAM/CYCA1;2 proteins promote the 

transition of meiosis I into meiosis II, and loss of function of each of them causes 

omission of the second meiotic cell division, resulting in 2n gamete formation in both 

male and female gametogenesis (d'Erfurth et al., 2009; d'Erfurth et al., 2010b). 

Mutation in ps in potato, and loss of function of JASON or AtPS1 in Arabidopsis cause 

an altered spindle configuration in male meiosis II, with parallel, tripolar and fused 

spindles giving rise to restituted dyads and triads that contain 2n male gametes (Mok 

and Peloquin, 1975b; d'Erfurth et al., 2008b; De Storme and Geelen, 2011). Meiotic 

restitution may also result from defects in meiotic cytokinesis, either following MI or 

MII, with either a full or partial elimination of meiotic cell wall formation leading to 2n or 

polyploid gamete formation (De Storme and Geelen, 2013a). In Arabidopsis, a 

specific MAPK signaling cascade controls male meiotic cytokinesis (Takahashi et al., 

2004; Takahashi et al., 2010b). Loss of function of either TES, MKK6 and MPK4 

causes defects in male meiotic cell wall formation and eventually leads to the ectopic 

production of diploid or polyploid male gametes (Spielman et al., 1997b; Kosetsu et al., 

2010; Zeng et al., 2011). Besides induced by genetic defects, meiotic restitution and 

alterations in the consistency of the gametophytic ploidy may also result from 

environmental stresses, such as heat and cold (Pécrix et al., 2011; De Storme et al., 

2012c; De Storme and Mason, 2014; Zhou et al., 2015). Although progress has been 

made in understanding the cellular mechanisms and genetic factors involved in 2n 

gamete formation, the molecular factors and signaling pathways involved remain 

largely unknown.  

 

Gibberellins (GAs) are endogenous plant hormones that play an important role in 

many aspects of plant growth and development; including seed germination, leaf 

expansion, trichome development, pollen maturation and floral transition  

(Debeaujon and Koornneef, 2000; Daviere and Achard, 2013; Claeys et al., 2014). 

The Arabidopsis GA biosynthetic mutant ga1-3 displays defects in stem elongation, 

flowering time, and leaf abaxial trichome initiation (Silverstone et al., 1998). Besides 

mediating somatic tissue growth and development, GA is also involved in the control 

of reproductive system growth and floral morphogenesis (Fleet and Sun, 2005). GA 

positively regulates the development of the Arabidopsis stamen and petal by 

promoting cell elongation, and also regulates microsporogenesis and pollen 

development (Cheng et al., 2004b; Plackett et al., 2014a). In multiple species, GA 

signaling regulates both the development and programmed cell death of tapetal cells, 

which is required for the growth and maturation of the developing microspores. 

Moreover, GA is also known to operate as a stress signaling molecule upon exposure 

to abiotic stresses (cold, salt and osmotic stresses) either triggered by alterations in 
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GA biosynthesis or its downstream signaling pathway. For example, cold stress 

inhibits root growth and disrupts pollen development by reducing the plant’s 

endogenous GA levels (Achard et al., 2008a; Sakata et al., 2014a). However, 

although various significances of GA in both vegetative and reproductive growth and 

development have been identified, it is unknown whether GA plays a role in the 

control of meiotic cell division. 

 

The DELLA family, which consists of five members (RGA, GAI, RGL1, RGL2 and 

RGL3), acts as the main repressor of the GA signaling pathway by negatively 

regulating the expression of GA responsive genes (Daviere and Achard, 2013). The 

positive effect of GA on plant growth is achieved by stimulating the degradation of 

DELLAs, and hence by counteracting their growth-suppressive effect (Silverstone et 

al., 2001; Xu et al., 2014). The majority of GA-dependent growth and development 

processes are mediated by DELLAs and their promiscuous interaction with 

transcription factors (Fleet and Sun, 2005; Daviere and Achard, 2015). The GA 

receptor GID1-DELLA complex constitutes an important regulatory pathway in GA 

signaling. GA stimulates the formation of GA-GID1-DELLA complex that is a target for 

ubiquitination and subsequent 26S proteasome (Sun, 2010, 2011).  

 

In barley and rice, GA positively regulates the expression of a specific group of MYB 

transcription factors, sometimes referred to as GAMYB, by relieving the repressive 

action of DELLAs (Gubler et al., 2002; Huang et al., 2015). Arabidopsis MYB33 and 

MYB65 are two of the GAMYB-like DELLA downstream target genes that are 

essential for anther development (Millar and Gubler, 2005b; Cheng et al., 2009a) and 

are involved in various other development processes (Jin and Martin, 1999; Gocal et 

al., 2001b; Stracke et al., 2001). Several studies have shown that MYB33 and MYB65 

are negatively controlled by miRNA159 (Millar and Gubler, 2005b; Millar and Gubler, 

2005a; Alonso-Peral et al., 2010a; Alonso-Peral et al., 2010b), whose expression is 

suppressed by DELLAs (Achard et al., 2004a), suggesting a positive role of DELLA in 

regulating MYB33 and MYB65. 

 

In this study, we demonstrate that exogenous GA treatment of flowering Arabidopsis 

plants induces meiotic restitution in male sporogenesis and subsequently generates 

viable 2n pollen. Using a combination of genetic and cytological analyses, we found 

that the combined loss of the DELLA transcription factors RGA and GAI causes 

defective cytokinesis and aberrant callosic cell wall formation at the male meiotic 

tetrad stage, yielding a subset of diploid, bean-shaped microspores. In agreement 

with the cytokinesis defects, the formation of the radial microtubule arrays (RMA) at 

the end of male meiosis is altered or absent between adjacent nuclei. In addition, 

combined loss of function of the downstream DELLA targets MYB33 and MYB65 

causes similar defects in male meiotic cytokinesis and gametophytic ploidy stability as 

observed in the DELLA double mutant, suggesting that MYB33 and MYB65 are 

downstream targets of DELLA in controlling male meiotic cytokinesis. Based on our 
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findings we propose that gametophytic ploidy consistency depends on a functional 

GA-DELLA-MYBs regulatory module. 

 

Results 

 

GA3 treatment induces diploid pollen formation in Arabidopsis  

 

To determine the effect of the plant hormone gibberellin on male sporogenesis in 

Arabidopsis, we sprayed wild type Colombia-0 plants with 100µM GA3 and water 

respectively. To assess for putative alterations in male spore formation, the ploidy of 

Arabidopsis pollen was analyzed during the 14 days following GA3 treatment (Fig. 1A). 

The ploidy level of resulting pollen grains was monitored by assessing pollen diameter 

which is a proxy for the gametophytic ploidy level (De Storme et al., 2013a). During 

the first five days following GA treatment, pollen grains appeared normally sized, 

similar as pollen isolated from non-treated control plants. However, from the sixth day 

(2.61%) to the thirteenth day (0.13%) after GA3 treatment a variable number of 

oversized mature pollen grains was found, with the highest frequency of larger pollen 

(4.31%) at day eight post treatment (dpt) (Fig. 1A, C and E). In order to monitor 

whether GA-induced larger pollen resulted from enlarged microspores, spore size at 

the early microspore stage was analyzed during the first seven days following GA3 

treatment. Three to four days post treatment, a subpopulation of microspores at the 

unicellular stage (4.45%) appeared larger than similar stage spores isolated from a 

non-treated control (Fig. 1B, D and F). These findings demonstrate that GA induces 

the formation of larger pollen grains, indicating for an increased gametophytic ploidy 

level, and that the GA-induced larger pollen grains originate from a cellular defect 

occurring before pollen mitosis I (PMI). 

 

To determine the gametophytic ploidy level of the GA3-induced enlarged microspores, 

the chromosome number in male gametes at the unicellular microspore stage was 

quantified using the pWOX2::CENH3-GFP reporter line (De Storme et al., 2016a). 

Under control conditions, unicellular microspores isolated from diploid Arabidopsis 

plants (2x = 10) harboring the pWOX2::CENH3-GFP construct consistently show five 

distinct GFP foci, reflecting the haploid chromosome number in their gametophytic 

nucleus (Fig. 1G and H). In contrast, the enlarged microspores in GA3-treated plants 

revealed an increased number of GFP dots; specifically showing 10 distinct foci 

organized in two spatially separated but syncytial clusters of five GFP dots (Fig. 1I and 

J). The occurrence of 10 CENH3-GFP dots provides evidence for a doubled 

chromosome number, indicating that the enlarged pollen grains are diploid. The 

specific localization pattern of the centromeric CENH3-GFP foci in GA3-induced 

enlarged spores suggests for the presence of two syncytial haploid nuclei, either 

indicating that diploid microspores either result from a nuclear duplication event 

(endomitosis) during early microgametogenesis or alternatively from of meiotic 

non-reduction through defects in meiotic cell wall formation.  
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Figure 1. GA3 treatment induces the formation of diploid pollen in Arabidopsis. A, Histogram 

showing the frequency of larger pollen produced in Arabidopsis Col-0 plants one to fourteen 

days after exogenous GA3 treatment (100µM); see exact numbers in the histogram. B, 

Histogram showing the frequency of enlarged unicellular-stage microspores yielded 3-4 days 

after GA3 treatment (100µM). C and D, Bright field image of haploid mature pollen grain (C) 

and unicellular-stage microspore (D) produced in untreated Arabidopsis plants. E and F, 

Enlarged mature pollen grain (E) and unicellular-stage microspore (F) from Arabidopsis plants 

treated by 100µM GA3. G and H, Haploid microspore displaying five centromeric GFP dots in 

control, untreated plants harboring the pWOX2::CENH3-GFP reporter construct. I and J, 

Diploid microspores in pWOX2::CENH3-GFP transgenic plants treated by 100 µM GA3, 

exhibiting two syncytial groups of five CENH3-GFP dots. Five biological repeats have been 

performed, and for each technical repeat, 500 cells were counted. Scale bars = 10 µm. 

 

Constitutive GA signalling in the Arabidopsis DELLA rga-24 gai-t6 mutant leads 

to diploid pollen formation 

 

GA3-mediated activation of the GA signaling pathway generally occurs through 

degradation of DELLA proteins that mainly act as negative transcriptional regulators of 

the GA response. To determine whether GA3-induced formation of diploid pollen is 
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mediated by DELLAs, we further analyzed a series of single, double, quadruple and 

pentuple null DELLA mutants for alterations in pollen morphology. In contrast to the 

single rga-24 and gai-t6 Arabidopsis mutants, which only produce a very low number 

of larger pollen grains (Fig. 2A), the double null rga-24 gai-t6 mutant generates a 

significant number of larger pollen (3.38%), similar to the frequency of larger pollen 

grains induced by exogenous GA3 treatment (Fig. 2A, B-G). Similar frequencies of 

larger pollen grains were observed in the quadruple rga-t2 gai-t6 rgl1-1 rgl2-1 mutant 

(3.30%) and the pentuple rga-t2 gai-t6 rgl1-1 rgl2-1 rgl3-1 mutant (3.07%) (Fig. 2A, 

H-K; Supplement Fig. S1F), indicating that except for RGA and GAI, the mutations in 

other DELLA genes (e.g. RGL1, RGL2 and RGL3) do not contribute to the larger 

pollen phenotype.  

 

To analyze the size and organization of the gametophytic nuclei in the larger pollen 

grains of the DELLA double and quadruple mutants, nuclei were stained and 

visualized using DAPI (4’,6-diamidino-2-phenylindole). The nuclear configuration of 

the enlarged pollen in both types of DELLA mutants appears highly similar to that of 

wild type haploid pollen, displaying one less-condensed vegetative nucleus and two 

highly-condensed sperm nuclei. However, both the vegetative nucleus and the sperm 

nuclei in rga-24 gai-t6 and rga-t2 gai-t6 rgl1-1 rgl2-1 larger pollen appear significantly 

larger compared to their corresponding counterparts in wild type haploid pollen, 

indicating that the enlarged pollen have a higher nuclear DNA content. These findings, 

together with relative pollen size increase, suggest that the enlarged pollen grains in 

both types of DELLA mutants are diploid (Fig. 2D, E, H and I) or triploid (Fig. 2F, G, J 

and K). In addition to this ectopic induction of gametophytic instability, it was also 

noted that all pollen in both DELLA double and quadruple mutants display a defective 

pollen wall morphology (Fig. 2D, F, H and J), typically lacking the thick protein-rich 

outer cell wall. A similar defect has been observed in the enlarged pollen isolated from 

wild type Ler plants sprayed with 100 µM GA3 (Supplement Fig. S2), indicating that 

alterations in GA signalling not only interfere with male gametophytic ploidy stability 

but also affect processes in pollen wall formation.   . 

 

The gametophytic ploidy level of the larger pollen in the rga-24 gai-t6 double mutant 

was accurately determined by quantifying the chromosome number in early stage 

microspores using the pWOX2::CENH3-GFP. Contrary to the haploid unicellular 

microspores from control plants, which consistently show five distinct centromeric 

GFP dots (Fig. 2L), the oversized microspores in the rga-24 gai-t6 double mutant 

either harbor two or three nuclei that each exhibits five distinct GFP foci (Fig. 2M and 

O) or alternatively contain one single enlarged nucleus with 10 GFP dots reflecting a 

fusion of two haploid nuclei (Fig. 2N). These observations demonstrate that the rga-24 

gai-t6 double mutant generates a subset of microspores containing two or more sets 

of haploid nuclei, that subsequently fuse to yield diploid or triploid pollen grains. 

 

To determine the viability of the diploid pollen grains induced by RGA and GAI 

mutation, we evaluated cellular activity of mature pollen grains by fluorescein 
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diacetate (FDA) staining (Heslop-Harrison and Heslop-Harrison, 1970; Trognitz, 1991; 

Abdul-Baki, 1992) (Supplement Fig. S3A-F). FDA staining of both mature haploid Ler 

pollen grains (Supplement Fig. S3C and D) and enlarged rga-24 gai-t6 mutant pollen 

(Supplement Fig. S3E and F) showed clear cytoplasmic fluorescence, indicating that 

both haploid, diploid and polyploid pollen grains were biologically active, and thus 

viable. In addition, the germination ability of the larger pollen grains in the rga-24 

gai-t6 double mutant plants was examined in vitro (Supplement Fig. S3G-J). Following 

soiling on pollen growth medium and incubation in the dark for 24 hours, enlarged 

rga-24 gai-t6 pollen grains germinated and produced pollen tubes (Supplement Fig. 

S3H and J; red dot labels larger pollen grains in J) similar as the control Ler haploid 

pollen (Supplement Fig. S3G and I). Altogether, these data indicate that diploid pollen 

grains produced by rga-24 gai-t6 Arabidopsis plants are viable and may evoke sexual 

polyploidization events. 

 

 

Figure 2. The DELLA double rga-24 gai-t6, quadruple rga-t2 gai-t6 rgl1-1 rgl2-1 and pentuple 

rga-t2 gai-t6 rgl1-1 rgl2-1 rgl3-1 mutants produce a subset of diploid pollen. A, Histogram 

showing the percentage of larger pollen grains produced in rga-24 and gai-t6 single and 

double mutants, rga-t2 gai-t6 rgl1-1 rgl2-1 quadruple mutant and in the rga-t2 gai-t6 rgl1-1 

rgl2-1 rgl3-1 pentuple mutant. B-K, DAPI staining of mature pollen grains isolated from wild 

type Ler plants(B and C), the rga-24 gai-t6 double mutant (D-G) and the rga-t2 gai-t6 rgl1-1 

rgl2-1 quadruple mutant (H-K). L-O, unicellular microspores of control plants (L) and the rga-24 

gai-t6 double mutant (M-O) harboring the pWOX2::CENH3-GFP reporter construct. Enlarged 

spores in the rga-24 gai-t6 double mutant either show 10 (M and N) or 15 (O) centromeric GFP 
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foci. Enlarged GFP dots in picture N result from an overlay of two single GFP foci. Five 

biological repeats have been performed, and for each technical repeat, 500 cells were counted. 

Scale bars = 10 µm. 

 

GA3 induces the formation of diploid pollen by promoting DELLA degradation 

 

To determine whether GA induces diploid pollen formation through degradation of 

DELLA, we next examined the GA response of male sporogenesis in the 

GA-insensitive gai mutant and in the DELLA rga-24 gai-t6 double mutant. In contrast 

to the gai-t6 loss-of-function mutation, the allelic gai mutation is localized in the 

N-terminal DELLA domain of GAI and thus acts as a gain-of-function mutation, 

impairing the GA response in multiple GA-mediated processes (seed germination, 

stem elongation and onset of flowering), even under exogenous GA treatment 

conditions (Wilson and Somerville, 1995; Willige et al., 2007). After spraying both wild 

type Ler plants and gai mutant plants with 100 µM GA3, the frequency of enlarged 

uninuclear stage microspore was quantified 4 dpt. Under normal growth conditions, 

gai plants produce normal sized haploid microspores (Fig. 1B), indicating that an 

impaired GA response ability in Arabidopsis does not affect male sporogenesis. 

However, in contrast to GA-treated wild type Ler plants, which produce a subset of 

enlarged unicellular-stage microspores (3.06%) (Fig. 1B), no oversized microspores 

were observed in gai plants after GA treatment (Fig. 1B). As male sporogenesis in gai 

plants is not responsive to exogenous GA application, these findings demonstrate that 

GA-induced production of 2n pollen in Arabidopsis requires a functional, targetable 

GAI DELLA domain, and thus indicate that GA-based induction of 2n pollen in 

Arabidopsis is mediated through GA-based degradation of the DELLA GAI protein. 

 

In support of this, we found that exogenous GA3 treatment of the double rga-24 gai-t6 

mutant plants does not enhance the frequency of enlarged uninuclear microspores 

compared with the untreated rga-24 gai-t6 plants or GA-treated wild type Ler plants 

(Fig. 1B), indicating that exogenous GA3 treatment has no additive effect on diploid 

male gamete formation in the double rga-24 gai-t6 mutant background. Collectively, 

these data demonstrate that exogenous GA3 treatment induces diploid pollen 

formation in Arabidopsis by promoting DELLA protein degradation. 

 

Diploid pollen in rga-24 gai-t6 mutant and GA3-treated wild type Arabidopsis 

plants result from a restitution of male meiotic cell division 

 

In order to determine whether GA3-induced formation of diploid pollen is caused by 

meiotic alterations, male meiocytes were examined at the tetrad stage using orcein 

staining (Fig. 3B-F). Male meiosis in wild type Arabidopsis plants typically results in 

balanced tetrads containing four haploid sporocytes (Fig. 3B). Similarly, upon GA3 

treatment, the majority of tetrad stage meiocytes appear normal, showing four equally 

sized microspores in a meiotic tetrad (Fig. 3C). However, at 36-48 hours after GA3 

treatment, a subset of meiotically restituted triad (Fig. 3D and E) and dyad 
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microspores (Fig. 3F) were observed, indicating that GA3 interferes with one or more 

processes during male meiotic cell division. Similarly, three or four days post GA3 

treatment (100µM), qrt1-2-/- plants (Fig. 3G-K) were also found to produce a 

sub-population of triad (Fig. 3H and I) and dyad microspore configurations (balanced 

dyad, Fig. 3J and unbalanced dyad, Fig. 3K) in agreement with GA3-induced male 

meiotic restitution. The rga-24 gai-t6 double mutant also revealed a subset of triads 

(4.71 %; Fig. 3N and O) and dyads (Fig. 3M; balanced dyad 0.4% and unbalanced 

dyad 0.13%), indicating for meiotic non-reduction similar as in GA3-treated plants.  

 

Further nuclear analysis of orcein stained tetrad stage meiocytes additionally revealed 

that enlarged sporocytes in restituted rga-24 gai-t6 meiocytes either carry two equally 

sized nuclei (Fig. 3N) or alternatively harbor one single enlarged nucleus (Fig. 3O), 

closely according with diploid microspores either showing two distinct groups of five 

GFP foci (Fig. 2M) or exhibiting one fused nucleus with 10 GFP dots (Fig. 2N), 

respectively. Further confirmation of binuclear and higher ploidy mononuclear 

microspores in GA3-treated plants and untreated rga-24 gai-t6 mutant was obtained 

by DAPI staining of tetrad-stage meiocytes and unicellular-stage microspores (Fig. 

3T-Y). Both the rga-24 gai-t6 mutant and GA3-treated plants show syncytial 

co-localization of two or more nuclei in tetrad-stage male meiocytes (Fig. 3U and V) 

and in the unicellular microspore stage (Fig. 3X and Y).  

 

Collectively, these data suggest that diploid pollen both in GA3-treated wild type plants 

and in the rga-24 gai-t6 Arabidopsis mutant result from a similar defect in meiotic cell 

division, with ectopic events of meiotic non-reduction leading to the syncytial 

co-localization of two or more haploid nuclei in one microsporocyte. 
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Figure 3. Male meiotic restitution in GA3-treated plants and in the rga-24 gai-t6 double mutant. 

A, Histograms showing the frequency of meiotic non-reduction events in the rga-24 gai-t6 

double mutant. B-F, Orcein staining of tetrad stage male meiocytes in control (B) and 

GA3-treated plants (C-F). G-K, Orcein staining of unicellular stage microspores in control (G) 

and in GA3-treated qrt1-2
-/-

 plants (H-K). L-O, Orcein staining of tetrad stage meiocytes in 

wild-type Ler plants (L) and in the rga-24 gai-t6 double mutant (M-O). P-S, Orcein staining of 
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unicellular stage microspores in control (P), GA3-treated plants (Q) and in the rga-24 gai-t6 

double mutant (R and S). T-Y, DAPI staining of tetrad stage male meiocytes and unicellular 

microspores in control (T and W), GA3-treated plants (U and X) and in the rga-24 gai-t6 double 

mutant (V and Y). Five biological repeats have been performed, and for each technical repeat, 

500 cells were counted. Scale bars = 10 µm. 

 

The rga-24 gai-t6 mutant displays normal male meiotic chromosome 

segregation 

 

Meiotically restituted dyads and triads generally result from defective meiotic 

chromosome segregation, omission of either meiosis I or II, or alterations in spindle 

orientation. To determine which of these cellular processes is affected, male meiotic 

chromosome spreads of both the rga-24 gai-t6 double mutant and wild type Ler plants 

were examined (Supplement Fig. S4A-L). In both wild type and rga-24 gai-t6 mutant 

plants, four distinct sets of five chromosomes (haploid nuclei), were consistently 

observed in all telophase II meiocytes, indicating that male meiotic chromosome 

segregation in the rga-24 gai-t6 double mutant is not affected (Supplement Fig. S4J). 

Following nucleation at the tetrad stage, haploid nuclei in rga-24 gai-t6 male 

meiocytes occasionally display an irregular spatial organization with two or more 

nuclei in close proximity to each other. Under normal conditions, tetrad-stage wild type 

male meiocytes always exhibit two distinct perpendicularly oriented internuclear 

organelle bands, which physically separate the resulting nuclei in four distinct 

cytoplasmic domains and additionally determine the spatial positioning of the future 

cell walls (Supplement Fig. S4K). In contrast, in the rga-24 gai-t6 double mutant, 

some tetrad stage meiocytes showed a clear absence of the internuclear organelle 

band between two or more haploid nuclei, typically resulting in the physical clustering 

of two or more nuclei in one single cytoplasmic domain (Supplement Fig. S4L). Hence, 

since the rga-24 gai-t6 mutant does not show any defect in chromosome segregation 

during male MI or MII, the cellular defect causing meiotic restitution and diploid pollen 

formation occurs in a later stage of sporogenesis; i.e. after telophase II. 

 

Meiotic restitution in the rga-24 gai-t6 mutant and in GA3-treated Arabidopsis 

plants results from defects in male meiotic cytokinesis  

 

Both the normal meiotic chromosome dynamics and the eventual co-localization of 

haploid nuclei at the tetrad stage suggest that meiotically restituted dyads and triads 

in the rga-24 gai-t6 double mutant result from defects in male meiotic cytokinesis. In 

Arabidopsis male meiosis, the accumulation of intermediate callosic material at the 

end of MII reflects proper cell wall formation and cytokinesis. Aniline blue staining of 

GA3-treated wild type Ler plants and DELLA double rga-24 gai-t6 and quadruple 

rga-t2 gai-t6 rgl1-1 rgl2-1 mutants revealed alterations in the deposition of callosic cell 

walls (Fig. 4). In most cases, GA3-treated plants (Fig. 4B) and DELLA mutants (Fig. 

4G and L) produce normal tetrads, similar as seen in wild-type Ler, typically showing 

the presence of a distinct ‘cross’-shaped callosic cell wall that separates all four 



 87 

haploid spores (Fig. 4A). However, in GA3-treated plants, a subset of tetrad stage 

meiocytes was found to produce partial or incomplete callosic cell walls at the end of 

MII, leading to the formation of balanced and unbalanced dyads and triads (Fig. 4C-E). 

In this pool of altered meiotic products, a great variation in defect severity was 

observed, with some cells not forming any callosic wall whereas others produce cell 

wall stubs or cell plates with small gaps (Fig. 4F). Callose staining revealed similar 

defects in male meiotic cell wall formation in the DELLA double and quadruple 

mutants (Fig. 4H-K and M-P).  

 

Combined DAPI and aniline blue staining on tetrad stage male meiocytes additionally 

revealed that aberrations in rga-24 gai-t6 MII cell wall positioning lead to the 

co-localization and occasional clustering of two or more nuclei in one single 

microsporocyte (Fig. 4R and S). Moreover, in a few rare events, tetrad stage rga-24 

gai-t6 meiocytes were found to form ectopic callosic cell walls (Fig. 4T), suggesting 

that one or more processes determining the spatial positioning of cytokinesis and the 

associated deposition of cell wall components is affected. Collectively, these data 

demonstrate that meiotic restitution in both GA3-treated plants and DELLA mutants is 

caused by defects in male meiotic cytokinesis. 

 

As both the DELLA RGA and GAI genes are actively transcribed ubiquitously 

(Silverstone et al., 1998), the question rises whether cell wall formation in other 

tissues is also affected. To monitor for putative defects in somatic cell wall formation, 

epidermal cells and associated cell wall patterning of mature rga-24 gai-t6 petals was 

assessed using bright field microscopy. Somatic nuclei were concomitantly visualized 

using DAPI staining. A thorough scanning revealed that rga-24 gai-t6 petals exhibit 

normal epidermal cell wall morphology (Supplement Fig. S5E-G) and consistently 

show nuclei of equal size (Supplement Fig. S5H), similar as in wild type Ler plants 

(Supplement Fig. S5A-D), indicating that somatic cell wall formation is not affected. 

Furthermore, propidium iodide staining of root tips did not reveal altered or incomplete 

cell walls in both wild type Ler and rga-24 gai-t6 mutant plants (Supplement Fig. S5I 

and J). Hence, both the observations in root and petal tissues indicate that rga-24 

gai-t6 somatic tissues do not show any defect in cell wall formation, suggesting that 

the DELLA proteins RGA and GAI specifically mediate cytokinesis in male meiotic cell 

division.  
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Figure 4. Aniline blue staining reveals male meiotic cytokinesis defects in GA3-treated plants 

and DELLA double and quadruple Arabidopsis mutants. A-P, Aniline blue staining of callosic 

cell walls in tetrad stage meiocytes of wild type Ler plants (A), wild type Ler plants sprayed with 

100µM GA3 (B-F), the rga-24 gai-t6 double mutant (G-K) and the rga-t2 gai-t6 rgl1-1 rgl2-1 

quadruple mutant (L-P). Q-T, Combined aniline blue and DAPI staining of tetrad stage male 

meiocytes in wild type Ler (Q) and rga-24 gai-t6 plants (R-T). Scale bars = 10 µm. 

 

Cell wall defects in rga-24 gai-t6 male meiotic tetrads are caused by structural 

alterations in the radial microtubule array (RMA)  
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The positioning of the cell wall and associated deposition of cell wall material, such as 

intermediate callose, in somatic plant cells is guided by the phragmoplast (De Storme 

and Geelen, 2013e). In male meiosis, cytokinesis also depends on microtubular 

phragmoplast-like structures, however, due to their specific spatial intercellular 

organization, i.e. formed at the intersection of microtubules (MT) emanating from 

syncytial telophase II nuclei, they are referred to as radial microtubule arrays (RMAs) 

(Peirson et al., 1997; Brown and Lemmon, 2001). Since RMAs are crucial for the 

formation and positioning of the meiotic cell wall (Otegui and Staehelin, 2003), we 

next performed immunocytological analysis of the MT subunit tubulin-α in male 

meiocytes of the rga-24 gai-t6 double mutant (Fig. 5). In wild type Ler plants, TII male 

meiocytes show a microtubular structure that consists of six RMAs that are organized 

between the four haploid nuclei (Fig. 5A). Although most rga-24 gai-t6 male meiocytes 

show a similar TII cytoskeletal configuration, with distinct RMAs in between each of 

the four haploid nuclei, a subset of TII male meiocytes in the rga-24 gai-t6 double 

mutant were found to exhibit clear alterations in the biogenesis and organization of the 

RMAs (Fig. 5B-H). In some instances, adjacent nuclei in a single TII meiocyte were 

found to completely lack the presence of internuclear microtubules, hence causing a 

physical clustering of haploid nuclei in a triad figure (Fig. 5B-D). Moreover, besides TII 

meiocytes that show partial or complete loss of RMA formation, some of the rga-24 

gai-t6 tetrads with regularly separated nuclei display a reduced level of internuclear 

MT labeling, indicating for minor aberrations in RMA biogenesis or MT stability (Fig. 

5E and F). In these slightly altered TII meiocytes, a subset of MTs of the RMA appears 

bent and exhibits a randomly organized pattern (Fig. 5G and H). Moreover, 

fluorescent dots in some cells suggest that microtubules did not elongate properly or 

were depolymerized (Fig. 5H: see arrow), indicating for defects in RMA microtubule 

dynamics.   

 

Overall, the RMA defects observed in rga-24 gai-t6 TII meiocytes are consistent with 

the aberrations in male meiotic cell wall formation, and form the structural basis for 

events of male meiotic restitution and the associated production of higher ploidy male 

gametes. 
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Figure 5. Tubulin-ɑ immunolocalization in TII male meiocytes of wild-type Ler and rga-24 gai-t6 

double mutant plants. A-H, Structure of the RMAs in TII male meiocytes of wild-type Ler plants 

(A) and the rga-24 gai-t6 double mutant (B-H). Green: α-tubulin, cyan: DAPI. Scale bars = 10 

µm. 

 

DELLA downstream factors MYB33 and MYB65 are redundantly required for 

male meiotic cytokinesis in Arabidopsis  

 

MYB33 and MYB65 are downstream factors of DELLA in regulating GA responsive 

processes (Gubler et al., 2002; Kaneko et al., 2003), and are well known in regulating 

anther development (Millar and Gubler, 2005b). To investigate whether these two 

MYB factors participate in DELLA-mediated male meiotic cytokinesis in Arabidopsis, 

we monitored both sporogenesis and gametogenesis in the single and double myb33 

myb65 mutant plants. Both single myb33 and myb65 mutant plants produce normal 

tetrads, haploid microspores and haploid pollen grains, similar as in wild type Col-0 

plants (Fig. 6A-C, D-F and G-I). In contrast, double myb33 myb65 mutant plants were 

found to produce a subset of meiotically restituted triads, together with the associated 

formation of enlarged spores and mature pollen grains (Fig. 6J-L). Oversized 

microspores at the unicellular stage (Fig. 6K) and larger pollen grains (Fig. 6L) 

occurred at a frequency of 4.35% and 4.64%, respectively. Similar to GA-treated wild 

type plants and double rga-24 gai-t6 mutant plants, mature pollen from the double 

myb33 myb65 mutant also show aberrant pollen wall morphology with lack of the thick 

protein-rich outer cell wall (Fig. 6L). These data indicate that MYB33 and MYB65 

operate redundantly in regulating male sporogenesis in Arabidopsis, with a loss of 

function of both genes resulting in male meiotic restitution and the associated 

formation of larger, higher ploidy male gametes. 

 

Aniline blue staining revealed that single myb33 and myb65 mutants produce tetrad 

stage male meiocytes with regular callosic cell walls (Fig. 7B and C) whereas male 

meiotic products in the myb33 myb65 double mutant display defects in cytokinesis 
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with formation of incomplete or misshapen callosic cell walls (Fig. 7F-I). Combined 

aniline blue and DAPI staining further revealed a co-localization of nuclei in the 

enlarged spore that results from lack of cell wall formation (Fig. 7J-N). Tubulin-ɑ 

immunolocalization of myb33 myb65 TII male meiocytes revealed a complete loss of 

RMA formation between co-localized nuclei (Fig. 7S and T) and additionally displayed 

fluorescent dots in some male meiocytes, suggesting for defects in microtubule 

polymerization or stability (Fig. 7U). MI and MII spindle organization in myb33 myb65 

male meiotic cells appeared normal (Fig. 7V and W), similar to those in wild type Col-0 

cells (Fig. 7Q and R), indicating that other microtubular structures in earlier stages of 

male meiosis are not affected, allowing normal chromosome segregation. Collectively, 

these findings indicate that the RMA biosynthesis and/or polymerization stability are 

affected in the double myb33 myb65 mutant, leading to defects in male meiotic cell 

wall formation.  

 

 
Figure 6. Sporogenesis and gametogenesis in the single and double myb33 myb65 mutant. 

A-C, Tetrad (A), haploid unicellular stage microspore (B) and haploid pollen grain (C) in wild 

type Col-0 plant. D-F, Tetrad (D), haploid unicellular stage microspore (E) and haploid pollen 

grain (F) in single myb33 mutant plant. G-I, Tetrad (G), haploid unicellular stage microspore (H) 

and haploid pollen grain (I) in single myb65 mutant plant. J-L, Triad (J), enlarged unicellular 

stage microspore (K) and enlarged pollen grain (L) in double myb33 myb65 mutant plant. 

Scale bars = 10 µm. 
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Figure 7. Male meiotic cytokinesis defects in myb33 myb65 Arabidopsis plants. A-C, Aniline 

blue staining of tetrads in wild type Col-0 (A) and single myb33 (B) and myb65 (C) mutant 

plants. D, Combined aniline blue/DAPI staining of tetrad-stage male meiocytes in wild type 

Col-0 plant. E, DAPI staining of haploid unicellular stage microspore in wild type Col-0 plants. 

F-I, Aniline blue staining of defective tetrad stage male meiocytes in double myb33 myb65 

mutant plants. J-N, Combined aniline blue/DAPI staining of defective tetrad-stage male 

meiocytes in double myb33 myb65 mutant plants. O, DAPI staining of an enlarged unicellular 

stage microspore isolated from myb33 myb65 mutant plant. P-R, RMA (P) and MI and MII 

spindles (Q and R) in wild type Col-0 plants. S-W, Defective RMA (S-U) and normal MI and MII 

spindles (V and W) in the double myb33 myb65 mutant. Green: α-tubulin, cyan: DAPI. Scale 

bars = 10 µm. 

 

GA-induced defects in male meiotic cytokinesis correlate with DELLA signaling 

in the somatic anther tissue 
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In order to assess the specific expression pattern of DELLAs during male 

sporogenesis, we analyzed expression of RGA in the Arabidopsis anther by using a 

pRGA::GFP-RGA marker in the Ler background. To stabilize the GFP-RGA signals in 

the developing flowers, we sprayed flowering pRGA::GFP-RGA plants with 1mM 

Paclobutrazol and monitored GFP-RGA expression/localization six hours post 

treatment using both confocal laser scanning (Fig. 8) and epi-fluorescence 

microscopy (Supplement Fig. S6). No GFP signal was detected in the anthers isolated 

from wild type Ler control plants (Fig. 8A-D; Supplement Fig. S6A-C). Contrary, in the 

plants harboring the pRGA::GFP-RGA construct, GFP-RGA expression was clearly 

visible in the anther, showing a distinct dotted pattern that is strictly confined to the 

somatic tissue surrounding the male meiocytes and/or microspores during anther 

development (Fig. 8E and Supplement Fig. S6D, pre-cytokinesis stage; Fig. 8F and 

Supplement Fig. S6E, tetrad stage; Fig. 8G and H and Supplement Fig. S6F, 

microspore stage), indicating that RGA is not expressed in the male reproductive tract, 

i.e. in the meiocytes and developing microspores, but instead appears specifically 

expressed in the somatic cell layer including the tapetum that surrounds the meiotic 

and gametophytic cells. 

 

To examine whether exogenous GA treatment reduces RGA expression in the tapetal 

cell layer during male sporogenesis, we next sprayed flowering pRGA::GFP-RGA 

plants with 100 µM GA3 (24h post 1mM PAC treatment, 0.06% Tween-20), and 

subsequently monitored the RGA-GFP signal 2 hours post GA treatment. In the 

absence of exogenous GA treatment, a distinct pattern of RGA-GFP fluorescent 

signals was observed in the tapetal cell layer that surrounds the male meiocytes and 

young microspores during progressive anther development (Supplement Fig. S7A-C). 

However, two hours post GA treatment, a significant decrease in RGA-GFP signal 

intensity in developing anthers was observed (Supplement Fig. S7D-F), indicating that 

exogenous GA treatment suppresses the expression of RGA in the tapetal cell layer 

during male meiosis and early gametogenesis.  

 

 
Figure 8. Confocal laser scanning microscopy of pRGA::GFP-RGA during different stages of 

Arabidopsis anther development. A-D, Anthers of wild type Ler plants at during meiosis (A), 
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tetrad stage (B) and early microspore development (C and D). E-H, Anthers of Ler plants 

harboring the pRGA::GFP-RGA constructs during meiosis (E), tetrad stage (F) and early 

microspore development (G and H). Scale bars = 50 µm. 

 

Discussion 

 

GA-DELLA-MYB signaling module regulates male meiotic cytokinesis in 

Arabidopsis    

 

In this study, we report that exogenous GA3 treatment induces 2n pollen formation in 

Arabidopsis by causing defects in male meiotic cytokinesis. Using genetic studies we 

additionally demonstrate that combined loss-of-function of two downstream GA 

factors, i.e. the DELLA proteins RGA and GAI, causes a phenotype highly reminiscent 

to external GA treatment, suggesting that the transcriptional regulators RGA and GAI 

control the expression of proteins that either promote or interfere with regular meiotic 

cytokinesis. Altogether, our observations indicate that ectopic GA induces male 

meiotic restitution and 2n gamete formation in Arabidopsis by promoting the 

degradation of the DELLA RGA and GAI proteins. Cytological studies additionally 

revealed that combined loss of MYB33 and MYB65, i.e. two downstream DELLA 

targets, leads to similar male meiotic defects and associated formation of enlarged 

male gametes, suggesting for a role of the GA-DELLA-MYB33/MYB65 regulatory 

pathway in controlling male meiotic cytokinesis in Arabidopsis. Moreover, as the 

double myb33 myb65 mutant displays similar RMA defects as the DELLA rga-24 

gai-t6 mutant, we postulate that specific, yet unknown DELLA-MYB downstream 

factors directly control RMA biogenesis and associated microtubule dynamics in 

tetrad-stage male meiocytes. However, the identity of these downstream regulators 

and their specific mode of action in controlling male meiotic RMA formation remain 

largely elusive. Strikingly, in both GA3-treated wild type plants as well as all DELLA 

mutants analyzed, cytokinesis defects only occurred in a minority of male meiocytes 

(around 4%) indicating that male meiotic RMA formation and cytokinesis is largely 

resilient to GA deregulation. Nevertheless, maintaining ploidy consistency is critical to 

regular sexual reproduction, with even small deviations in gametophytic ploidy level 

(e.g. diploid and aneuploid gametes) being highly relevant when considered in an 

ecophysiological perspective or on a larger evolutionary time scale. 

 

A role for GA in integrating environmental stress and reproductive genome 

instability? 

  

During growth and development plants suffer from various stresses, and the 

reproductive system is particularly sensitive to adverse environmental conditions (De 

Storme and Geelen, 2014a). Previously, we reported that a short period of severe cold 

(1–40 h at 4–5°C) induces male meiotic restitution and 2n gamete formation by 

causing defects in male meiotic cytokinesis. More specifically, low temperatures were 

found to specifically affect the RMA cytoskeletal network at the telophase II stage, 
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consequently impairing male meiotic cell plate formation and cell wall deposition. In 

contrast, other microtubular structures in the developing meiocytes, such as MI and 

MII spindles and the cortical MT array, were not affected by low temperature stress, as 

reflected by the regular chromosome segregation dynamics in MI and MII (De Storme 

et al., 2012c). Based on these findings it is suggested that cold-induced formation of 

2n pollen is governed by specific regulators and signaling pathways that specifically 

interfere with RMA biogenesis and/or MT dynamics during male meiotic cytokinesis.  

 

Here, in this study, we demonstrate that perturbation of endogenous GA levels mimics 

the cold-induced defects in Arabidopsis male sporogenesis, causing highly similar 

defects in male meiotic RMA biogenesis and cell wall formation. Based on this 

similarity, we hypothesize that GA may putatively play an important regulatory role in 

(cold) stress-induced restitution of male meiosis and associated production of 2n 

pollen. Previous studies have demonstrated that GA signaling plays a prominent role 

in the plants’ response to cold stress through transient activation of CBF1/DREB1b; 

i.e. a transcriptional regulator controlling downstream cold-responsive genes 

(Colebrook et al., 2014a). However, the putative role for GA in mediating cold-induced 

2n gamete formation is probably indirect since cold has been found to reduce 

endogenous GA levels, which is incongruent with the observation that increased GA 

levels induce events of male meiotic restitution. For example, in Arabidopsis seedlings, 

cold reduces endogenous bioactive GA levels by repressing expression of the 

GA-biosynthetic GA20 oxidase and by stimulating the expression of the 

GA-catabolizing GA2-oxidase, thereby enabling cellular accumulation of DELLAs and 

associated reduction of tissue growth (Achard et al., 2008a). Similarly, in rice, 

endogenous GA levels in developing anthers were found to decrease upon exposure 

to low temperatures (Sakata et al., 2014a), suggesting that cold generally reduces 

endogenous GA levels, instead of accumulating it.   

 

Whether low temperature-induced disorders in male meiotic RMA structure are 

mediated by increased GA levels, and whether this occurs in a direct or indirect 

manner, remains to be determined. In plants, microtubules are notoriously sensitive to 

cold shock, with each species having a specific critical temperature underneath which 

MTs become highly unstable and disassemble. However, despite numerous reports of 

cold-induced effects on MT stability, it is yet unknown how this is mechanistically 

controlled and whether and how this is regulated at the molecular level. A recent study 

by Locascio et al. (2013) provides preliminary evidence for mechanistic link of GA 

signaling and microtubule organization. These authors reported that cortical MT 

reorganization in elongating hypocotyls strongly depends on the availability of the 

prefoldin complex in the cytosol, and that this availability is regulated by the 

nuclear-localized DELLA proteins RGA and GAI which bind and inactivate prefoldin 

(Locascio et al., 2013). However, despite this mechanistic insight into the regulatory 

role of DELLAs in cortical MT stability, it is yet unknown whether male meiotic RMA 

formation is controlled by a similar regulatory mechanism, and whether cold stress 

may interfere with this to cause defects in male meiotic cell wall formation. In both GA 
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treated plants and the double rga-24 gai-t6 mutant, we have not observed aberrant 

organization of cortical microtubules in somatic cells or defects in cell division that 

could be caused by faulty mitotic cytoskeletal configurations. Hence, the different 

response of MT structures in somatic and male meiotic cells suggests there may exist 

different mechanisms by which GA mediates microtubular dynamics in somatic and 

reproductive tissues, putatively reflecting the differences in the structural organization 

and molecular regulation of the MT structures in male meiosis (RMAs) and in somatic 

cell division (phragmoplast and cortical MT arrays) (De Storme and Geelen, 2013e).  

 

Different roles of GA in microsporogenesis and gametogenesis 

 

Several studies demonstrated that GA is required for floral development by repressing 

the activity of DELLAs (Cheng et al., 2004b; Tyler et al., 2004a). In the GA-deficient 

ga1-3 mutant, male meiocytes display normal MI and MII chromosome segregation 

and cell wall formation (Cheng et al., 2004b), indicating that GA is not required for the 

meiotic cell division program. This is confirmed in our study by monitoring the 

sporogenesis of GA-insensitive gai mutant. On the other hand, ga1-3 plants show 

clear defects in microspore development and pollen maturation because of impaired 

tapetum development (Cheng et al., 2004b; Aya et al., 2009a; Mutasa-Gottgens and 

Hedden, 2009), indicating that GA is essential for microspore development and pollen 

maturation through its promotive role in tapetum development. Several studies have 

provided accumulating evidence that GA plays an important role in the developmental 

regulation of the tapetal cell layer; a nourishing tissue that promotes microspore 

development and the outer cell wall formation. In rice, for example, impaired GA 

signaling causes alterations in the programmed cell death (PCD) of tapetal cells (Aya 

et al., 2009a), a process which is vital for microspore development through the 

supplementation of nutrients, hence causing major gametophytic defects such as 

spore abortion and male sterility. A conserved family of transcription factors, called 

GAMYBs, which are controlled by the GA signaling pathway have been linked with 

tapetum functioning and pollen outer cell wall formation (Aya et al., 2011b). The 

GAMYB members MYB33 and MYB65 are redundantly required for the development 

and persistence of the tapetum cell layer during male reproductive development 

(Millar and Gubler, 2005b; Plackett et al., 2011a). In this report, we demonstrate that 

the combined loss of MYB33 and MYB65 in Arabidopsis not only affects male 

gametogenesis, but also causes defects in male meiotic cell division, similar as in the 

DELLA rga-24 gai-t6 double mutant, indicating that the GA-DELLA-MYB pathway 

plays an important role in the developmental control of both male sporogenesis and 

gametogenesis.   

 

The regulatory role of GA signaling (e.g. DELLAs-MYBs) in male meiotic cytokinesis, 

as shown in this study, together with fact that GA plays an essential role in tapetum 

and microspore development, corroborates with a previous report by Chhun et al. 

(2007), who reported that GA biosynthesis genes are expressed at a relatively low 

level in early stages of anther development (i.e. before meiotic cytokinesis) compared 
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with that of GA-signaling genes, and that the situation reversely alters at later stages 

in anther development (Chhun et al., 2007a). Although the role of GA in regulating 

male gametophyte development and maintaining plant male fertility has been widely 

investigated, our data further clarify that a restriction of GA signaling and associated 

maintenance of DELLA activity in Arabidopsis is critical for successful male meiotic 

cell division and gametophytic ploidy stability. 

 

Male meiotic cytokinesis - regulated by GA signaling in the surrounding 

somatic tissue?  

 

The GAMYB transcription factor family is conserved in land plants and seems to 

regulate a range of reproductive processes (Aya et al., 2011b). In agreement with GA 

being involved in the control of tapetum and microspore development, several 

members of the GAMYB transcription factor family (MYB33 and MYB65 in 

Arabidopsis, HvGAMYB in barley, and OSGAMYB in rice) have been shown to be 

expressed in young anthers prior to flower anthesis (Kaneko et al., 2003; Murray et al., 

2003a; Millar and Gubler, 2005b). Although MYB33 transcripts were reported to occur 

in a wide range of tissues, translational fusions showed that expression of MYB33 is 

mainly confined to the somatic cell layers of young anthers, likely due to 

MIR159-controlled restriction of mRNA translation. Lower expression levels were 

detected in developing microspores (Millar and Gubler, 2005b). In this study, RGA 

expression analysis using a GFP translational fusion indicated that basal RGA levels 

are very low in young flower buds. Upon treatment with paclobutrazol, however, GFP 

expression strongly increases in most anther tissues including the four outer somatic 

cell layers, except for meiocytes and microspores. This thus demonstrate that there is 

certain level of endogenous GA biosynthesis present in young anther tissues, that 

restricts the expression of the DELLA RGA protein to a certain limit, however, up till a 

level that still allows full completion of male meiotic cell wall formation. Interestingly, in 

both plants treated with GA and della mutant, only around 5% meiotic restitution and 

diploid gamete formation is induced, which occurs at a low level. Our speculation is 

that GA-induced alterations in male meiosis may be due to affected tapetum function. 

Tapetum supplies nutrition and enzymes for the development of meiocytes and pollen, 

defective tapetum function therefore interferes with male meiotic cell division 

progression. And the meiocytes localized close to tapetal cell layer thus may be more 

sensitive to improper GA signaling promotion. Or, the genetic regulators controlling 

male meiotic cytokinesis is partially regulated by GA-DELLA signaling, and the 

alterations induced by GA treatment and/or DELLA mutation, may only lead to minor 

defects in the function of those cytokinesis regulators. 

 

Based on these findings, we conclude that the DELLA-GAMYB module is 

predominantly expressed in the somatic tissue surrounding the developing meiocytes, 

playing a putative important role in the appropriate functioning of the tapetum, 

possibly in cooperation with the other anther outer cell layers. Since expression of 

DELLAs and GAMYBs in meiocytes and developing microspores is generally low, the 
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observed defects in male meiotic cytokinesis and cell wall formation in corresponding 

mutants and GA treated plants may indirectly result from tapetal dysfunctioning rather 

than from a cell-autonomous male meiotic deregulation of the DELLA-GAMYB 

module. Our data therefore provide preliminary evidence for molecular 

communication between the somatic anther cells and enclosed 

meiocytes/microspores to guide and to generate not only pollen outer cell wall 

maturation but also MT cytoskeletal dynamics and cell wall formation during the final 

stage of meiosis.  
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Chapter 5 Cold-Induced Male Meiotic Restitution and 

Diploid Gamete Formation in Arabidopsis thaliana is 

Not Mediated by GA-DELLA Signaling 

 

Summary 

 

From the previous chapter, we know that GA plays a role in regulating male meiotic 

cell division in Arabidopsis, and over-activated GA signaling in tapetum specifically 

induces alterations in the last step of male meiosis; i.e. meiotic cytokinesis, likely 

through a non-cell autonomous mechanism. These findings demonstrate that GA 

induces meiotic restitution and gamete ploidy stability in Arabidopsis using highly 

similar cytological mechanisms as cold does. Actually, GA has been repeatedly 

reported to mediate the cold response of plants. Particularly, low temperature was 

recently found to disrupt anther and pollen development in rice by causing extreme 

alterations in GA signaling, indicating a role of GA in mediating cold response of male 

reproductive development of plants. Considering these facts, we hence hypothesized 

whether cold interferes with meiotic cytokinesis and induces 2n pollen formation 

through altered GA signaling and DELLA protein stability. 

 

In this chapter, we monitored the influence of GA signaling variations caused by 

exogenous chemical application and endogenous genetic mutations on the cold 

sensitivity of Arabidopsis microsporogenesis. In addition, the cold sensitivity and 

response of meiotic microtubules were examined in a GA-insensitive Arabidopsis line. 

In vivo observation of DELLA RGA abundance in developing anthers upon cold stress 

was checked and expression study by qPCR on several GA metabolism and signaling 

genes was performed. Sums up, the findings in this chapter will answer the question 

whether cold interferes with meiotic cytokinesis and induces 2n pollen formation in 

Arabidopsis by promoting bioactive GA level which subsequently leads to reduced 

DELLA abundance in the anthers. 

 

The data of this chapter has been prepared as a manuscript ‘Bing Liu, Nico De 

Storme, and Danny Geelen (2017) Cold-induced male meiotic restitution and diploid 

gamete formation in Arabidopsis thaliana is not mediated by GA-DELLA signaling’ and 

is currently under review by Frontiers in Plant Science. 
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Cold-induced male meiotic restitution and diploid gamete 

formation in Arabidopsis thaliana is not mediated by 

GA-DELLA signaling  

Abstract 

 

Short periods of cold stress induce male meiotic restitution and diploid (2n) pollen 

formation in Arabidopsis thaliana by specifically interfering with male meiotic 

cytokinesis. Interestingly, similar alterations in male meiotic cell division and 

gametophytic ploidy stability occur when gibberellic acid (GA) signaling in developing 

anthers is perturbed. In this study, we found that exogenous application of GA 

primarily induces second division restitution (SDR)-type 2n pollen in Arabidopsis, in a 

similar way as cold does. Driven by the close similarity of the cellular mechanisms 

inducing male meiotic restitution upon exposure to cold and GA, we tested the 

hypothesis whether cold-induced meiotic restitution is mediated by endogenous 

alterations in GA signaling and DELLA protein stability. Using a combination of 

chemical, genetic and cytological approaches, we found that both exogenously and 

endogenously altered GA signaling does not affect the cold sensitivity of male meiotic 

cytokinesis in Arabidopsis. In addition, cold sensitivity of meiotic microtubules was 

found to be reserved in the GA-insensitive gai plants. In vivo detection of GFP-RGA 

revealed that cold stress does not reduce abundance of RGA in tetrad stage anthers 

suggesting that cold induces defective meiotic cytokinesis not by promoting DELLA 

deactivation. In support of this, real-time quantitative PCR analysis showed a 

decreased expression of the GA biosynthesis GA3ox1 gene and an increase of the 

DELLA RGA gene in young flower buds exposed to cold stress. Since male meiotic 

cytokinesis are interfered by a reduced level of DELLAs, and not by an accumulation, 

our findings demonstrate that cold-induced male meiotic restitution in Arabidopsis 

thaliana is not mediated by endogenous alterations in GA-DELLA signaling. 

 

Introduction 

 

The production of viable haploid male gamete is vital for the fertility and ploidy stability 

of flowering plants. Under certain conditions, plants may produce diploid male 

gametes through incomplete meiotic cell division, the cytological mechanism of which 

is termed ‘meiotic restitution’ or ‘meiotic non-reduction’ (Adams and Wendel, 2005b; 

Mason and Pires, 2015). Cellular defects that cause meiotic restitution can be 

subdivided into three classes; omission of meiosis I or II, altered spindle orientation, 

and irregular meiotic cytokinesis (De Storme and Geelen, 2013e; De Storme and 

Mason, 2014). According to the genetic make-up of the resulting diploid gametes, 

cellular mechanisms of meiotic restitution can be classified into either first division 

restitution (FDR) or second division restitution (SDR) (Kohler et al., 2010). In 

FDR-type meiotic restitution, homologous chromosomes fail to separate in MI 
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whereas sister chromatids successfully disjoin from each other. As a result, FDR-type 

2n gametes maintain parental heterozygosity in genomic regions close to the 

centromere. In contrast, in SDR-type mechanisms of meiotic restitution, homologous 

chromosomes segregate but sister chromatids do not disjoin in MII whereby the 

formed 2n gametes typically lose parental heterozygosity around the centromere (De 

Storme and Geelen, 2013f). Under normal conditions, meiotic chromosome 

segregation and cell division in MI and MII are tightly controlled by a series of 

regulatory mechanisms to ensure the formation of haploid gametes. However, recent 

studies have revealed that meiotic restitution and associated formation of 2n gametes 

can ectopically be induced; either through specific genetic defects or upon exposure 

to environmental stresses, particularly temperature shocks. In Arabidopsis thaliana, 

for example, cold stress causes male meiotic restitution (primarily SDR-type) and 2n 

pollen formation by specifically disrupting the biosynthesis and organization of radial 

microtubule arrays (RMAs) at the end of male meiosis, which subsequently leads to 

unsuccessful meiotic cytokinesis and diploid microspores (De Storme et al., 2012b). It 

is yet unknown which genetic factors and molecular signaling pathways mediate the 

cold stress-induced male meiotic response.  

 

Gibberellic acid (GA) regulates many plant physiological activities (Claeys et al., 2014) 

and plays a central role in the regulation of male reproductive development in plants 

(Plackett et al., 2011c; Kwon and Paek, 2016). GA promotes plant growth and 

development by suppressing the activity of GA signaling repressor DELLA proteins 

though ubiquitin 26S proteasome pathway (Xu et al., 2014). In Arabidopsis, there are 

five DELLA homologues; i.e. RGA, GAI, RGL1, RGL2 and RGL3, which share partial 

redundancy but also harbor distinct functions in repressing GA signaling and 

downstream gene expression through their action as transcriptional co-factors (Xu et 

al., 2014; Yoshida et al., 2014). During male reproductive development, proper 

functional GA signaling in the floral system is required for functioning and 

programmed degradation of the tapetal cell layer (Cheng et al., 2004b; Aya et al., 

2009b; Plackett et al., 2014a), and therefore is essential for male gamete 

development and pollen viability. In our previous study, we showed that GA signaling 

and DELLA stability regulate male meiotic cytokinesis (Liu et al., 2016). These data 

reveal an important function for the DELLA proteins RGA and GAI in meiotic cell 

division and sporogenesis, and additionally demonstrate that low GA levels during 

early meiocyte development stages are required for normal meiotic cell division and 

haploid gamete formation. As the cellular mechanism of GA-induced male meiotic 

restitution in Arabidopsis thaliana closely mimics the meiotic alterations induced by 

short periods of cold stress (i.e. defects in RMA formation at telophase II and 

binuclear spore formation), cold-induced male meiotic restitution in Arabidopsis 

thaliana may be mediated by GA-DELLA signaling. 

 

GA signaling integrates in the cold response of plant vegetative and reproductive 

development (Colebrook et al., 2014b). In Arabidopsis seedlings, cold stress induces 

accumulation of DELLAs by promoting the catabolism of endogenous bioactive GA. 
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Extreme cold stress evokes a rapid transcriptional activation of cold-responsive factor 

DREB1b/C-repeat/ DRE Binding Factor1 (CBF1), which promotes the expression of 

GA-deactivating GA2-oxidases, subsequently leading to decreased levels of bioactive 

GA and associated accumulation of DELLAs (Achard et al., 2008a). Similarly, in rice, 

low temperatures reduce the level of endogenous bioactive GA in developing anthers 

with associated disrupted pollen development. Transcriptomic studies revealed that 

the expression of the GA biosynthesis gene OsGA3ox1 is down-regulated upon cold 

stress, whereas the GA signaling repressor SLR1/DELLA and its upstream 

cold-responsive factor CBF1 are up-regulated (Sakata et al., 2014a). Collectively, 

these findings suggest that cold stress negatively influences endogenous bioactive 

GA levels in plants by reducing GA biosynthesis, and thus positively contributes to 

DELLA protein abundance both in somatic as well as in reproductive tissues. 

 

Based on the close similarity of the cellular mechanisms of GA- and cold-induced 

meiotic restitution, we hypothesize that cold induces meiotic restitution by ectopically 

increasing the endogenous levels of GA in the Arabidopsis anther. Thus, contrary to 

the general notion that cold stress reduces endogenous GA levels (e.g. as observed 

in Arabidopsis seedlings and rice anthers), cold increases endogenous GA levels and 

hence promotes the degradation of DELLAs in the Arabidopsis anthers, consequently 

leading to defective male meiotic cytokinesis and the production of meiotically 

restituted 2n gametes. In support of this hypothesis, we found that exogenous GA 

treatment of Arabidopsis inflorescences primarily induces SDR-type 2n gametes, 

similar as observed when plants are exposed to cold. However, despite this similarity 

in 2n gamete type, a series of chemical, genetic and cytological approaches revealed 

that altered GA signaling in the Arabidopsis anther does not affect the cold sensitivity 

of male sporogenesis. In vivo analysis revealed that cold stress does not deregulate 

RGA abundance in tetrad stage anthers. In addition, expression analysis revealed that 

in cold-stressed young Arabidopsis anthers, the GA biosynthesis gene GA3ox1 is 

down-regulated whereas the DELLA RGA is upregulated upon cold. Our data 

therefore suggest that, similar as in Arabidopsis seedlings and in developing rice 

anthers, cold stress reduces the level of endogenous bioactive GA and promotes the 

accumulation of DELLAs in the Arabidopsis anther. We thus conclude that 

cold-induced male meiotic restitution and associated 2n gamete formation in 

Arabidopsis is not mediated by GA-DELLA signaling. 

 

Results 

 

GA primarily induces SDR-type male meiotic restitution 

 

Diploid gametes resulting from meiotic restitution either contain sister chromatids 

(SDR) or two non-sister chromatids (FDR). As sister chromatids are copies made 

during the initial S-phase of the meiotic cell cycle, SDR-type 2n gametes are highly 

homozygous near the centromeric region of the chromosomes (De Storme et al., 

2012b). To determine which type(s) of meiotic restitution (FDR or SDR) occur upon 
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exogenous GA treatment, segregation of the hemizygous FTL markers FTL1313 

(dsRed – Chr. 1) and FTL3332 (YFP – Chr. 3) in the quartet1-2-/- background was 

analyzed in meiotically restituted dyads and triads at flower anthesis (Fig. 1A). To this 

end, flowering Arabidopsis qrt1-2-/- plants harboring either FTL1313 or FTL3332 in a 

hemizygous state were sprayed with 100 µM GA3, and the mature pollen grains were 

observed under fluorescence microscope at 7-9 days following GA treatment. Under 

control conditions, plants hemizygous for either the FTL1313 or FTL3332 reporter 

construct produce pollen tetrads, in which two out the four pollen grains exhibit 

fluorescent expression, hence reflecting regular segregation of fluorescent markers. 

At 7-9 days post GA treatment, GA-sprayed plants hemizygous for FTL1313 not only 

produce pollen tetrads, but additionally generate triad configurations with two regular 

sized haploid pollen grains and one larger diploid pollen. When fluorescent expression 

in these pollen triads is exclusively confined to the diploid pollen grain or to both 

haploid pollen grains, the triad most likely originates from SDR-type restitution (Fig. 

1C and D). In contrast, when fluorescence expression in the triad occurs both in a 

haploid and the diploid pollen grain, the meiotically restituted triad most likely 

originates from FDR-type restitution (Fig. 1E). In addition to triads, GA-treated plants 

also produced dyads in which centromere-linked hemizygous FTL markers either 

segregate both to one single diploid gamete (Fig. 1F) or each to one single diploid 

gamete (Fig. 1G), respectively indicating for SDR- or FDR-type meiotic restitution. 

GA-induced dyads and triads in qrt1-2-/- plants hemizygous for the FTL1313 reporter 

were found to contain 75.44% 2n pollen homozygous and 24.56% 2n pollen grains 

hemizygous for the locus containing the FTL1313 reporter (Fig. 1B). For GA-treated 

qrt1-2-/- plants hemizygous for the FTL3332 marker, 92.11% of 2n pollen grains 

appeared homozygous and 7.89% appeared heterozygous for the FTL3332 locus (Fig. 

1B; Supplemental fig. S1). The high frequency of 2n pollen grains in GA-induced 

meiotically restituted dyads and triads that are homozygous at both the FTL1313 and 

FTL3332 genomic loci indicates that GA primarily induces SDR-type meiotic 

restitution, similar to what has been reported for cold stress-induced male meiotic 

non-reduction (De Storme et al., 2012b). 
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Figure 1. GA primarily induces SDR-type 2n male gamete in Arabidopsis. A, Genomic 

positions of FTL markers used in this study. B, Histogram showing the frequency of 

GA-induced meiotic restituted outcomes. Mean frequency numbers are indicated in the plot 

bars. C-G, Characterization of GA-induced meiotic restituted pollen grains using qrt1-2
-/-

 FTL 

marker (FTL1313; expressing red fluorescent protein). C-E, Meiotic restituted triads 

representing SDR-type (C and D) and FDR-type (E) 2n pollen grains. F and G, Meiotic 

restituted dyads representing SDR-type (F) and FDR-type (G) 2n pollen grains. Exact numbers 

of each type of meiotically restituted pollen tetrads are presented in supplemental table. S1. 

Scale bar = 50 µm. 

 

Exogenous modulation of anther GA content does not influence the cold 

sensitivity of Arabidopsis male meiotic cytokinesis  

 

To test whether cold induces meiotic restitution by promoting endogenous GA level in 

anther, flowering Arabidopsis plants were sprayed either with 100 µM GA3 or 1 mM 

GA biosynthesis inhibitor PAC, after which they immediately were transferred to cold 

conditions (4–5°C) for 48 hours. 24-36 h post cold treatment, unicellular stage 

microspores were examined microscopically for indirect quantification of male meiotic 

restitution (Fig. 2). Under normal temperature conditions, both mock and PAC-treated 

plants produced 100% uniformly sized microspores (Fig. 2A; B, mock treated; C, PAC 

treated). In contrast, GA3-sprayed qrt1-2-/- plants produced around 3.84% enlarged 

microspores, indicative for meiotic restitution (Fig. 2A; D and E). After cold treatment, 

however, Arabidopsis plants treated with either mock, GA3 or PAC solution displayed 

similar cold sensitivity with equal frequencies of enlarged unicellular microspores (Fig. 

2). These data indicate that cold-induced meiotic restitution is neither enhanced nor 

reduced by exogenous GA and PAC application, suggesting that GA homeostasis is 

not critical for evoking a cold response in male meiosis.  
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Figure 2. The effect of GA and PAC treatment on cold sensitivity of Arabidopsis male 

sporogenesis. A, Histograms showing the frequency of enlarged unicellular microspores in 

Arabidopsis thaliana plants with combined chemicals and cold treatment. B-E, Haploid 

unicellular microspores in control plants (B), plants treated with 1mM PAC (C), and enlarged 

unicellular microspores in plants treated with 100µM GA3 (D and E) under normal temperature 

conditions. F-K, enlarged unicellular microspores in flowering plants exposed to a combined 

treatment of mock and cold (F and G), GA and cold (H and I), and PAC and cold (J and K). 

Five biological repeats have been performed, and for each technical repeat, 500 cells were 

counted. Scale bar = 10 µm. 

 

Genetic alteration of GA signaling does not influence sensitivity of male meiotic 

cytokinesis to cold  

 

The impact of endogenous genetic alterations in GA signaling on the cold sensitivity of 

male sporogenesis was investigated by testing the response of both dominant and 

loss of function DELLA mutant plants (Fig. 3). The GA dominant insensitive gai mutant 

produces a non-degradable DELLA GAI protein and thus exhibits a constitutively 
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repressed DELLA-dependent GA signaling (Peng et al., 1997). Under normal 

temperature conditions, the gai mutant produces normal tetrads and haploid 

microspores (Supplement fig. S2C and D). Upon exposure to cold (4–5°C for 48 h), 

gai male sporogenesis exhibits male meiotic restitution and associated 2n microspore 

formation at a similar level observed in wild type plants (Fig. 3A, E and F), indicating 

that impaired DELLA-dependent GA signaling does not block the cold sensitivity of 

Arabidopsis male meiotic cell division.  

 

In addition, in the double rga-24 gai-t6 mutant plants with constitutively activated GA 

signaling (Dill and Sun, 2001b), which produce a sub-family of 2n male gamete under 

normal temperature conditions (Fig. 3B) (Liu et al., 2016), cold was found to induce a 

significantly higher level of enlarged 2n microspores compared to wild type plants (Fig. 

3B, G and H). These data demonstrate an additive effect of cold stress to the loss of 

function of RGA and GAI on 2n male gamete formation in Arabidopsis, indicating that 

cold-induced meiotic restitution and associated 2n pollen formation is not mediated by 

alterations in DELLA-dependent GA signaling. 
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Figure 3. Cold sensitivity of male sporogenesis in Arabidopsis gai and rga-24 gai-t6 mutant 

plants. A and B, Histograms showing frequencies of cold-induced enlarged unicellular 

microspores in gai (A) and rga-24 gai-t6 (B) mutant plants. C-H, Cold-induced male meiotic 

restitution and enlarged unicellular microspores in wild type Ler (C and D), the gai
 
(E and F) 

and rga-24 gai-t6 qrt1-2
-/-

 (G and H) mutant plants. Five biological repeats have been 

performed, and for each technical repeat, 500 cells were counted. Scale bar = 10 µm. 

 

Cold induces defective male meiotic cytokinesis in GA-related mutants 
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To determine the cytological defect underlying cold-induced meiotic restitution in 

GA-signaling mutant plants, we examined male meiotic chromosome behavior and 

male meiotic cell wall formation in the gai meiocytes (Fig. 4). In the gai mutant, cold 

stress does not cause alterations in male meiotic chromosome segregation (Fig. 

4A-C), and male meiosis consistently yields four groups of five chromatids, similar as 

in wild type meiosis. Under normal conditions, gai male meiocytes display regular 

callosic cell wall formation, similar as observed in control, indicating for normal meiotic 

cytokinesis (Fig. 4D and G). However, at 24 h after cold treatment (4–5°C), meiotic 

restituted dyads and triads with incomplete callosic cell walls were observed in male 

sporogenesis of both wild type Ler and the gai mutant (Fig. 4E and F, H and I).  

 

Tubulin immunolocalization was performed on the cold-shocked wild type and gai 

mutant male meiocytes (Fig. 4). From prophase I to anaphase II stages, both the 

control and cold-stressed meiocytes in either wild type Ler or gai mutant plants 

displayed regular microtubule configurations (Fig. 4J-N, P-T, V-Z and B’-F’). More 

specifically, for example, at prophase I a network of microtubules surrounds the 

nucleus, and during meiosis I a single spindle and during meiosis II two perpendicular 

spindles are formed. However, at the end of meiosis; i.e. telophase II stage, 

cold-stressed Ler and gai meiocytes carry nuclei which are in close proximity (Fig. 4A’ 

and G’; Supplemental fig. S3A-D). The four haploid nuclei were no longer distinctively 

separated by radial microtubule arrays (RMAs). The aberrant RMAs configurations 

are likely leading to the formation of triad and dyad microspores. These observations 

indicate that the cold sensitivity of RMA structure in the plants with altered GA 

signaling is reserved. In conclusion, cold induces meiotic restitution in GA-signaling 

mutant plants by specifically interfering with RMA-based meiotic cytokinesis, following 

a mechanism similar to wild type plants. 
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Figure 4. Cold-induced male meiotic cytokinesis defects in the gai mutant. A-C, DAPI-stained 

male meiotic chromosome spreads of telophase II meiocytes in wild type plants under normal 
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conditions (A), cold-stressed telophase II meiocytes in wild type (B) and the gai mutant (C) 

plants. D and G, Aniline blue-stained callosic cell walls in tetrad stage male meiocytes of wild 

type (D) and the gai mutant (G) plants under normal temperature conditions. E and F, H and I, 

Aniline blue-stained callosic cell walls in cold-stressed tetrad stage male meiocytes of wild type 

(E and F) and the gai mutant (H and I) plants. J-U, Meiotic microtubule structures at prophase 

(J and P), metaphase I (K and Q), interkinesis (L and R), metaphase II (M and S), anaphase II 

(N and T) and telophase II stage (O and U) meiocytes in wild type Ler (J-O) and the gai mutant 

(P-U) plants under control conditions. V-G’, Meiotic microtubule structures at prophase (V and 

B’), metaphase I (W and C’), interkinesis (X and D’), metaphase II (Y and E’), anaphase II (Z 

and F’) and telophase II stage (A’ and G’) meiocytes in cold-stressed wild type Ler (V-A’) and 

the gai mutant (B’-G’) plants. Scale bars = 10 µm. 

 

Cold stress does not reduce RGA abundance in tetrad-stage Arabidopsis 

anthers  

 

To determine the effect of cold stress on the abundance of DELLA proteins in 

developing Arabidopsis anthers, we used an Arabidopsis line harboring a 

recombinant pRGA::GFP-RGA reporter construct and monitored the in vivo GFP 

fluorescence signals in the developing anthers at 24 h under cold shock (4–5°C for 24 

h) (Fig. 5). If cold stress induces defective meiotic cytokinesis by promoting RGA 

degradation, the fluorescence signals of GFP-RGA in tetrad stage anthers should 

display reduction upon cold stress. We observed that under the normal temperature 

conditions, the pRGA::GFP-RGA was predominantly expressed in the tapetal cell 

layer (Fig. 5A); however, the abundance of GFP-RGA was not deregulated by the 24 

h’s cold stress (Fig. 5B). This observation suggests that cold stress does not promote 

RGA degradation in meiotic stage anthers, and supports that cold-induced cytokinesis 

defects in not owing to RGA destabilization. 
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Figure 5. Cold stress does not deregulate the accumulation of GFP-RGA in tetrad stage 

Arabidopsis anthers. A and B, Expression of pRGA::GFP-RGA in tetrad stage anthers under 

normal temperature conditions (A) and at 24 h under cold stress (4°C–5°C) (B). 

 

Cold stress reduces GA3ox1 transcript level and increases RGA transcript level 

in early stage Arabidopsis flower buds 

 

To determine the effect of cold stress on the expression of GA metabolic and signaling 

factors in young developing Arabidopsis flowers, real-time quantitative PCR of the 

genes encoding for the cold-responsive CBF1, the GA signaling repressor DELLA 

RGA, the GA biosynthesis GA3ox1 and the GA 2-oxidase GA2ox2 protein were 

performed (Fig. 6). In 2h cold-stressed flower buds, the CBF1 transcript level showed 

a significant increase compared to control (Fig. 6A), while for GA3ox1 and RGA no 

alterations were detected (Fig. 6C and D). The transcript of GA2ox2 appeared stable 

throughout the cold treatment (Fig. 6B). At 24 h under cold stress, the relative 

expression of GA3ox1 and CBF1 declined (Fig. 6A and C), contrary to RGA that 

showed an elevated expression level (Fig. 6D). These data indicate that the cold 

stress negatively regulates transcript level of GA synthesis gene GA3ox1, and 

positively contributes to RGA expression in young Arabidopsis flower buds, similar as 

the case in developing rice anthers (Sakata et al., 2014a). Additionally, these findings 

are against with our hypothesis and are in line with the observations introduced above, 

therefore supporting that cold-induced alterations in male meiotic cytokinesis is not 

caused by elevated GA level and deregulated DELLA RGA protein. 
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Figure 6. qPCR-based relative expression of GA metabolic and signaling genes in Arabidopsis 

young flower buds upon exposure to cold stress. A-F, Histograms showing the relative 

expression of CBF1 (A), GA2ox2 (B), GA3ox1 (C) and RGA (D) in developing Arabidopsis 

flower buds upon cold stress. X axis represents relative expression level and Y axis represents 

time points under cold stress. 
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Figure 7. GA-DELLA signaling mediates in cold response of vegetative development in 

Arabidopsis seedlings, and male reproductive development in developing anthers of rice and 

Arabidopsis. In Arabidopsis seedlings, cold stress promotes the activity of GA catabolism gene 

GA2ox2 and subsequently leads to reduced GA level, which contributes to DELLA 

accumulation and consequent inhibited growth. In developing rice anthers, low temperature 

reduces GA level by inhibiting GA biosynthesis. In addition, the expression of DELLA is 

upregulated upon cold stress. Reduced GA level and increased DELLA activities disrupt pollen 

development in rice anthers. In this study, we found that cold suppresses GA biosynthesis 

gene GA3ox1 and positively regulates DELLA RGA expression in young developing 

Arabidopsis flower buds, suggesting a reduced GA level and elevated DELLA abundance, 

which hence indicates that cold-induced defective meiotic cytokinesis in Arabidopsis is not due 

to promoted GA level and destabilized DELLA proteins. Whether cold can disrupt pollen 

development in Arabidopsis by interfering with GA signaling is not concluded. Cold interferes 

with male meiotic cytokinesis in Arabidopsis may through other molecular mechanisms, such 

as altered tapetum function, influenced meiotic cytokinesis regulators and other hormone 

signaling pathways. 

 

Discussion 

 

GA-DELLA signaling does not mediate the cold response of male meiotic 

cytokinesis in Arabidopsis  

 

Since cold stress and exogenous GA application induce male meiotic restitution in 
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Arabidopsis using a highly similar cytological mechanism (De Storme et al., 2012b; 

Liu et al., 2016), we hypothesized that cold-induced defective male meiotic 

cytokinesis may be mediated by GA-DELLA signaling pathway, by which cold stress 

evokes increase of bioactive GA in Arabidopsis anther associated with DELLA 

degradation, and consequently causes irregularity in RMA-based meiotic cell wall 

formation. In this study, however, we found that although exogenous GA treatment 

primarily lead to SDR-type 2n pollen formation as cold does, alterations in GA 

signaling do not influence the cold sensitivity of sporogenesis in Arabidopsis. In 

addition, we found that cold stress does not reduce RGA abundance in Arabidopsis 

tetrad stage anthers. In support of this, we found that the transcript of GA biosynthesis 

gene GA3ox1 is downregulated and RGA expression increases upon cold stress in 

developing young flower buds. Since defective male meiotic cytokinesis is inferred by 

a reduced level of DELLAs, and not by an accumulation, our data therefore conclude 

that cold-induced male meiotic restitution and 2n pollen formation in Arabidopsis is not 

mediated by GA-DELLA signaling pathway.  

 

In rice, cold has been shown to disrupt pollen development by lowering the bioactive 

GA level and promoting the abundance of DELLA protein in the developing anthers; in 

addition, CBF1 is also upregulated upon cold stress in developing rice anthers (Fig. 7) 

(Sakata et al., 2014a). Our study reveals similar expression patterns of CBF1 and GA 

metabolism and/or signaling factors in the Arabidopsis floral tissues under cold stress. 

At the same time, CBF1 and 3 inhibit Arabidopsis vegetative development upon cold 

stress by enhancing the expression of GA 2-oxidases and promoting DELLA stability, 

and negatively regulating GA biosynthesis (Zhou et al., 2017). Considering these facts, 

it is likely that the acting pattern of CBFs-GA-DELLA signaling in response to low 

temperature conditions might be conserved in different tissue types of multiple plants 

species. In this study, although we observed a similar alteration of GA-DELLA 

signaling in young Arabidopsis flower buds as in rice anthers, but we did not focus on 

the effect of cold stress on later pollen development stages, therefore we cannot 

conclude whether the low temperature stress also has a negative influence on 

Arabidopsis microspore/pollen development by inducing alterations in GA-DELLA 

signaling (Fig. 7).  

 

Moreover, in both vegetative and reproductive tissues of plants, the expression of 

CBF1 is rapidly promoted upon cold stress with declining in following time periods 

(Novillo et al., 2004; Novillo et al., 2007; Achard et al., 2008a; Sakata et al., 2014a; 

Karimi et al., 2015). We show here a similar cold response of CBF1 transcript (Fig. 6A) 

in the young developing Arabidopsis flower buds, supporting CBF1 as an early step 

regulator of cold-inducible gene expression. 

 

Tapetum mediates in cold-induced meiotic restitution? 

 

Tapetum is the single somatic cell layer that surrounds the developing male meiocytes 

and acts as nutrition suppliers for microspore development (Scott et al., 2004b). 
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Functional tapetum is required for pollen development and maturation. At the end of 

male sporogenesis, tapetum secrets callase for the release of unicellular haploid 

spores; and during pollen development, tapetal cells undergo programmed cell death 

(PCD) to promote outer pollen wall formation (Scott et al., 2004b; Wilson and Yang, 

2004a; Borg et al., 2009b). Defective tapetum development is often accompanied with 

impaired microsporogenesis and gametogenesis with associated male sterility 

(Vizcay-Barrena and Wilson, 2006; Yang et al., 2007; Zhang et al., 2007b; Lou et al., 

2014). GA signaling is largely involved in the regulation of tapetum development by 

modulating the activity of downstream transcription regulators; e.g. GAMYB proteins, 

and indirectly mediates in pollen development, especially for pollen wall formation 

(Aya et al., 2009b; Plackett et al., 2011c; Plackett et al., 2012b). A proper restriction of 

GA signaling in Arabidopsis tapetum is also essential for successful both tapetum and 

pollen development (Plackett et al., 2014a). In addition to its indispensable role for the 

late stage pollen development (McCormick, 2004; Vizcay-Barrena and Wilson, 2006; 

Borg et al., 2009b; Ferguson et al., 2016), tapetum plays a role in early 

microsporogenesis stages. Defects in the early stage of tapetal cell development 

cause arrested male sporogenesis prior to the happening of male meiotic cytokinesis 

(Zhao et al., 2002a; Yang et al., 2003b; Zhang et al., 2006b). Moreover, loss of 

function of GAMYB-like factors MYB33 and MYB65 in Arabidopsis causes defective 

programmed cell death (PCD) in tapetal cell and consequently leads to disrupted 

pollen development and male sterility (Millar and Gubler, 2005b; Alonso-Peral et al., 

2010b); and additionally, the Arabidopsis double myb33 myb65 mutant plants exhibit a 

proportion of meiotic restitution due to unsuccessful male meiotic cytokinesis (Liu et 

al., 2016). These facts suggest that tapetum may play a role for complete meiotic 

cytokinesis in Arabidopsis. Tapetum acts as the main site perceiving external cues 

(including cold stress) and modulating pollen development (De Storme and Geelen, 

2014a; Sharma and Nayyar, 2016). Although we demonstrate that DELLA-dependent 

GA signaling is not required for the cold sensitivity of male meiotic cytokinesis, low 

temperature stress may induce alterations in male meiotic cell division in Arabidopsis 

by interfering with tapetum function independently of GA signaling (Fig. 7). To clarify 

this, the effect of cold stress on tapetum at specific developmental stages could be 

analyzed, and the expression of genes required for cytokinesis; e.g. TES, in early 

stage-defective tapetum mutant background could be examined. 

 

Putative genetic regulators and signaling pathways that may be involved in 

cold-interfered male meiotic cytokinesis 

 

In Arabidopsis, several genetic factors that control male meiotic cytokinesis have 

been identified. TES/STUD/AtNACK2 gene encodes a kinesin-like protein required for 

male meiotic-specific cytokinesis, and loss of function of TES/STUD/AtNACK2 causes 

incomplete callosic cell wall formation after male meiosis and hence leads to failed 

male meiotic cytokinesis (Hulskamp et al., 1997; Spielman et al., 1997a; Yang et al., 

2003a). A mitogen-activated protein kinase (MAPK) signaling cascade that consists of 

ANPs, MKK6/ANQ and MPK4 acts downstream of TES/STUD/AtNACK2, and 
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regulates cytokinetic cell plate formation at the end of male meiotic cell division to 

complete meiotic cytokinesis (Krysan et al., 2002; Kosetsu et al., 2010; Takahashi et 

al., 2010a; Sasabe et al., 2011). Cold stress may induce defective meiotic cytokinesis 

by deregulating one or more components in the 

TES/STUD/AtNACK2-ANPs-MKK6/ANQ-MPK4 regulatory module in the developing 

meiocytes. Arabidopsis DNA-binding transcription factor WRKY34 mediates the cold 

response of pollen development, and negatively contributes to cold tolerance by 

suppressing the activities of CBF1, 2 and 3 in developing pollen grains (Zou et al., 

2010). Since WRKY34 is predominantly expressed in pollen (Zou et al., 2010), 

cold-interfered male meiotic cytokinesis is not likely to be mediated by WRKY34. 

 

We previously reported that Arabidopsis double myb33 myb65 mutant plants undergo 

irregular male meiotic cytokinesis with associated reduced gamete formation (Liu et 

al., 2016). Although it is widely considered that MYB33 and MYB65 act downstream of 

GA signaling, whose function are regulated by DELLAs (Millar and Gubler, 2005b), the 

evidence that DELLA regulate male meiotic cytokinesis through MYB33/65 is still in 

missing. Therefore, MYB33 and MYB65 may harbor a putative role in mediating 

cold-induced defective meiotic cytokinesis in Arabidopsis, and these two MYBs may 

regulate the cold-response of meiotic cell division independently of the control by GA 

signaling. The activities of MYB33 and MYB65 are silenced by microRNA Mi159a and 

Mi159b (Achard et al., 2004b; Alonso-Peral et al., 2010a). In support of the possible 

involvement of MYB33/65 in cold-interfered meiotic cytokinesis, Mir159s have been 

recorded to act as stress-responsive factors in multiple plant species (Gupta et al., 

2014; Wang et al., 2014; Zhang, 2015; Li et al., 2016). For example, in wheat (Triticum 

aestivum L.) seedlings, cold stress promotes the expression of MIR159 at different 

time points (Wang et al., 2014). Whether cold stress interferes with meiotic cytokinesis 

in young Arabidopsis anthers by promoting the activity of Mir159 and consequently 

leads to deregulated MYB33 and MYB65, could be analyzed. 

 

We recently demonstrated that cold interferes with male meiotic cytokinesis 

independently of cytokinin signaling module AHK2/3-AHP2/3/5, which plays a role in 

the cold sensitivity and response of Arabidopsis vegetative development (Jeon et al., 

2010; Jeon and Kim, 2012; Liu et al., 2017). Apart from cytokinin and GA signaling, 

several other hormones play roles in conferring plants with ability of perceiving and 

reacting to cold stress (Kazan, 2015; Eremina et al., 2016), and therefore are still 

possible to be involved in the cold response of Arabidopsis male meiotic cell division. 

For example, brassinosteroid mediates cold response in Arabidopsis by interacting 

with ABA, ethylene and other hormone signalings; and additionally, it plays a role in 

regulating anther and pollen development (Divi et al., 2010; Ye et al., 2010). More 

effort could be devoted to revealing the relationship between hormone signaling 

networks and the cold response of male meiotic cell division.  
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Chapter 6 Functional Tapetum Is Required for 

Complete Male Meiotic Cell Division in Arabidopsis 

thaliana  

 

Summary 

 

Tapetal cells surround developing meiocytes and/or microspores during pollen 

development. Abundant evidence has revealed that normal tapetum development is 

vital for late pollen development and maturation in multiple plant species. Although 

several studies have reported that tapetal cell fate determination may be required for 

complete male meiotic cell division, and have demonstrated that a functional tapetum 

is indispensable for microsporogenesis in addition to later gametogenesis stages, 

whether and/or how tapetum plays a role in Arabidopsis male meiosis is less 

determined. 

 

In chapter 4, we have shown that GA-DELLA signaling specifically mediates male 

meiotic cytokinesis in Arabidopsis, and the DELLA RGA protein is predominantly 

localized to the tapetal cells, suggesting tapetum plays a central role in regulating 

male meiosis. Moreover, as a nursery tissue, tapetum acts as the main site in 

developing anthers perceiving internal signals and external cues including abiotic 

stresses during microsporogenesis and gametogenesis. For example, in rice, cold 

and heat stresses disrupts pollen development by inducing defects in tapetum 

function, supporting that the cold sensitivity and response of male meiotic program 

may be mediated by the surrounding tapetal cells. 

 

In this chapter, to address the role of tapetum in Arabidopsis male meiosis, we 

analyzed male meiotic phenotypes in a series of tapetum defective mutant lines, 

which displays development defects from early to late stages, respectively. Our 

findings in this part will enable us have an advanced understanding on the regulatory 

role on tapetum in Arabidopsis male meiotic cell division and microsporogenesis.  

 

All the data obtained in this chapter has been contributed to collaboration with prof. 

Zoe Wilson, and has been prepared as a manuscript ‘Ivana Ferjentsikova, Alison C 

Ferguson, Gema Vizcay-Barrena, Bing Liu, James D Higgins, Xu Jie, Dabing Zhang, 

Danny Geelen and Zoe A Wilson (2017) Tapetal transcription factor ABORTED 

MICROSPORES is required for completion of meiosis during early pollen 

development’ for publication. 
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Functional tapetum is required for complete male meiotic cell 

division in Arabidopsis thaliana 

Abstract 

 

Tapetum is the somatic cell layer surrounding developing meiocytes and/or pollen 

grains in flower plants. Many studies have demonstrated that tapetum is required for 

male reproduction, especially for microspore releasing, pollen development and 

response to abiotic stresses. However, is remains largely unknown whether tapetum 

is also involved in regulation of male meiotic cell division. In this study, we chose five 

tapetum mutant lines; i.e. dyt1, tdf1, ams, ms188 and ms1, with the former three 

mutant lines displaying defective tapetum development at early flower stages while 

the latter two mutants being defective for later flower stages, and then examined their 

male meiosis program. We found that male meiotic chromosome segregation is not 

altered in all of these mutants. However, the dyt1, tdf1 and ams plants display 

defective callosic cell wall formation at tetrad stage, indicating for altered meiotic 

cytokinesis at the end of male meiosis in these mutants. Moreover, meiotic 

cytoskeleton structures; i.e. spindle and radial microtubule array (RMA), were 

examined and we observed that the RMA formation is disrupted in these three 

mutants. In conclusion, our data suggest that a functional tapetum at early flower 

stage is essential for completion of male meiotic cell division in Arabidopsis. In 

addition, meiotic restitution observed in the early stage tapetum mutants implies a 

putative link between tapetum function and cold- and/or GA-induced meiotic 

alterations in Arabidopsis. 

 

Introduction 

 

In flowering plants, tapetum is the somatic cell layer surrounding developing male 

meiocytes and/or microspores, and it supplies nutrition and enzymes for both male 

microsporogenesis and gametogenesis. in addition, tapetum mediates the 

transduction of endogenous signals to developing meiocytes and/or microspores, with 

disrupted pollen development being always associated with defective tapetum 

development (Scott et al., 2004b). Increasing evidence points to an indispensable role 

of tapetum in mediating pollen development at both early and late anther stages. 

Arabidopsis excess microsporocytes1/extra sporogenous cell (ems1/exs) and 

tapetum determinant 1 (tpd1) mutant plants display defective tapetal cell specification 

at early development stages and exhibit arrested male meiotic cell division prior to 

meiotic cytokinesis (Zhao et al., 2002a; Yang et al., 2003b; Zhang et al., 2006b). 

Similarly, in rice Defective Tapetum and Meiocytes 1 (dtm1) mutant, defective tapetum 

development at early stages leads to impaired meiocytes development and arrested 

meiosis program (Yi et al., 2012). These findings suggest that early stage tapetum 

development may be important for complete meiosis program. After meiotic 

cytokinesis, tapetal cells secret callase for the release of microspores in tetrad cells 
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(Alvarez-Buylla et al., 2010; Winiarczyk et al., 2012). Arabidopsis knockout 

Glycerol-3-phosphate acyltransferase 6 (gpat6) mutant displays irregular tapetum 

development associated with interfered callase production and reduced male fertility 

(Li et al., 2012a). During late pollen development stages, tapetal cells undergo 

programmed cell death (PCD) and mediate pollen development and maturation 

especially by modulating outer pollen wall formation (Parish and Li, 2010; Quilichini et 

al., 2014). However, despite these findings, it remains unknown whether tapetum 

plays a role in regulating male meiotic cell division in Arabidopsis. 

 

Several key genetic regulators required for tapetum development have been identified 

and characterized by mutant studies. Arabidopsis DYSFUNCTIONAL TAPETUM1 

(DYT1) encoding a putative bHLH transcription factor regulates tapetum development 

at early development stages, with dyt1 mutant showing abnormal tapetum 

morphology at anther stage 4. Expression study suggested that DYT1 may act 

downstream of SPOROCYTELESS/NOZZLE (SPL/NZZ) and EMS1/EXS. Early stage 

tapetum development irregularity in dyt1 plants causes arrested meiocytes 

development prior to completion of meiotic cell division and failed microsporogenesis 

(Zhang et al., 2006a). In Arabidopsis, a putative R2R3 MYB transcription protein 

Defective in Tapetal Development and Function 1 (TDF1) regulates tapetum 

development at early anther development stages and has been shown to be 

transcriptional regulated by DYT1 directly (Zhu et al., 2008; Gu et al., 2014). Another 

Arabidopsis bHLH transcription regulator ABORTED MICROSPORES (AMS) plays a 

crucial role in modulating tapetum development by regulating the expression of plenty 

of downstream genes that function during anther development at both early and late 

anther stages; loss of function of AMS induces abnormal tapetum development 

associated with impaired microspore development at the end of meiosis and late 

pollen development stages, leading to severe male sterility (Sorensen et al., 2003; Xu 

et al., 2010; Ma et al., 2012; Ferguson et al., 2017). AMS regulates pollen wall 

formation during pollen development partially by directly regulating the expression of a 

AT-hook nuclear localized protein TRANSPOSABLE ELEMENT SILENCING VIA 

AT-HOOK (TEK), which is essential for nexine layer construction of developing 

microspores (Lou et al., 2014). Previously Zhang et al. (Zhang et al., 2007c) 

demonstrated that Arabidopsis R2R3 MYB protein MYB103 is required for normal 

tapetum function at late pollen development stages, with myb103 mutant exhibiting 

defective tapetum development, altered callose dissolution and poor pollen cell wall 

formation due to lack of exine formation. Additionally, the expression of MYB103 is 

regulated by AMS, and MYB103 protein was found to interact with AMS forming a 

complex to regulate the expression of CYP703A2 that is required for pollen wall 

component sporopollenin biosynthesis in Arabidopsis (Lou et al., 2014; Xiong et al., 

2016). Further study reported that MYB103-dependent tapetum and pollen 

development is conserved in multiple plant species (Phan et al., 2012). Moreover, at 

late pollen development stages, MALE STERILITY 1 (MS1), a nucleus-localized 

transcription factor that contains Leu zipper–like and PHD-finger motifs, regulates 

tapetum-dependent pollen development by promoting pollen wall formation (Ito et al., 
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2007). Tapetum in ms1 anthers shows failed degeneration caused by defective PCD, 

and displays altered secretion function that is essential for outer pollen wall 

construction (Vizcay-Barrena and Wilson, 2006; Yang et al., 2007). Genetic and 

cytological study in Arabidopsis dyt1, tdf1, ams, myb103 and ms1 mutants suggested 

that DYT1-TDF1-AMS-MS188-MS1 may constitute a regulatory pathway in regulating 

tapetum development and function from early to late developmental stages (Zhu et al., 

2011). 

 

In this study, to illustrate the putative role of tapetum in regulating male meiotic cell 

division program, we performed cytological approaches on a series of Arabidopsis 

tapetum mutants (i.e. dyt1, tdf1, ams, ms103 and ms1) that show defective tapetum 

development and function at early and late development stages, respectively. Meiotic 

spread analysis showed that the meiotic chromosome segregation was not altered in 

all the five mutants, suggesting that Arabidopsis male meiosis does not rely on a 

functional tapetum. However, at later meiotic cell division stage; more specifically, at 

meiotic cytokinesis stage, the callosic cell wall formation was impaired and 

disorganized in the dyt1, tdf1 and ams mutants that have defects in early development 

stages, although the callose biosynthesis exhibited regular in these mutant lines; 

while the ms103 and ms1 meiocytes display normal callosic cell wall construction. 

Moreover, Tubulin immunolocalization assay in the ams mutant revealed that the 

cytoskeleton structure radial microtubule arrays (RMAs) was interfered with reduced 

content and irregular stability, supporting the defective callosic cell wall phenotypes. 

Overall, our data collectively indicate that the early stage development of tapetum has 

a specific role in the last step of male meiotic cell division in Arabidopsis, probably by 

regulating RMAs biosynthesis and organization, which subsequently assures normal 

callosic cell wall construction and tetrads formation. 

 

Results 

 

Impaired tapetum development does not interfere with meiotic chromosome 

segregation  

 

To determine whether the normal development and function of tapetum is required for 

male meiotic cell division in Arabidopsis, we performed meiotic spread of a series of 

Arabidopsis mutant lines with impaired tapetum development; i.e. the dyt1, tdf1, ams, 

ms188 and ms1 mutants, which display defective tapetum development at early and 

late tapetum development stages. Both prophase I, metaphase Ⅰ and Ⅱ, telophase 

Ⅱ and tetrad stage, appeared normal in the five tapetum mutants as wild type plants 

(Fig. 1), indicating that the meiotic chromosome dynamics is not affected in the 

Arabidopsis dyt1, tdf1, ams, ms188 and ms1 mutant plants. Moreover, since these 

five mutant lines exhibit strong male sterile phenotype, our observations suggest that 

the severely reduced male fertility of the five tapetum mutants is not caused by 

alterations in male meiosis. 
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Figure 1. Meiotic spread of Arabidopsis tapetum mutants. A-F, Prophase I, G-L, Diakinesis, 

M-R, Metaphase I,  S-X, Interkinesis, Y-D’, Metaphase II, E’-J’, Telophase II and K’-P’, Tetrad 

stage meiocytes in wild type Col-0, the dyt1, tdf1, ams, ms188 and the ms1 mutant plants, 

respectively. Scale bars = 10 µm. 

 

Early stage tapetum development is required for successful callosic cell wall 

formation  

 

Since meiotic chromosome segregation is normal in the dyt1, tdf1, ams, ms188 and 

ms1 mutant meiocytes, we then examined the last step of the meiotic cell division in 

these mutant plants; i.e. meiotic cytokinesis. Aniline blue staining of tetrads in the 

ms188 (Fig. 2E) and ms1 (Fig. 2F) mutants showed normal callosic cell formation as 

wild type meiocytes with four complete cell walls (Fig. 2A), indicating successful 

meiotic cytokinesis in these two tapetum mutant lines. However, in the dyt1, tdf1 and 

ams plants, disorganized callosic cell walls with irregular configurations were 

observed (Fig. 2B-D). In addition, tetrad cells of the dyt1, tdf1 and ams mutants 

showed adjacent with each other instead of separating after individual tetrad 

formation (Fig. 2L-N). Moreover, many fragments of tetrad cells were found in the dyt1, 

tdf1 and ams mutants (Fig. 2P-R) suggesting these cells are fragile compared with 

wild type cells (Fig. 2O). At of meiosis stage, pollen mother cells in the dyt1, tdf1 and 

ams plants displayed normal callose formation by aniline blue staining (Fig. 2H-J). 
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Since loss of function of DYT1, TDF1 and AMS causes defects in tapetum 

development at early developmental stages, these findings together indicate that 

although the biosynthesis of callose may not likely depends on tapetum function, early 

stage tapetum development is required for callosic cell wall formation during meiotic 

cytokinesis in Arabidopsis. 

 

 

Figure 2. Callosic cell wall in tapetum mutants. A-F, Callose staining by aniline blue of tetrads 

in wild type Col-0 (A), the dyt1 (B), tdf1 (C), ams (D), ms188 (E) and the ms1 (F) mutant plants. 

G-J, Callose staining of meiosis stage male meiocytes in Col-0 (G), dyt1 (H), tdf1 (I) and ams 

(J) plants. K-N, Callose staining of tetrads in Col-0 (K), dyt1 (L), tdf1 (M) and ams (N) plants. 

O-R, Callose staining of tetrads in Col-0 (O), dyt1 (P), tdf1 (Q) and ams (R) plants. Scale bars 

= 10 µm. 

 

Arabidopsis tapetum mutants show defects in radial microtubule arrays (RMAs) 

at tetrad stage   

 

Tubulin immunolocalization assay was performed on the ams, dyt1 and tdf1 mutant 

male meiocytes. In line with the meiotic spread analysis, the spindle structure in the 

ams mutant appeared normal (Fig. 3C) as wild type cells (Fig. 3B), supporting 

unaffected chromosome dynamics in the ams meiocytes. At tetrad stage, however, 

compared with control cells with complete radial microtubule arrays (RMAs) organized 
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between four separated nuclei (Fig. 3A), the ams cells displayed decreased RMA 

content and irregular organization suggesting unsuccessful polymerization and/or 

premature depolymerization of microtubules (Fig. 3E-H). Moreover, in both the ams, 

dyt1 and tdf1 mutant, complete omission of RMA between adjacent nuclei was 

observed, displaying a triad-like configuration indicating for meiotic restitution (Fig. 3D, 

J-M, N, Q and R). In addition, omitted RMA between successfully separated nuclei 

was occasionally found (Fig. 3E-H, O and P). With RMA cytoskeleton acting as the 

template for callose deposition and callosic cell wall formation (Otegui and Staehelin, 

2004), the RMA defects observed could explain the irregularities of callosic cell wall 

construction (incomplete formation, irregular distribution and organization, and fragile) 

in these three mutant lines.  

 

 

Figure 3. RMA and spindle figures in the tapetum mutants. A, D-H, I-M and N-R, RMA in wild 

type Col-0 plants (A), ams (D-H), dyt1 (I-M) and tdf1 (N-R) mutants. B and C, Spindle in Col-0 

(B) and the ams mutant plants (C). Red arrows indicate omission of RMA and/or adjacent 

haploid nuclei. Scale bars = 10 µm. 

 

Discussion   

 

Early stage tapetum development is required for male meiotic cytokinesis in 

Arabidopsis 

 

Tapetum plays a central role in regulating late pollen development stages (Bedinger, 
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1992). In this study, however, using cytological technologies on a series of tapetum 

mutant; i.e. dyt1, tdf1, ams, ms103 and ms1, which display defective tapetum 

development at early and late development stages, respectively, we found that the 

meiotic chromosome segregation appeared normal in all the mutants’ meiocytes, 

suggesting an independence of tapetum function. In addition, although the 

biosynthesis of callose was not significantly affected in the dyt1, tdf1 and ams mutants, 

the callosic cell wall displayed irregular organization in these mutants. Further 

analysis by tubulin immunolocalization in these mutants revealed that the 

cytoskeleton RMA structure was severely interfered. Our data collectively therefore 

demonstrate that in addition to well-known function in the later pollen development 

stages, tapetum at early development stages is also required for the construction of 

RMA network and the formation and organization of callosic cell wall at the end of 

male meiotic cell division in Arabidopsis (Fig. 4). However, the genetic factors and 

signaling pathways involved in the tapetum-mediated meiotic cytokinesis remain to be 

investigated. 

 

 

Figure 4. Tapetum plays important roles in both early and late pollen development in 

Arabidopsis. Defective tapetal cell differentiation in the ems1/exs and tpd1 mutants 

accompanies with arrested meiotic cytokinesis, but the detailed mechanisms involved remain 

unknown (indicated by dotted arrow). At the early development stage, tapetum is required for 

RMA organization and hence is crucial for complete male meiotic cell division. After cytokinesis, 

tapetum secrets callase to release individual spores. At late pollen development, tapetum 

undergoes PCD and regulates pollen wall formation. 

 

Cold stress induces defective meiotic cytokinesis in Arabidopsis by interfering 

with tapetum function? 

 

It has been shown that a short period of cold stress (4-5℃; 20-40 h) induces defective 

male meiotic cytokinesis with resulted 2n pollen grain formation in wild type 

Arabidopsis plants, specifically by interfering with the biosynthesis and organization of 

cytoskeleton structure radial microtubule arrays (RMAs) at the end of meiotic cell 

division (De Storme et al., 2012b). This finding suggests that the transient cold stress 

does not induce any alteration in spindle formation and meiotic chromosome 

segregation process during Arabidopsis meiosis, similar to the effect of defective 
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tapetum development to the meiotic cell division program (Fig. 1 and Fig. 3C). Actually, 

low temperature stress has impact on almost all the reproductive phases during 

reproductive development (Thakur et al., 2010), and the development of tapetum is 

hypersensitive to extreme altered temperature conditions including cold stress (De 

Storme and Geelen, 2014b; Lavania et al., 2014). In rice, pollen development shows 

highest sensitivity to cold stress when young spores are released from tetrad cells to 

individual unicellular microspores; interestingly, tapetum displays peak bioactivity at 

this transition time-point (Oliver et al., 2005), suggesting cold may affect pollen 

development by mainly targeting at tapetum. Tapetum in cold-stressed rice plants 

does not undergo degradation, and increased cold tolerance accompanies with a 

certain level of tapetum degeneration (Oda et al., 2010a). Since tapetum 

degeneration is crucial for pollen development, especially for outer pollen cell wall 

formation (Goldberg et al., 1993), and is controlled by a programmed cell death (PCD) 

mechanism (Bedinger, 1992; Papini et al., 1999; Wu and Cheung, 2000), cold stress 

may disrupt pollen development indirectly by interfering with PCD-based tapetum 

degradation. Considering these facts, cold stress induces meiotic cytokinesis defects 

in developing Arabidopsis meiocytes may also by interfering with tapetum 

development and function at a relative earlier pollen development stages.  

 

In this study, we observed similar RMA organization of triad configuration in the ams, 

dyt1 and tdf1 mutants similar as cold-induced (De Storme et al., 2012b), supporting 

the possibility that cold may interfere with meiotic cytokinesis by influencing early 

tapetum development. However, the RMA structure in these mutants displays 

additional defective microtubule polymerization or premature destabilization, as well 

as altered microtubule array distribution, indicating a more severe RMA dynamics. 

These differences may result from the distinct disruptions to the tapetum: in the ams 

mutant plants, the development of tapetum is absolutely impaired; while a short period 

cold stress may only introduce a certain level of damage into tapetum development, 

and after the cold the tapetum function recovers, with only dyads and triads being 

formed.  

 

On the other hand, in wheat (Triticum aestivum L.), however, although meiosis is also 

the most cold-sensitive stage during anther development, chill stress does not cause 

apparent irregularity in meiotic microtubule arrays, but instead leads to reduced male 

fertility by disrupting pollen development (Barton et al., 2014). This finding suggests 

that the different responses of RMA network to cold stress in the Arabidopsis and 

wheat may be due to their different cold-tolerant abilities. Or alternatively, cold 

interferes with RMAs not by influencing tapetum development, but instead by evoking 

alterations in a signaling pathway mediating RMA formation and organization, and this 

signaling pathway may differ among plant species. This possibility could be supported 

by another study in wheat, which showed that cold stress affects phragmoplast 

formation and organization and therefore causes defects in the cytokinesis after 

anaphase I , with tapetum development unaffected (Tang et al., 2011b), suggesting 

independence of cold sensitivity of meiotic microtubule dynamics and tapetum 
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development.  

 

Tapetum-mediated male meiotic cytokinesis is regulated by GA signaling? 

 

Plant hormone gibberellic acid (GA) mediates in multiple male reproductive 

development, such as flowering transition, stamen filament elongation, meiotic cell 

division and pollen development (Cheng et al., 2004a; Aya et al., 2009b; 

Mutasa-Göttgens and Hedden, 2009b; Plackett et al., 2011a; Plackett et al., 2014a; 

Liu et al., 2016). Remarkably, GA signaling plays an important role in regulating 

tapetum development through GAMYB-like transcription regulatory factors (e.g. 

AtMYB33 and AtMYB65 in Arabidopsis and OsGAMYB in rice) (Millar and Gubler, 

2005a; Aya et al., 2009b; Liu et al., 2010), the activity of which are posttranscriptional 

suppressed by microRNAs (e.g. Mir159) (Achard et al., 2004b; Tsuji et al., 2006a; 

Alonso-Peral et al., 2010a). Either GA deficiency, impaired or constitutively activated 

GA signaling in Arabidopsis and rice cause defective tapetum development (Aya et al., 

2009b; Plackett et al., 2014a; Zhang et al., 2014c), implying a hypersensitivity 

attribute of tapetum development to alterations in GA signaling.  

 

It has been shown that both exogenous application of GA and endogenous 

constitutively activated GA signaling in flowering Arabidopsis plants result in defective 

male meiotic cytokinesis (Liu et al., 2016). Cytological study in the double rga-24 

gai-t6 mutant plants revealed that GA-induced cytokinesis defects is caused by 

interfered RMA formation and organization. The facts that RGA and MYB33/65 are 

predominantly expressed in tapetum cell layer in the developing anthers (Millar and 

Gubler, 2005a; Liu et al., 2016) may lead us to hypothesize that the irregular meiotic 

cytokinesis in plants with interfered and/or impaired tapetum development, might be 

due to altered GA signaling in the tapetum. In support of this, severe RMA phenotypes 

in the ams meiocytes also occur in the myb33 myb65 meiotic cells. Collectively, these 

observations suggest that GA-DELLA-MYB33/65 may function upstream of 

DYT1-TDF1-AMS module in regulating tapetum-mediated meiotic cytokinesis. To 

address this possibility, the expression of genes required for early stage tapetum 

development in the DELLA and/or MYB mutant backgrounds could be tested. 

Moreover, the identification of downstream targets of GA signaling and tapetum 

development regulators, which mediate male meiotic cytokinesis, requires more effort. 
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Chapter 7 Male meiotic restitution and diploid gamete 

formation induced by male meiotic restitution 3-9-28 

(mmr3-9-28), a hypomorphic mutant of chromatin 

regulator DUET/MMD1 

 

Summary 

 

In the previous chapters, by performing reverse genetic studies, we have identified 

and addressed the function of plant hormones and tapetum tissue in regulating 

Arabidopsis male meiotic cytokinesis, and assessed and discussed their involvement 

in mediating the cold response of male meiosis. Here we describe an Arabidopsis 

EMS mutant male meiotic restitution 3-9-28 (mmr3-9-28) that shows cytokinesis 

defects, which was isolated in a previous EMA-mutagenesis screening. 

 

We analyzed the cytological mechanisms underlining the diploid and/or polyploid 

gamete formation in mmr3-9-28, and assessed its putative involvement in 

cold-induced 2n pollen production on Arabidopsis. To identify the causative mutation 

in mmr3-9-28, we performed whole genome sequencing on bulked F2 individuals that 

produce 2n gamete from the crossing between WT Ler and mmr3-9-28. The 

identification and the associated genetic characterization of mmr3-9-28 may expand 

our understanding of the genetic regulation of male meiotic cytokinesis, and may 

supply an opportunity to search for the factors involved in cold-induced meiotic 

restitution in Arabidopsis. 
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Male meiotic restitution and diploid gamete formation induced 

by male meiotic restitution 3-9-28 (mmr3-9-28), a hypomorphic 

mutant of chromatin regulator DUET/MMD1 

Abstract 

 

Genome polyploidization has been found to repeatedly occur during plant revolution 

history. Plants with increased ploidy level have advantages on speciation and 

adaption to environment condition alterations. Formation of diploid gamete is 

considered as the main force driving polyploidization, and meiotic restitution acts as 

the main source of the diploid gamete production. To identify the genetic regulators 

with putative role in mediating male meiotic cell division and meiotic restitution, we 

here perform a forward genetic study on an ethyl methanesulfonate 

(EMS)-mutagenized Arabidopsis mutant named male meiotic restitution 3-9-28 

(mmr3-9-28) (Col-0 genetic background). We report that the mmr3-9-28 mutant 

undergoes male meiotic restitution and produces diploid gamete. Cytological studies 

reveal that the meiotic restitution in mmr3-9-28 is due to alterations in the formation of 

meiotic cell wall formation; i.e. meiotic cytokinesis. Moreover, we found that the 

formation and organization of meiotic cytoskeleton microtubules in the mmr3-9-28 

meiocytes are interfered, which display parallel and/or tripolar phragmoplast at 

anaphase II, and loss of radial microtubule array (RMA) between separated haploid 

nuclei at tetrad stage. To identify the causative mutation in the mmr3-9-28, we 

constructed a F2 population by crossing mmr3-9-28 with Ler plants. All the F1 

progenies showed normal meiotic cytokinesis and produces haploid gamete, 

indicating the mutation in mmr3-9-28 is recessive. Further SHOREmapping of the F2 

progenies that display defective meiotic cytokinesis suggests the mutation is localized 

at region in meiotic regulator DUET/MMD1 gene loci. Complementary crossing assay 

between homozygous mmr3-9-28 and homozygous duet null mutant produced F1 

plants, and all the F1 individuals undergoes meiotic restitution due to defective meiotic 

cytokinesis, and yield diploid gamete. In conclusion, our findings identify a 

hypomorphic mutant allele of duet, which is required for male meiotic cytokinesis. 

 

Introduction 

 

In higher plants, pollen mother cells (PMCs) undergo two rounds of cell division 

following single duplication of genome DNA to produce four haploid daughter cells 

(Mercier et al., 2015). Meiotic cytokinesis follows male meiosis with the formation of 

cell walls between separated nuclei (De Storme and Geelen, 2013b). Successful 

meiotic chromosome segregation and complete meiotic cytokinesis leads to the 

production of four haploid spores packaged in a tetrad. When the callosic cell walls 

surrounding the microspores are degraded by callase, which is secreted by the 

tapetum, individual haploid microspores are released and develop into mature pollen 
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grains (McCormick, 2004; Scott et al., 2004a; Wilson and Yang, 2004b; Ma, 2005). 

According to the different patterns of cell wall formation during meiotic cell division, 

male meiotic cytokinesis can be classified into two types; namely the successive type 

that generally happens in monocotyledonous plants, and the simultaneous type that is 

mainly observed in dicotyledonous plants (Owen and Makaroff, 1995; Rudall et al., 

1997; Furness and Rudall, 1999). In the successive type of meiotic cytokinesis, each 

round of chromosome segregation is followed by a cell wall formation event, typically 

yielding a dyad after meiosis I and a tetrad after meiosis II. In comparison, in the 

simultaneous-type of meiotic cytokinesis, the cell wall starts to be constructed only 

when meiosis II is completed; i.e. when sister chromatids have separated, hence 

directly yielding tetrad figures (De Storme and Geelen, 2013b). The formation of the 

cell wall at the end of dicot male meiosis; i.e. the simultaneous type of male meiotic 

cytokinesis, requires a specific form of phragmoplast (Peirson et al., 1997). Actually, 

instead of a typical phragmoplast (MT structure between two nuclei), simultaneous 

male meiosis generates mini-phragmoplasts between the four individual haploid 

nuclei. These mini-phragmoplasts are termed Radial Microtubule Arrays (RMAs) 

(Otegui and Staehelin, 2004). Defects occurring during male meiotic cell division may 

lead to diploid or polyploid male gamete formation, and the cytological mechanisms 

underlining this process are collectively termed ‘male meiotic restitution’ mechanisms 

(De Storme and Geelen, 2013b). Male meiotic restitution can be caused by either 

omitted meiosis cycles, parallel spindles or defective meiotic cytokinesis (De Storme 

and Geelen, 2013f).  

 

Male meiotic cytokinesis is controlled by complex genetic networks (De Storme and 

Geelen, 2013b). In recent decades, several key genetic factors and signaling 

pathways involved in the regulation of Arabidopsis male meiotic cytokinesis have 

been identified by mutant studies. The Arabidopsis tes and stud mutants display 

defective cytokinesis during male meiotic cell division, with the complete or partial loss 

of male meiotic cell wall formation at the end of male meiosis (Hülskamp et al., 1997; 

Spielman et al., 1997a). A genetic study revealed that these two mutations are 

localized to the same gene; i.e. TES/STUD/AtNACK2 (Yang et al., 2003a). The 

Arabidopsis HINKEL (HIK)/AtNACK1, a homologous protein of the NACK1 kinesin-like 

protein in tobacco (Nicotiana tabacum), is involved in somatic cytokinesis and has 

been found to act redundantly with TES/STUD/AtNACK2 during gametogenetic 

cytokinesis (Strompen et al., 2002; Tanaka et al., 2004a; Oh et al., 2008a). In tobacco, 

the NPK1-NQK1/NtMEK1-NRK1 pathway constitutes a Mitogen-Activated Protein 

Kinase (MAPK) cascade which regulates the organization of cell plate in mitotic cell 

division, and hence is required for cytokinesis of somatic cells (Machida et al., 1998; 

Nishihama et al., 2001; Soyano et al., 2003a). The tobacco NACK1 and NPK1 

proteins co-localize with each other at the equatorial site of the phragmoplast where 

they form a complex governing cell plate formation (Nishihama et al., 2002). The 

microtubule (MT)-based motor domains of NACK1 protein are crucial for binding to 

the NPK1 MAPKKK and are therefore important for the activation of the downstream 

MAPK cascade (Nishihama et al., 2002). A similar MAPK cascade regulatory module 
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exists in Arabidopsis thaliana. The ANPs-MKK6/ANQ-MPK4 cascade acts 

downstream of HINKEL (HIK)/AtNACK1 and/or TES/STUD/AtNACK2 mediating 

cytokinetic cell plate construction; more specifically by phosphorylating AtMAP65-1, -2 

and -3, which are microtubule-associated proteins required for tubulin polymerization, 

microtubule nucleation and stabilization (Krysan et al., 2002; Van Damme et al., 2004; 

Mao et al., 2005a; Li et al., 2007; Gaillard et al., 2008; Kosetsu et al., 2010; Takahashi 

et al., 2010a; Ho et al., 2011; Sasabe et al., 2011; Ho et al., 2012). Sasabe, M. et al. 

found that the C-terminal tail of the stalk region is vital for AtNACK1/HINKEL protein to 

localize to cell plate formation site (Sasabe et al., 2015). AtMPK4 has been shown to 

regulate cytokinesis specifically in male meiosis (Zeng et al., 2011).  

 

Interestingly, besides direct control of male meiotic cytokinesis by the MAPK signalling 

pathway, also hormonal signalling has been found to play a regulatory role in this 

process. Exogenous application of the plant hormone gibberellic acid (GA) was found 

to induce male meiotic restitution and diploid gamete formation in Arabidopsis. More 

specifically, increased GA levels in wild type plants, and/or constitutively activated GA 

signaling caused by DELLA null mutations, disrupt the formation of radial microtubule 

arrays (RMA) and hence interfere with male meiotic cytokinesis at the end of 

Arabidopsis male meiotic cell division. As a result, loss-of-function of DELLAs leads to 

events of meiotic non-reduction and the associated formation of diploid gametes (Liu 

et al., 2016).  

 

In this study, we continued a forward genetics approach previously initiated in the PhD 

of N. De Storme to identify genes and corresponding proteins that are essential for 

reductional cell division in Arabidopsis male sporogenesis. During this previous study, 

a large population of ethyl methanesulfonate (EMS)-mutagenized Arabidopsis M2 

plants (Col-0 background) was screened for the production of larger pollen grains –as 

a proxy for diploid (2n) pollen grain formation, and several mutants producing a 

variable number of 2n pollen were isolated (PhD dissertation Nico De Storme). Here, 

in this study, one of these mutants, namely line male meiotic restitution 3-9-28 

(mmr3-9-28), was selected for further characterization of the male meiotic defect(s) 

and for the position cloning and eventual identification of the underlying causative 

genetic defect. Cytological analysis revealed that Arabidopsis line mmr3-9-28 

undergoes male meiotic restitution due to defective RMA formation and incomplete 

cell wall formation at the end of male meiosis. Interestingly, mmr3-9-28 was found to 

produce a significantly higher frequency of 2n male gametes upon exposure to cold 

stress, suggesting higher cold sensitivity of mmr3-9-28 male sporogenesis. The F1 

progenies from mmr3-9-28 intercrossing with wild type Ler plants displayed normal 

male sporogenesis indicating the causative mutation in the mmr3-9-28 mutant is 

recessive. Whole genome sequencing of positive F2 progenies collected after selfing 

of the F1 individuals and based on 2n gametes formation phenotype, mapped the 

causative mutation in mmr3-9-28 to a genomic region located around the centromeric 

region of chromosome one, in which one specific candidate gene was identified; i.e. 

DUET/MMD1. The close similarity between the cytological defective phenotype in 
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both mmr3-9-28 and duet suggest that mmr3-9-28 may be an allelic mutant of duet. 

Complementation experiment by performing intercrossing between mmr3-9-28 and 

duet mutant plants further supports that mmr3-9-28 is a hypomorphic allelic mutant of 

duet-/-. In conclusion, we identified a hypomorphic allelic mutant of DUET, which 

undergoes male meiotic restitution and produces diploid gamete due to alterations in 

male meiotic cell wall formation and RMA organization.  

 

Results 

 

Arabidopsis mmr3-9-28 mutant produces diploid gamete 

 

Sporogenesis and gametogenesis in the male meiotic restitution 3-9-28 (mmr3-9-28) 

anthers was examined under normal growth conditions. Unlike wild type Col-0 plants, 

in which only normal sized haploid microspores and mature pollen grains were 

observed (Fig. 1A; B; C-E), mmr3-9-28 produced around 8.17% microspores (Fig. 1B) 

and 2.6% pollen grains (Fig. 1B) with increased size. Enlarged pollen from mmr3-9-28 

plants expressing the pMGH3::H2B-GFP construct were found to display oversized 

sperm nuclei compared with that of wild type Col-0 pollen grains (Fig. 1D, wild type; G, 

mmr3-9-28), indicating increased DNA content and/or ploidy level of the mmr3-9-28 

sperm nuclei. This is further supported by the observation of 

4',6-diamidino-2-phenylindole (DAPI)-stained mature pollen grains of mmr3-9-28, 

which exhibits larger sperm nuclei in the enlarged pollen grains. These findings 

collectively suggest that the larger male gametes produced by mmr3-9-28 are diploid 

or polyploid (Fig. 1E, wild type; H, mmr3-9-28). Next, the pWOX2::CENH3-GFP 

construct was introduced into the mmr3-9-28 mutant background, and the exact ploidy 

level of the enlarged microspores was determined using GFP-labeled centromere 

counts. Normally sized microspores produced by wild type plants show five distinct 

GFP foci (Fig. 1I) indicating that they contain five chromosomes and confirming that 

they are haploid. The larger microspores produced by the mmr3-9-28 mutant display 

either ten or fifteen GFP foci (Fig. J and K), suggesting that mmr3-9-28 yields larger 

male gametes with either a diploid or triploid gametophytic ploidy level. 

 

Interestingly, for the five mmr3-9-28 mutant individuals checked, the frequency of 

enlarged microspores was higher than that of enlarged mature pollen grains (Fig. 1A). 

Collectively, mmr3-9-28 mutant plants produced significantly higher number of larger 

microspores compared to the number of enlarged mature pollen grains (Fig. 1B, p < 

0.01). This result suggests that some of the diploid or polyploid microspores produced 

by the mmr3-9-28 mutant may not successfully develop into mature pollen grains, 

implying that mmr3-9-28 may also has a defect in microspore development or pollen 

maturation. 
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Figure 1. EMS mutant line mmr3-9-28 produces diploid and polyploid male gametes. A and B, 

mmr3-9-28 produces a sub-population of enlarged microspores and pollen grains; t-test 

analysis was performed and p < 0.01. Five biological repeats were examined and for each 

technical repeat, at least 500 gametes were counted. C-E, and I, Normally sized haploid pollen 

grain (C-E) and microspore (I) in wild type plants. F-H, J and K, Enlarged diploid or polyploid 

pollen grain (F-H) and microspores (J and K) in the mmr3-9-28 mutant plants. Indi1, 2, 3, 4 and 

5 represent plant individual 1-5, respectively. Scale bars = 10 µm. 

 

The mmr3-9-28 mutant undergoes male meiotic restitution 

 

The tetrad stage was examined to determine whether formation of the diploid and/or 

polyploid gametes of mmr3-9-28 is due to male meiotic restitution (Fig. 2). Compared 

with wild type Col-0 plants, which consistently yielded tetrads that harbor four haploid 

spores (Fig. 2B), the mmr3-9-28 mutant produced around 37% meiotic restituted 

outcomes. More specifically, about 20% triad, 5% balanced-dyad, 9% 

unbalanced-dyad and 2% monad were found in the mmr3-9-28 plants (Fig. 2A, C-I). 

These observations suggest that the diploid and polyploid gamete observed in the 

mmr3-9-28 mutant result from a restitution of the male meiotic cell division, and 

suggest that one or more processes during male meiotic cell division of mmr3-9-28 

were interfered. 
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Figure 2. The mmr3-9-28 mutant undergoes male meiotic restitution. A. Histogram showing the 

frequency of meiotic products in the mmr3-9-28 mutant. For both mmr3-9-28 mutant and wild 
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Figure 2. The mmr3-9-28 undergoes male meiotic restitution. A. Histogram showing the 

frequency of meiotic products of the mmr3-9-28 mutant. B, Tetrad in the wild type Col-0 plants. 

C-I, Balanced dyads (C and D), unbalanced-dyads (E and F), triads (G and H) and monad (I) in 

the mmr3-9-28 mutant plants. Five biological repeats have been performed, and for each 

technical repeat, 500 cells were counted. Scale bar = 10 µm. 

 

The meiotic chromosome segregation in the mmr3-9-28 mutant is not interfered 

 

Male meiotic restitution can be induced by altered meiotic cell cycles and/or defective 

spindle organization, which may lead to omitted meiosis program and/or 

co-localization of physically separated haploid chromosome sets. We stained male 

meiotic chromosome spreads of mmr3-9-28 using DAPI to address whether male 

meiotic restitution in mmr3-9-28 is caused by altered male meiosis. From prophase I 

to metaphase II, the meiocytes in the mmr3-9-28 plants displayed similar 

chromosome dynamics as wild type (Fig. 3A, C, E, G and I, wild type; B, D, F, H and J, 

mmr3-9-28), indicating for normal homologous chromosome separation of mmr3-9-28. 

At telophase II, however, although sister chromatids have separated with each other, 

co-localization of separated haploid chromosome sets was observed in the 

mmr3-9-28 meiocytes (Fig. 3L; Supplemental figure S1A), which eventually leads to 

adjacent haploid nuclei (Fig. 3N; Supplemental figure S1B and C) and/or fused diploid 

nucleus (Supplemental figure S1D and E) at tetrad stage. These figures suggest that 

meiotic chromosome segregation is not interfered, but co-localized chromosome sets 

and/or nuclei implies alterations in the spindle organization in the mmr3-9-28 mutant.  
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Figure 3. Meiotic spread of the mmr3-9-28 mutant. A, C, E, G, I, K and M, DAPI-stained 

chromosomes at prophase I, diakinesis, metaphase I, interkinesis, metaphase II, telophase II 

and tetrad stage in wild type Col-0 meiocytes. B, D, F, H, J, L and N, DAPI-stained 

chromosomes at prophase I, diakinesis, metaphase I, interkinesis, metaphase II, telophase II 

and tetrad stage in the mmr3-9-28 mutant meiocytes. Scale bars = 10 µm. 
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The mmr3-9-28 mutant exhibits defective male meiotic cell wall formation 

 

Male meiotic cytokinesis in the mmr3-9-28 mutant was examined by staining the 

callosic cell wall at tetrad stage meiocytes using aniline blue. In wild type Col-0 tetrads, 

complete callosic cell walls are constructed between four separated nucleus (Fig. 4A), 

preventing nucleus from fusing and thus consolidating the formation of haploid spores. 

The mmr3-9-28 tetrad stage meiocytes, in contrast, displayed meiotic restituted 

figures; e.g. balanced-dyads (Fig. 4B-D), unbalanced-dyad (Fig. 4E-G) and triads (Fig. 

4H-J), indicating for incomplete formation of callosic cell walls that is considered 

a …of defective meiotic cytokinesis. Moreover, in some cases, breaks in the meiotic 

cell walls can be observed in the mmr3-9-28 meiocytes (Fig. 4G and J). These data 

demonstrate that the mmr3-9-28 mutant is defective for male meiotic cytokinesis, 

which may cause male meiotic restitution and associated formation of diploid and 

triploid male gametes. 
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Figure 4. Callosic cell wall in the mmr3-9-28 mutant meiocytes. A, Complete tetrad-figured 

callosic cell wall in the wild type Col-0 meiocytes. B-J, Dyad (B-D), unbalanced dyad (E-G) and 

triad (H-J) in the mmr3-9-28 mutant meiocytes. Scale bars = 10 µm. 

 

Meiotic microtubular cytoskeleton structures are defective in the mmr3-9-28 

mutant  

 

Next, a tubulin immunolocalization assay was performed to visualize the cytoskeletal 

figures that underlie meiotic cell wall establishment. We observed that from prophase I 
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to metaphase II stage, the meiotic microtubular networks in mmr3-9-28 meiocytes 

exhibited similar configurations as that of wild type PMCs (Fig. 5B-F, wild type 

meiocytes; I-M, mmr3-9-28 meiocytes). However, at anaphase II stage, the 

phragmoplast figures between four separated haploid chromosome sets showed 

parallel and/or tripolar distribution in the mmr3-9-28 mutant (Fig. 5N and O; 

Supplemental figure S2G and H), representing a dyad and/or triad meiotic products. 

Moreover, at tetrad stage, although most mmr3-9-28 meiocytes displayed normal 

formation of radial microtubule array (RMA) between separated haploid nuclei as wild 

type (Fig. 5H, wild type; S, mmr3-9-28), adjacent haploid nuclei with loss of RMA in 

between were visualized in the mmr3-9-28 mutant, which gave rise to production of 

around 37% meiotic restituted microtubule outcomes (balanced-dyad, Fig. 5P, 

Supplemental figure S2A and B; unbalanced-dyad, Fig. 5Q, Supplemental figure S3C 

and D; and triad, Fig. 5R, Supplemental figure S2E and F) with triad occurring at 

highest portion (Fig. 5A). The frequency of meiotic restituted RMA figures is in line 

with the observation by orcein-stained meiotic products in the mmr3-9-28 mutant, 

these findings thus indicate that the male meiotic restitution of mmr3-9-28 is caused 

by alterations in RMA-based meiotic cytokinesis.  
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Figure 5. Meiotic microtubular cytoskeleton structures in the mmr3-9-28 mutant. A, Histogram 

showing the frequency of meiotic product of the mmr3-9-28 mutant meiocytes. B-H, 

Microtubular structures of wild type meiocytes at prophase I (B), metaphase I (C), anaphase I 

(D), interkinesis (E), metaphase II (F), anaphase II (G) and tetrad stage (H). I-S, Microtubular 

structures of mmr3-9-28 meiocytes at prophase I (I), metaphase I (J), anaphase I (K), 

interkinesis (L), metaphase II (M), anaphase II (N and O) and tetrad stage (P-S). Scale bar = 

10 µm. 

 

Male meiotic cell division in the mmr3-9-28 mutant is more sensitive to cold 

 

Driven by the close similarity of the cellular mechanisms that cause male meiotic 

restitution in mmr3-9-28 and cold-stressed wild type plants, we analyzed the cold 

sensitivity of male meiotic cytokinesis in the mmr3-9-28 mutant to assess the putative 

involvement of the underlying gene. To end this, both flowering mmr3-9-28 and wild 

type Col-0 plants were exposed to low temperature conditions (4-5℃) for 48 h, and 

were then transferred back to normal temperature conditions (20-22℃) for recovery. 

At 24 h following cold stress, unicellular stage microspores were examined and the 

frequency of enlarged spores was quantified. Under control conditions, compared with 

wild type plants that consistently yield normal sized haploid microspores (Fig. 6A and 

B), mmr3-9-28 produces around 4.58% enlarged spores that result from a meiotic 

restitution event (Fig. 6A and C). After cold stress, however, the mmr3-9-28 mutant 

produces a significantly higher frequency of diploid or polyploid microspores (Fig. 6A, 

22.89%; E) compared to wild type plants (Fig. 6A, 11.6%; D), indicating higher cold 

sensitivity of male meiotic cell division in the mmr3-9-28 mutant. 

 

 

Figure 6. Male meiotic cell division of the mmr3-9-28 mutant is more sensitive to cold stress 

compared to wild type Col-0 plants. A, Histogram showing the frequency of enlarged diploid 

and polyploid unicellular stage microspores. The experiment was performed twice and for 

each assay five biological repeats were tested. For each technical repeat, 500 cells were 

counted. Student t-test statistics analysis was performed. For a and b, p < 0.01; For a and c, 

p< 0.01; For b and c, p < 0.05. B and C, Haploid unicellular stage microspore in wild type Col-0 

plants (B) and diploid unicellular stage microspore in mmr3-9-28 (C) under normal temperature 
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conditions. D and E, Diploid unicellular stage microspores in wild type Col-0 (D) and in 

mmr3-9-28 mutant (E) plants after cold treatment. Scale bar = 10 µm. 

 

Identification of causative mutation in the mmr3-9-28 mutant 

 

To identify the mutation in the mmr3-9-28 line that causes defective male meiotic 

cytokinesis with resultant diploid male gamete formation, we performed whole 

genome sequencing of the positive F2 plants that produce 2n gametes, from the 

intercrossing between mmr3-9-28 and wild type plants. Since the mmr3-9-28 mutant 

is in the ecotype Columbia (Col-0) background, we crossed mmr3-9-28 with wild type 

Landsberg erecta (Ler), using Ler as pollen donor. All resulting F1 plants were 

genotyped using PCR-based SSLP markers that distinguish the two ecotypes 

according to the sizes of the amplified bands (Supplement table S1; Supplement fig 

S3). In addition, all the F1 individuals displayed normal male meiotic cytokinesis and 

consistently produced normal sized haploid microspores, suggesting that the 

causative mutation in mmr3-9-28 that leads to 2n gamete formation is recessive. After 

selfing of F1 plants, F2 seeds were collected, grown and screened to isolate plants 

with a homozygous causative mutation based on the size of unicellular-staged 

microspores. Among 1,100 F2 individuals analyzed, 250 plants that produced 

enlarged microspores with a frequency above 5% were isolated; phenotypic 

segregation (22.73%) thus displayed a 1:3 Mendel ratio, confirming that the causative 

mutation is recessive and is located in a single locus, or in two or more loci that are 

closely linked to each other.  

 

The genomic DNA of the isolated positive F2 plants was collected and pooled for 

whole genome sequencing (Fig. 7). Since the recessive mutation of mmr3-9-28 is in 

Col-0 background, the reads of SNPs between Col-0 and Ler sequence of the positive 

F2 individuals that show a bias towards Col-0 background suggest the putative 

causative mutation of mmr3-9-28; instead, the other regions except for the causative 

mutation should harbor an around 50% allele frequency. Among the five 

chromosomes, the SNPs on chromosome 2, 3, 4 and 5 displayed relatively balanced 

sequence backgrounds of Col-0 and Ler (Fig. 7). A region between the physical 

location at 24 Mb to 26 Mb on chromosome 1 appeared a higher frequency of the 

variants reads (Col-0 background sequence) to that of the total nucleotide reads (see 

arrow in Fig. 7). Among the candidate genes located in this region (Supplemental fig 

S2), we found candidate gene DUET, alias MALE MEIOCYTE DEATH 1 (MMD1; 

AT1G66170). In the genomic DUET sequence, 73.53% sequenced F2 individuals 

harbor a C to T mutation in the third exon at site 24639055, and this mutation leads to 

a transfer of glycine (G) to aspartic acid (D) in the amino acid sequence of DUET 

protein (Table 1). 

 

It has been reported that Arabidopsis DUET/MMD1 encodes a PHD finger protein 

functioning as a transcriptional regulator during male meiosis. More specifically, 

DUET/MMD1 regulates several aspects of male meiotic cell division by modulating 
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the expression of several target meiotic genes; such as TDM1 and JASON 

(Andreuzza et al., 2015; Wang et al., 2016). Remarkably, the duet null mutant displays 

severely disrupted male meiotic cytokinesis with around 90% meiotic restituted 

tetrads being formed, leading to formation of around 60% diploid gametes. At the 

same time, its hypomorphic allelic mutant duet;S20A exhibits less affected male 

meiotic cytokinesis program, which produces about 15% triads and < 5% 2n gametes 

(Andreuzza et al., 2015). The high similarities between the phenotypes of 

hypomorphic allelic mutant duet;S20A and the mmr3-9-28 mutant putatively suggest 

that the causative mutation in mmr3-9-28 is located in DUET loci.  

 

To test allelism between mmr3-9-28 and duet, a complementation assay by crossing 

homozygous mmr3-9-28 mutant plants (pollen donator) with duet-/- null plants was 

performed (mmr3-9-28 as pollen donator) followed by phenotyping of the F1 

progenies (Fig. 8). All the F1 plants checked were found to undergo meiotic restitution 

and produced diploid and/or triploid gametes, which were determined to be caused by 

defective male meiotic cytokinesis (Fig. 8). Since the complementary crossing did not 

rescue the cytokinesis defects, our data hence suggest that the causative mutation of 

mmr3-9-28 is likely to localize in the loci of DUET gene.  

 

 

 
Sequence 

Site in gene/protein sequence 
Duet 3-9-28 

gDNA CCG CTG 2168 

mRNA GGC GAC 1854 

Amino acids Gly (G) Asp (D) 618 

Table 1. Mutation of mmr3-9-28 at the site of the DUET gene. In the sequence of DUET 

genome DNA, selected F2 plants (mmr3-9-28 phenotype: > 5% enlarged spores) show a C to 

T base pair switch at site 2168 bp leading to an alteration of codon GGC to GAC at site 1854 

bp of DUET mRNA, which consequently causes a replacement of Gly (G) by Asp (D), at the 

618
th
 amino acid site in the DUET protein. 
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Figure 7. Whole genome mapping of EMS mutations existing in mmr3-9-28/Ler positive F2 

population. In each frame, the Y axis represents the frequencies of EMS mutated SNP reads 

to the total nucleotide reads; the X axis represents the locations of the mutated sites on each 

chromosomes. The black dots represent the reads of SNPs towards Col-0 background at each 

SNP site. The green lines represent the average frequency of SNP reads towards Col-0 

background in the whole genome region. 

 

 

Figure 8. Phenotyping of F1 progenies from mmr3-9-28 mutant crossing with duet
-/-

 mutant. A, 

Histogram showing the frequency of diploid and/or triploid gametes produced by WT Col-0 

and/or F1 progenies from homozygous mmr3-9-28 mutant (pollen donator) crossing with 
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homozygous duet
-/-

 mutant. Five biological repeats have been performed, and for each 

technical repeat, 500 cells were counted. B-D, Tetrad (B) in WT Col-0 plants and dyad (C) and 

triad (D) in F1 individuals. E-G, Haploid unicellular microspore (E) in WT Col-0 plants and 

diploid (F) and triploid (G) in the F1 individuals. H-J, Haploid mature pollen (H) in WT Col-0 

plants and diploid mature pollen (I and J) in the F1 individuals. K-M, Callosic cell wall in tetrad 

(K) from WT Col-0 plants and in dyad (L) and triad (M) from the F1 individuals. Scale bar = 10 

µm. 

 

Discussion 

 

In this study, we characterized a previously identified mutant, i.e. mmr3-9-28 that 

undergoes male meiotic restitution and produces diploid male. The meiotic restitution 

in the mmr3-9-28 mutant is proved to be caused by alterations in meiotic cell wall 

formation and RMA-based meiotic cytokinesis. Our data additionally suggest that the 

male meiotic cell division of mmr3-9-28 may be more sensitive to cold stress than wild 

type plants, suggesting the causative mutation in mmr3-9-28 might be linked with cold 

signaling in Arabidopsis. The causative mutation in mmr3-9-28 is recessive. 

SHOREmap whole genome sequencing analysis showed that mmr3-9-28 contains a 

single nucleotide base pair switch of C to T in the third exon of meiotic regulator 

DUET/MDD1, leading to a transfer of amino acid Gly to Asp in the DUET amino acid 

sequence. In addition, mmr3-9-28 and hypomorphic duet mutant display highly similar 

meiotic defects; e.g. incomplete RMA and irregular cytokinesis, and both of them 

produce meiotic restituted tetrad cells and enlarged diploid or polyploid pollen grains 

(Reddy et al., 2003; Andreuzza et al., 2015). Further complementary crossing assay 

supports that the causative mutation in the mmr3-9-28 mutant localizes in DUET gene 

loci. Conclusively, we here identifies a novel hypomophic mutant of duet, which is 

defective for male meiotic cytokinesis and produces diploid gamete. 

 

In addition to incomplete RMA formation and resultant irregular male meiotic 

cytokinesis, duet-/- also exhibits several other male meiotic defects such as collapsed 

cytoplasm of meiocytes, delayed meiosis progression, defective chromosome 

condensation, loss of organelle bands at interkinesis, multiple-nucleated pollen grains 

and reduced pollen shed (Reddy et al., 2003; Yang et al., 2003e; Andreuzza et al., 

2015; Wang et al., 2016), indicating that DUET/MMD1 controls multiple aspects of 

male meiotic cell division. In mmr3-9-28, however, we did not find enlarged diploid or 

polyploid mature pollen grain that contains two or more nuclei. In addition, the other 

defects observed in duet plants; e.g. cytoplasm collapse and defective chromosome 

condensation, have not be found in mmr3-9-28 male meiosis. We assume that this is 

because mmr3-9-28 contains a weak mutation in DUET which leads to a mild change 

in regulatory activity. A hypomorphic DUET mutant, duet;S20A, which harbors 

reduced binding activity with H3K4me2 chromatin motif, displays less defective 

meiotic phenotypes compared to the null duet plant (Andreuzza et al., 2015). The 

hypomorphic duet;S20A plants displays only minor changes in spindle structure 

(Andreuzza et al., 2015). Interestingly, we show here that mmr3-9-28 meiocytes 
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display similar phragmoplast organization as duet;S20A, and produce similar 

frequency of meiotic restituted products, supporting that mmr3-9-28 is also a 

hypomorphic mutant of duet.  

 

Although it has been shown that the activity of JASON is deregulated in the duet 

mutants, suggesting meiotic restitution and diploid gamete formation in the duet 

mutant is caused by altered JASON function, more evidence are required to 

determine this conclusion. For example, whether a functional JASON construct can 

rescue the cytokinesis defects in the duet;S20A and/or mmr3-9-28 mutant plants? 

And whether DUET directly regulates JASON and how? 

 

The male meiotic cytokinesis program is sensitive to external stimuli, and both cold 

stress and interfered GA signaling leads to irregularities in male meiotic cytokinesis 

and results in meiotic restitution (De Storme et al., 2012a; Liu et al., 2016). Short 

periods of low temperature and constitutively activated GA signaling in Arabidopsis 

disrupt RMA formation and/or organization and interfere with meiotic cell wall 

formation at the end of male meiosis, hence leading to defective male meiotic 

cytokinesis and 2n gamete formation (De Storme et al., 2012a; Liu et al., 2016). The 

molecular factors that are involved in cold sensitivity and response of male meiotic 

cytokinesis in Arabidopsis, however, are not yet known. In this study, we found that 

the mmr3-9-28 mutant produces a significantly higher frequency of 2n gametes upon 

cold stress compared to wild type plants, suggesting that male meiotic cell division in 

the mmr3-9-28 mutant is more sensitive to cold, and that the causative mutated gene 

in mmr3-9-28 may mediate the cold response of male meiotic cell division. However, 

on the other hand, since under normal temperature conditions 3-9-28 produces a 

certain level of meiotic restituted triads and dyads and 2n male gametes, the 

significantly increased frequency of 2n gametes in mmr3-9-28 upon cold treatment 

may also be due to an additive effect of cold stress to the duet mutation on male 

meiotic cytokinesis. Thus, the function of may also be completely independent of cold 

sensitivity and thus DUET is not involved in the cold-responsive signaling pathway 

that affects male meiotic cytokinesis.  

 

The cold-sensitivity of meiotic microtubule structures in mmr3-9-28 meiocytes could 

be examined to determine whether DUET protein mediates cold-induced meiotic 

restitution. The dyad or triad cells in duet plants are caused by alterations in MII 

spindle organization, which is due to de-regulated JASON activity, and resulting 

defects in subsequent RMA formation between adjacent nuclei (Andreuzza et al., 

2015). Thus, if cold contributes to the increased degree of meiotic restitution in 

mmr3-9-28 plants by further interfering with the functionality of the DUET protein, 

which is already partially impaired in mmr3-9-28 plants, then the expression of 

JASON could be affected more severe and therefore may lead to an increased 

number of parallel, fused and tripolar spindle figures. On the other hand, we know that 

cold-induced meiotic cytokinesis defects are specifically caused by interfered RMA 

biosynthesis or organization, but not by introducing alterations in spindle orientation 
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(De Storme et al., 2012a). Thus, if cold stress causes additional MII spindle 

abnormalities in mmr3-9-28 meiocytes, consequently leading to an increased level of 

male meiotic restitution, then the mmr3-9-28 DUET protein variant is cold responsive 

in regulating meiotic cell division. However, even if this is the case, DUET is still not 

the molecular regulator that directly mediates the cold sensitivity of male meiotic 

cytokinesis in Arabidopsis; and actually, its downstream target(s) that specifically 

regulate RMA formation, could be one of the candidates.  
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Chapter 8 Conclusions and perspectives 

 

Genome polyploidization is an important event during plant revolution, which supplies 

plants with adaption advantages and the genetic resources for speciation and 

diversification. Genome polyploidization can be induced by the formation of diploid 

gametes. Defects occurring during male meiotic cell division may lead to diploid 

and/or polyploid gametes through meiotic restitution, which is considered as the main 

source of gamete ploidy stability. As sessile organisms, plants suffer from many 

abiotic stresses especially extreme temperature. The male reproductive development 

has been reported to be sensitive to temperature stress. Previously, cold stress has 

been demonstrated to induce male meiotic restitution and diploid male gamete 

formation in flowering Arabidopsis plants. Cytological studies revealed that the low 

temperature specifically interferes with male meiotic cell wall formation by disrupting 

the formation and organization of RMAs at the end of male meiosis. Since meiotic 

chromosome segregation is not affected upon cold stress, cold-induced meiotic 

restitution is therefore specifically due to defective meiotic cytokinesis. These findings 

suggest cold-induced meiotic restitution is genetically regulated by specific regulatory 

factors and cold-responsive signaling pathways. Moreover, these findings imply a 

putative link between environment factors and plant genome polyploidization. 

However, despite the significance to expanding our understanding on the basic 

biological question; e.g. regulation of male meiosis and the impact of environment on 

plant genome polyploidization, and the promising application for plant breeding and 

stress-resistance improvement, the mechanical factors and signaling pathways 

involved in cold-induced meiotic restitution have not yet been identified. In this Ph.D 

study, we aimed to identify the genetic factors playing a role in the regulation of 

Arabidopsis male meiotic cytokinesis, and the mediators of cold sensitivity of 

microsporogenesis. 

 

Hormone signalings and cold-induced meiotic restitution in Arabidopsis 

 

ABA Vs. cold-induced meiotic restitution 

 

Plant hormones mediate many physiological activities of plant development by 

independent function or by cross-talking mechanisms. Several stress-responsive 

hormones; e.g. ABA, CK, GA, ethylene and brassinosteroid, are involved in the 

response of plants to cold stress. In this study, the putative involvement of the 

hormones ABA, CK and GA, in cold-induced alteration in Arabidopsis male meiosis 

was evaluated (Chapter 3 and chapter 5). By monitoring the microsporogenesis of 

Arabidopsis WT plants with exogenous ABA treatment under either normal 

temperature conditions or cold stress, we found that exogenous application of ABA did 

not affect Arabidopsis male microsporogenesis, and did not influence the sensitivity of 

meiotic cytokinesis to low temperature stress. However, since we did not determine 

the effect of ABA treatment on the physiological process of the treated plants, our 
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finding is hitherto preliminary. To determine the effect of ABA treatment, the 

development of pollen grains and the expression of genes encoding for tapetal cell 

wall invertases can be monitored. Alternatively, the cold response of male meiosis in 

ABA metabolic and/or signaling mutant plants that display altered male reproductive 

development can also be examined. 

 

CK Vs. cold-induced meiotic restitution 

 

Because the AHKs-AHPs two-component system of CK signaling mediates some of 

the cold response of Arabidopsis, i.e. enhanced freezing tolerance, we tested the 

hypothesis that CK signaling module AHK2/3-AHP2/3/5 may mediate the cold 

response of Arabidopsis male meiosis. By combined genetic and cytological studies, 

however, we found that different levels of CK deregulation caused by single 

loss-of-function mutations in several CK biosynthesis genes, or caused by 

overexpression of selected CK catabolic genes, had no impact on the cold sensitivity 

of Arabidopsis male meiotic cell division. Surprisingly, however, the Arabidopsis plants 

defective for B-type Arabidopsis Response Regulator 1 (ARR1), a transcription 

regulator that acts downstream of CK signaling, exhibited enhanced cold tolerance of 

male meiotic cytokinesis. These findings suggest that the AHK2/3-AHP2/3/5 signaling 

transducing module does not mediate in cold-induced meiotic restitution in 

Arabidopsis, but the ARR1 may somehow play a role. Further study should explore 

the ARR1-targeted factors, which could be achieved by performing chromatin 

immunoprecipitation (CHIP) assay and/or transcriptome study. 

 

To conclude that alterations in endogenous CK level does not influence the cold 

sensitivity of Arabidopsis male meiosis, the CK levels in developing flowers of the 

tested CK metabolic mutants need to be analyzed. Similarly, since 35S promoter is 

not active in Arabidopsis reproductive tissues (De Storme et al., 2016b), whether the 

analyzed 35S::CKXs transgenic lines have increased CK catabolism and less CK 

level in flowers is not demonstrated. To examine the role of CK in Arabidopsis male 

meiosis, the expression of CK metabolic and signaling genes leaded by either their 

native promoters, or tapetum and/or meiocytes specific promoters, could be 

monitored. In addition, since the effect of loss-of-function of other CK signaling 

components (e.g. ahk4, ahp1 and ahp4) and higher order mutation combinations have 

not been analyzed, the CK signaling is still possible to mediate the cold sensitivity of 

Arabidopsis male meiosis through ARR1.   

 

GA Vs. cold-induced meiotic restitution 

 

GA signaling has been repeatedly shown to play an indispensable role in regulating 

male reproductive development, and mediates in cold response of both somatic and 

reproductive development. In addition, we found that exogenous application of GA 

can induce male meiotic restitution and diploid gamete formation in Arabidopsis using 

highly similar cytological mechanisms as cold stress. In chapter 5, we analyzed the 
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possibility that cold may interfere with male meiotic cytokinesis by evoking GA 

accumulation in developing anthers, subsequently leading to promoted DELLA 

de-stabilization and meiotic restitution. In line with the hypothesis, we found that 

exogenous GA treatment induces second division restitution (SDR)-type 2n gamete 

formation in flowering Arabidopsis, similar as cold stress does. However, our further 

studies revealed that altered DELLA-dependent GA signaling does not influence the 

cold sensitivity of male meiosis. In support of this, we observed that low temperature 

stress did not deregulate DELLA RGA abundance in developing anthers, and the 

expression of GA biosynthesis gene GA3ox1 and DELLA RGA is down- and 

up-regulated upon cold stress, respectively. We therefore conclude that cold-induced 

meiotic restitution and 2n gamete formation in Arabidopsis thaliana is not mediated by 

the GA-DELLA signaling pathway. Our findings revealed a pattern of GA-DELLA 

signaling in response to to cold stress in Arabidopsis somatic tissues that is similar to 

that in rice anthers, suggesting a conserved function of GA signaling in the response 

of plant development to low temperature stress.  

 

Overall, our findings in these two chapters assessed the putative involvement of 

stress-responsive hormones ABA, CK and GA in the cold sensitivity and response of 

Arabidopsis male meiotic cytokinesis. Apart from these hormones, more studies 

should be undertaken to examine the other candidate hormones, such as ethylene, 

brassinosteroid, jasmonic acid (JA), which have been found to play a role in plant 

male reproductive development and mediate cold response of plant development. 

 

GA signaling mediates in the regulation of male meiotic cell division 

 

Male reproductive development is tightly regulated by GA signaling. Compared with its 

well-known function in promoting stamen development and mediating pollen 

development, however, the putative involvement of GA in male meiotic cell division is 

less understood. In chapter 4, by utilizing a combination of chemical, cytological and 

genetic approaches, we demonstrate that exogenous application of GA3, and 

constitutively activated GA signaling in the rga gai della mutant leads to male meiotic 

restitution in flowering Arabidopsis plants. We found that increased GA levels interfere 

with the formation and organization of meiotic cytoskeleton structure radial 

microtubule arrays (RMAs) and cytokinesis at the end of male meiosis by deregulating 

the DELLA-MYB regulatory module in the tapetum, consequently resulting in meiotic 

restituted 2n gamete production. This result reveals that GA not only regulates the 

development of stamen organs, contributes to pollen development and maturation, 

but also participates in the regulation of male meiotic cell division. Moreover, the study 

of GFP-RGA localization in developing anthers suggests that GA- and/or 

DELLA-mediated meiotic cytokinesis is governed in a non-cell autonomous manner, 

and requires communication between the developing male meiocytes and the 

surrounding tapetal cells. Strikingly, genetic deregulation of GAMYB-like proteins; i.e. 

MYB33 and MYB65 shows similar meiotic defects as della mutants, and these 

proteins have repeatedly been shown to act downstream of GA signaling, suggesting 
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that the GA-DELLA signaling pathway mediates male meiotic cytokinesis in 

Arabidopsis by through these MYB factors.  

 

This chapter provides information that plant hormones play a role in controlling plant 

male meiosis, extending our understanding of what genetic factors play a regulatory 

role in Arabidopsis male meiotic cytokinesis. In following researches, the identification 

of the genetic factors targeted by DELLA and/or MYB33/65 in controlling meiotic 

cytokinesis should be investigated. In addition, apart from GA signaling, whether 

and/or which other hormones are also involved in Arabidopsis male meiosis needs to 

determined, and whether hormone signaling cross talking mechanism mediates in the 

process should be explored. Moreover, it is also interesting to unravel the 

mechanisms by which the tapetum transduces signals into male meiocytes and 

regulates meiotic cell division. 

 

Functional tapetum is required for complete male meiosis 

 

Tapetum plays central roles in regulating pollen development and is especially 

important for pollen wall formation. Driven by the curiosity whether tapetum plays a 

role in earlier stages of pollen development; i.e. male meiotic cell division, we 

performed cytological studies on a series of mutant plants (i.e. dyt1, tdf1, ams, ms103 

and ms1) with impaired tapetum development and function. It has been known that 

DYT1, TDF1 and AMS are required for early stage tapetum development; MS103 and 

MS1 instead regulate tapetum at late pollen development stages, which are more 

crucial for pollen wall formation. In chapter 6, we demonstrate that meiotic 

chromosome segregation does not require a functional tapetum. In contrast, a 

successful early stage tapetum development is essential for the completion of male 

meiosis. Examination of callosic cell wall in the dyt1, tdf1 and ams mutant meiocytes 

indicate that impaired tapetum development does not significantly influence callose 

biosynthesis, but actually affects callose deposition and interferes with meiotic 

cytokinesis. Further meiotic microtubule analysis reveals defective formation and 

organization of RMAs, and meiotic restitution. In conclusion, our findings indicate that 

at early pollen development stages, a functional tapetum is specifically required for 

meiotic cytokinesis during male meiosis, and therefore is essential for the completion 

of meiotic cell division. In addition, this part of study suggests that a non-cell 

autonomous mechanism may exist in regulating male meiotic cell division by somatic 

tissues in Arabidopsis. 

 

Over-activated GA signaling causes defective meiotic cytokinesis, and it also induces 

irregular tapetum function (Plackett et al., 2014b). We therefore propose that the 

tapetum is required for regular male meiotic cytokinesis. Compared with the meiotic 

restituted triad-like RMA figures observed in cold-stressed wild type and rga-24 gai-t6 

mutant plants, the ams meiocytes produce RMAs with much more severe alterations, 

suggesting AMS may operate downstream of DELLA-MYBs. On the other hand, 

however, it should be noted that, although both GA-deficiency and/or GA-insensitivity 
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leads to abnormal tapetum development, we did not see defective meiotic cytokinesis 

in the DELLA dominant gai mutant, suggesting different GA levels have distinct effects 

on tapetum, which may be through different regulatory mechanism. Moreover, since 

tapetum is sensitive to abiotic stress especially for cold and heat stress, cold-induced 

male meiotic restitution with resultant 2n gamete formation is also possible to be 

mediated by the tapetum. Future investigations should focus on the role of the 

tapetum in cold- and/or GA-interfered male meiotic cell division. To this end, the 

activity of meiotic cytokinesis regulators such as those of the TES-MKK6-MPK4 

pathway and microtubule regulatory factors, in the tapetum mutant plants defective for 

early development stages should be examined, for instance using GFP-fused markers, 

fluorescence in situ hybridization (FISH) and/or western blot.  

 

mmr3-9-28, a hypomorphic duet-/- allelic Arabidopsis mutant shows male 

meiotic cytokinesis defects and produces meiotic restituted diploid 

gametes 

 

In chapter 7, we describe an EMS mutant mmr3-9-28 that was previously isolated 

from a screening of an ethyl methanesulfonate (EMS)-mutagenized Arabidopsis Col-0 

M2 population. By performing cytological technologies, we demonstrated that 

mmr3-9-28 undergoes normal male meiotic chromosome segregation but displays 

irregular meiosis II. Tubulin immunolocalization assay revealed that the biosynthesis 

of RMA is defective which consequently leads to incomplete callosic cell wall 

formation. Male meiotic restituted spores in mmr3-9-28 develop into mature diploid 

pollen grains, and the discrepancy in the frequency of 2n microspores and 2n pollen 

grains suggests that mmr3-9-28 also has a defect in pollen development. Interestingly, 

mutant mmr3-9-28 was also found to produce significantly higher levels of 2n 

gametes upon cold stress suggesting it may harbor a putative role in cold sensitivity. 

SHOREmap analysis identified the causative mutation of mmr3-9-28 to locate in the 

DUET/MMD1 gene on chromosome 1. The reported null duet mutant and its 

hypomorphic variant display similar male meiotic cytokinesis defects and produce 2n 

male gamete as mmr3-9-28. F1 individuals obtained by complementation crosses 

between mmr3-9-28 and the duet-/- mutant display defective male meiotic cytokinesis 

and produce around 5% diploid gamete, which hence confirms that mmr3-9-28 is a 

hypomorphic allelic mutant of duet.  

 

In our study, mmr3-9-28 exhibited higher cold sensitivity of male microsporogenesis 

with significantly increased formation of diploid gamete upon cold stress. However, 

the increased frequency of meiotic restituted gamete could be a combined effect of 

cold stress and DUET mutation. The following work should focus on the determination 

of whether the activity of DUET is cold responsive and whether cold-interfered male 

meiotic cytokinesis is mediated by altered DUET function. Moreover, although that the 

transcript of Jason is deregulated in duet mutant, whether the cytokinesis defects in 

the duet mutant plants and mmr3-9-28 are caused by suppressed JASON needs 

further confirmation.   
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Conclusion 

 

In this Ph.D study, we tested the putative roles of several stress-responsive hormones; 

e.g. ABA, CK and GA, in mediating the cold sensitivity and response of male meiotic 

cytokinesis in Arabidopsis and suggest that these hormones may not play a role in 

cold-induced male meiotic restitution. Remarkably, we demonstrate that in addition to 

the function during pollen and stamen development, GA signaling also plays a 

regulatory role in Arabidopsis male meiotic cytokinesis, which may occur in a non-cell 

autonomous mechanism through tapetum. Moreover, we identify a new allelic mutant 

of DUET gene which displays defective male meiotic cytokinesis and produces diploid 

gamete. Specially, our observation suggests a putative role of DUET in mediating 

cold-induced meiotic restitution and diploid gamete formation in Arabidopsis thaliana.  

 

The findings obtained in this study expand our understanding on the genetic 

regulation of male meiotic cell division in Arabidopsis thaliana, revealing roles of plant 

hormone and surrounding somatic tissue tapetum in regulating meiotic cytokinesis, 

which hence are important for successful haploid male gamete production. At a 

broader perspective, since diploid gamete formation is a main source of plant 

polyploidization, our findings may supply putative tools for polyploid breeding and 

plant ploidy controlling, which hence may contribute to agricultural development. 

Moreover, since meiotic restitution with resultant diploid gamete formation is 

considered as the main source of plant polyploidization, our results may be beneficial 

for the advance of understanding on mechanisms of meiotic restitution-induced 

genome polyploidization, and the mechanisms of cold-induced meiotic restitution and 

environment-dependent plant genome evolution. 
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Chapter 9 Supplementary Information 
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Chapter 3 Stress-Responsive Hormone Abscisic Acid and Cytokinin Are Not 

Involved in Cold-induced Meiotic Restitution in Arabidopsis 

 

Supplemental Figures 

 

Supplemental figure S1. 

 

Supplemental figure S1. Vegetative growth of cytokinin-metabolism and -signaling mutant 

plants. A, 31-day’s old cytokinin-metabolism mutants. B, 24-day’s old cytokinin signaling 

mutants. 
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Supplemental Tables  
 

Supplemental table S1 

Target 
genotyping primer sequence 

forward reverse 

ahk2-2 GTCTATAACTTGTGAGCTCTTGAATC GCTCGTGTCATAGACAGCAAAGGTC 

ahk3-3 CTTGTGATTGCGTTACTTGTTGCAC GCAGGCCTATGGTCCACAACCACAG 

ahp2-1 CTCATTGCTCAGCTTCAGAGAC ATCCACTTGCTGCAAACATCTCAC 

ahp3 CTCATTGCTCAGTTACAGAGACG CTTTGAGTTGATGAACACTAGAACC 

ahp5-2 ATGAACACCATCGTCGTTGCTC AGGAATTGTACCTCCAGCTTGG 

arr1-3 CCCAACAGCAACCACAGATGAAC GCATAAACCTGATGGTGCTGTACC 

ipt1 GCTTTCCTTTCATTCATAAACACATTCCT CCCAAAAATGAGCTGTAAAATAGCTGGA 

ipt3 CCAACTTGTCGTATATCATTCGTACAGTG TGGAGAGATTCGCCATGTGACAG 

ipt7 AAAATGAAGTTCTCAATCTCATCACTGAAGCAG TCCCCCGGGCATATCATATTG-TGGGCTCTACTTCCACTTCC 
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Chapter 4 Gibberellin Induces Diploid Pollen Formation by Interfering with 

Meiotic Cytokinesis 

 

Supplemental Figures 

 

Supplemental figure S1. 

 

Supplemental figure S1. Male meiotic restitution and enlarged male gametes in rga-t2 

gai-t6 rgl1-1 rgl2-1 rgl3-1 mutant plants. A-C, Tetrad (A), haploid unicellular stage 

microspore (B) and haploid pollen grain (C) in wild-type Ler plants. D-F, Dyad (D), enlarged 

unicellular stage microspore (E) and larger pollen grain (F) in the rga-t2 gai-t6 rgl1-1 rgl2-1 

l.er 
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rgl3-1 mutant plants. Scale bars = 10 µm. 
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Supplemental figure S2 

 

Supplemental figure S2. Mature pollen grain in GA3-treated wild type Ler plant. A, Mature 

haploid pollen grain in control wild type Ler plant. B, Mature enlarged pollen grain in wild type 

Ler plant treated with GA3 (100µM). Scale bars = 10 µm. 
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Supplemental figure S3 

 

Supplemental figure S3. Viability determination of enlarged mature pollen grains in the 

double rga-24 gai-t6 mutant plants. A and B, Mature haploid pollen grain from wild type Ler 

plants without FDA staining. C-F, FDA staining of mature haploid pollen grain in wild type Ler 

plants (C and D) and the larger pollen grain in the double rga-24 gai-t6 mutant plant (E and F). 

Scale bar = 10 µm. G-J, Germination of mature haploid pollen in wild type Ler plants (G and I) 

and larger pollen in the double rga-24 gai-t6 mutant plants (H and J). Red dot indicates 

oversized pollen. Scale bars= 50 µm.  
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Supplemental figure S4. 

 

Supplemental figure S4. The Arabidopsis rga-24 gai-t6 mutant displays regular 

chromosome dynamics during male meiosis I and II. A-L, DAPI staining of male meiotic 

chromosome spreads at different stages in wild type Ler (A, C, E, G, I, K) and the rga-24 gai-t6 

double mutant (B, D, F, H, J, L): pachytene (A and B), diakinesis (C and D), metaphase I (E 

and F), metaphase II (G and H), telophase II (I and J), and tetrad stage (K and L). n, the total 

number of cells monitored at each meiotic stage; n’, the number of tetrad cells showing 

co-localization of two or more nuclei. Scale bars = 10 µm. 
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Supplemental figure S5. 

 

Supplemental figure S5. Microscopy analysis of cell wall and nuclei in somatic tissues. 

A-G, Bright-field microscopy of epidermal cell wall morphology in mature petals of wild-type 

Ler plants (A-C) and the rga-24 gai-t6 double mutant (E-G). D and H, DAPI staining of nuclei in 

mature petals cells of wild-type Ler plants (D) and the rga-24 gai-t6 double mutant (H). I and J, 

Propidium iodide staining of root tip of wild-type Ler plants (I) and the rga-24 gai-t6 double 

mutant (J). A and B, E and F, I and J, Scale bars = 50 µm, C and D, G and H, Scale bars = 10 

µm. 
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Supplemental figure S6. 

 

Supplemental figure S6. Expression pattern of pRGA::GFP-RGA in Arabidopsis anther. 

A-C, Anthers from wild type Ler plants at pre-cytokinesis (A), tetrad (B) and microspore (C) 

stages. D-F, Anthers from pRGA::GFP-RGA transgenic Ler plants at pre-cytokinesis (D), tetrad 

(E) and microspore (F) stages. 
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Supplemental figure S7. 

 

Supplemental figure S7. Exogenous GA treatment induces decrease of 

pRGA::GFP-RGA signals in Arabidopsis anther. A-C, Expression of pRGA::GFP-RGA in 

anthers at pre-cytokinesis stage (A), tetrad stage (B) and microspore stage (C) without 

exogenous GA treatment. D-F, Expression of pRGA::GFP-RGA in anthers at pre-cytokinesis 

stage (D), tetrad stage (E) and microspore stage (F) 2h later after exogenous GA treatment. 
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Supplemental Tables  

 

Supplemental table S1 

Targe

t 

genotyping primer sequence AT 

(°C) forward reverse 

rga-24 TCGCTTAGTAGTTAGTACTC CATAGACCATAGTATTCGTG

A 

48 

gai-t6 TAGAAGTGGTAGTGG GTGAACAGTCTCAGTAGC 52 

rga-t2 GCCGGAGCTATGAGAAAAGTGG AAGAATTTTAAACAAGTGAA

CG 

48 

rgl1-1 AAGCTAGCTCGAAACCCAAAT CCACAGAGCGCGTAGAGGA

TAAC 

51 

rgl2-1 GCTGGTGAAACGCGTGGGAACA ACGCCGAGGTTGTGATGAG

TG 

56 

rgl3-1 TCGAGACCCGAACCGAATC CGCCTTAACCGTCGCTAACA 54 

gai GCCCTCGTGCCCTTTTTATAC CGACCGAAGCCAAACTAAAT

C 

50.7 

myb33 TGTCGTATTTGTCGTTTCTCGATC CTAGTCCATGACCATGAGAA

GTGAGAACT 

65.8 

myb65 TACCTCAGCTAGGGTTCGTCTTTGTTGT

A 

ACCGTTACTTTGCGAGAAG

CAAGACCTAA 

65.8 

 

 

  



 166 

Chapter 5 Cold-induced male meiotic restitution and diploid gamete formation 

in Arabidopsis thaliana is not mediated by GA-DELLA signaling 

 

Supplemental figures 

 

Supplemental figure S1. 

 

Supplemental figure S1. GA-induced meiotic restitution in Arabidopsis FTL3332 plants. A-D, 

Meiotic restituted triads representing SDR-type (A and B) and FDR-type (C) pollen grains. D, 

Meiotic restituted dyad representing SDR-type pollen grains. Scale bar = 50 µm. 
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Supplemental figure S2. 

 

 

Supplemental figure S2. Sporogenesis of GA-insensitive gai mutant under the normal 

temperature conditions. A-D, Tetrads and haploid unicellular stage microspores in wild type 

Ler (A and B) and gai (C and D) mutant plants. Scale bar = 10 µm. 
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Supplemental figure S3. 

 

 
Supplemental figure S3. Cold disrupts RMAs formation in the gai mutant. A-D, Triads in 

cold-treated wild type Ler (A) and GA-insensitive gai mutant plants (B-D). Scale bars = 10 µm. 
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Supplemental tables 

 

Supplemental table S1. 

 

Heterozygous FTL 

markers 
  Dyad  Triad 

Name Label Chr. 

     

FTL1313 dsRed 1 
 18 

(31.58%) 

 5 

(8.77%) 

 13 

(22.81%) 

 12 

(21.05%) 

 9 

(15.79%) 

FTL3332 YFP 3 
 8 

(21.05%) 

 0 

(0%) 

 13 

(34.21%) 

 14 

(36.84%) 

 3 

(7.89%) 

Supplemental table S1. FTL-based genotypic characterization of GA-induced 2n pollen. The 

exact numbers in columns of Dyads and Triads indicate the number and/or frequency of 

corresponding figures of meiotically restituted pollen tetrads observed in each FTL marker 

lines. 
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Supplemental table S2. 

Biological repeat 1 

Experiment 1 Experiment 2 

Gene 0 h 2 h 24 h Gene 0 h 2 h 24 h 

GA3ox1 1 2.72117 0 GA3ox1 1 0.11 0 

GA2ox2 1 1.4965 0.71716 GA2ox2 1 1.37699 0.64498 

RGA 1 6.03509 1.59609 RGA 1 10.49995 4.35259 

CBF1 1 1.35147 0.52303 CBF1 1 1.6389 0.16185 

  
      

  

Biological repeat 2 

Experiment 1 Experiment 2 

Gene 0 h 2 h 24 h Gene 0 h 2 h 24 h 

GA3ox1 1 0.19606 0 GA3ox1 1 0.21054 0.0846 

GA2ox2 1 0.66482 0.61662 GA2ox2 1 0.65734 0.85385 

RGA 1 0.75134 1.92566 RGA 1 0.8231 1.35066 

CBF1 1 1.32374 0.48 CBF1 1 1.39904 0.15633 

  
      

  

Biological repeat 3 

Experiment 1 Experiment 2 

Gene 0 h 2 h 24 h Gene 0 h 2 h 24 h 

GA3ox1 0 0 0 GA3ox1 1 0.17137 0.08404 

GA2ox2 1 1.2053 1.32931 GA2ox2 1 0.96869 1.51492 

RGA 1 0.73619 0.76079 RGA 1 0.81363 1.73276 

CBF1 1 5.35957 1.49056 CBF1 1 1.72116 0.66954 

 

Supplemental table S2. Relative expression of GA-signaling genes in Arabidopsis young 

flower buds upon cold stress. AtActin2 gene was used as reference gene. Three biological 

repeats were performed and each biological repeat was performed twice. 
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Supplemental table S3. 

Target 
genotyping primer sequence 

forward reverse 

rga-24 TCGCTTAGTAGTTAGTACTC CATAGACCATAGTATTCGTGA 

gai-t6 TAGAAGTGGTAGTGG GTGAACAGTCTCAGTAGC 

gai GCCCTCGTGCCCTTTTTATAC CGACCGAAGCCAAACTAAATC 

Supplemental table S3. Primers for plant genotyping. 
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Supplemental table S4. 

Transcript Primer sequence (5’-3’) AT (℃) 

Actin2-F GGCTCCTCTTAACCCAAAGGC 

51 

Actin2-R CACACCATCACCAGAATCCAGC 

GA3ox1-F ATTTAGCTGGAGAGCAGCTTG 

GA3ox1-R TTAAGTCTGCTCGGTCGGA 

GA2ox2-F GGACCAAACGGTGACGTT 

GA2ox2-R TATCCCTAGTTCTTCGGCAACC 

RGA-F GAGTGTGCCAACCCAACAT 

RGA-R AATCGAACCATAACGGACCG 

CBF1-F GCACCTTCGCTCTGTTCC 

CBF1-R GCTCCGATTACGAGCCTCA 

Supplemental table S4. Primers for real-time quantitative PCR. 
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Chapter 7 Male meiotic restitution and diploid gamete formation induced by 

male meiotic restitution 3-9-28 (mmr3-9-28), a hypomorphic mutant of 

chromatin regulator DUET/MMD1 

 

Supplemental Figures 

Supplemental figure S1. 

 

Supplemental figure S1. Telophase II stage meiotic spread of mmr3-9-28 mutant. A-E, 

Co-localization of separated haploid chromosome sets in the mmr3-9-28 mutant telophase II 

meiocytes. Scale bar = 10 µm. 
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Supplemental figure S2. 

 

Supplemental figure S2. Meiotic microtubular cytoskeleton structures in the mmr3-9-28 

mutant. A-F, RMA at tetrad stage displaying balanced-dyad (A and B), unbalanced-dyad (C 

and D) and triad (E and F) in the mmr3-9-28 mutant. G and H, Telophase II stage meiocytes 

displaying parallel (G) and tripolar (H) phragmoplast in the mmr3-9-28 mutant.. Scale bar = 10 

µm. 
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Supplemental figure S3. 

 

Supplemental figure S3. Allele frequency of Ler-derived variants in the pooled sample of F2 

mmr3-9-28 plants (DP≥10). Dots represent single variants. Green line shows the local 

regression (LOESS) line through all the variants on a given chromosome (LG1-5). Plots 

generated with CloudMap Variant Discovery Mapping tool v1.0.0. The figure of Ler-derived 

variants shows a depression near the bottom arm of chromosome 1 (20-30 Mb). Regions 

where the Ler background is less represented compared to the Col-0 background are likely 

linked to the causative mmr3-9-28 mutation (which is present in the Col-0 background). 
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Supplemental figure S4. 

 

Supplemental figure S4. Candidate genes of mmr3-9-28 on chromosome 1.  
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Supplemental figure S5. 

 
Supplemental figure S5. Genotyping of mmr3-9-28/Ler F1 plants using F3L12 SSLP marker. 
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Supplemental Table 

 

Supplemental table S1. 

 

Name 
genotyping primer sequence 

forward reverse 

F3L12 TCC AAT CAA ACA TAA ATT AGT 

CAC TC 

GTA AGT TTA AGG TTT TCA 

CAC ACG 
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我现在要毕业了，我想说，老婆，谢谢你为我的付出，给我的陪伴，没有你，我的读博

之路不会这么顺利。同时，岳母，我要对你说声谢谢，佳佳生孩子，你远道而来照顾她，

照顾小宝，也照顾我们的生活，我知道你也很辛苦，受累了。 

 

Specially, I thank my beloved parents. 爸爸，妈妈，儿子出国读博 4 年，现在终于毕

业了。从 2013 年 10 月 12 号，到今天，我只回家两次，在家的时间总共不超过 40 天。

18 岁以后，本科，研究生，博士，我都是在外地，现在我快 30 了，一晃 12 年，儿子

没有好好在你们身边尽孝，心中只有歉意。妈妈，你身体不好，1999 年你做手术，我
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那时候小，不懂事，2015 年你又做手术，我却不在身边，每次想到这些，我心里都很

难过。从小到大，你对我的教导，对我的关心，对我的支持，让我一步一步走到现在，

你永远是我心中最坚实的后盾和最重要的努力奋斗动力的源泉。在我心中，你是世界上

最伟大的女人，最伟大的妈妈，我为有你这样的妈妈感到自豪。爸爸，我知道你也很不

容易，我努力奋斗，也是为了能让你感到骄傲。我这么多年一直不在你们身边，你照顾

妈妈，照顾奶奶，受累了；现在想想，你也老了，我应该是你的支柱了。爸爸，妈妈，

儿子对这么多年不在身边对你们说一声对不起，我非常的内疚。现在，我要毕业了，总

算没有辜负你们的期望，没有白费你们从小对我的教养。这个博士证书，是我努力奋斗

的结果，也是给你们的礼物。不管什么时候，你们的教导我都记在心里，心里想着你们，

任何时候我都感到温暖，有克服一切困难的勇气和动力。爸爸，妈妈，我爱你们，希望

你们永远身体健康，不再为我操心。我愿意将我 30 年的生命给你们，能让我有更多尽

孝的时光。 

 

In the end, I use a song that I like most to express my heart to my wife, my mother and 

my father  

垂下眼睛熄了灯，回望这一段人生，望见当天今天，即使多转变，你都也一意跟我共行 

曾在我的失意天，疑问究竟为何生，但你驱使我担起灰暗，勇敢去面迎人生 

若我可再活多一次都盼，再可以在路途重逢着你，共去写一生的句子 

若我可再活多一次千次，我都盼面前仍是你，我要他生都有今生的暖意 

没什么可给你，但求凭这阙歌，谢谢你风雨内，都不退愿陪着我  

暂别今天的你，但求凭我爱火，活在你心内，分开也像同度过 

（共同度过， 张国荣） 

2017-8-25，于比利时根特 
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