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Abstract Stamen development is a critical process governing male fertility in flowering plants and is tightly regulated by genetic 

and hormonal networks. The ABC model of floral organ identity, extended to include D and E functions, explains stamen 

specification through the combined activity of B-, C-, and E-class MADS-box genes such as APETALA3, PISTILLATA, and 

AGAMOUS. In Arabidopsis thaliana, anther development proceeds through fourteen stages involving coordinated cell division, 

differentiation, and tissue organization. Early developmental events are controlled by receptor-like kinases including CIKs, BAM1/2, 

and RPK2, which regulate archesporial cell fate and parietal layer formation. Additional regulators such as SPL/NZZ, EMS1–TPD1 

signaling, and MAP kinases contribute to microsporogenesis and tapetum function. Hormonal pathways involving jasmonates, 

gibberellins, and auxins further coordinate pollen maturation and anther dehiscence. Comparative studies in other angiosperms reveal 

both conserved and species-specific regulatory mechanisms.  

Keywords Stamen development; ABC model; MADS-box genes; Arabidopsis thaliana; Anther development; Microsporogenesis; 

Tapetum; Hormonal regulation  

1 Introduction 

Flowering plants (angiosperms) possess highly specialized reproductive structures, with the flower representing one 

of the most complex organs in plant development. A typical hermaphroditic flower is organized into concentric 

whorls consisting of sepals, petals, stamens, and carpels, each arising from a determinate floral meristem. Among 

these, the stamen constitutes the male reproductive organ and plays a central role in pollen production and 

successful fertilization. Structurally, a stamen comprises a filament that supports the anther, where pollen grains are 

formed within specialized compartments known as microsporangia. Proper development of stamens is therefore 

essential for plant fertility and reproductive success. 

The genetic basis of floral organ identity has been extensively explained by the ABC model, later expanded into the 

ABCDE model, which describes how combinations of MADS-box transcription factors specify distinct floral 

organs (Schwarz-Sommer et al., 1990). In this framework, stamens are specified by the combined action of B-, C-, 

and E-class genes, including APETALA3 (AP3), PISTILLATA (PI), and AGAMOUS (AG) (Bowman et al., 1991; 

Pelaz et al., 2000; Ng and Yanofsky, 2001; Becker and Theißen, 2003). These genes regulate downstream targets 

that control organ identity as well as the initiation and differentiation of reproductive tissues (Shore and Sharrocks, 

1995; Riechmann and Meyerowitz, 1997). Mutations in these regulatory genes often result in homeotic 

transformations, highlighting their fundamental role in floral patterning (Bowman et al., 1989; 1991; Coen and 

Meyerowitz, 1991; Pelaz et al., 2000; Pinyopich et al., 2003; Alvarez-Buylla et al., 2010). 

The model plant Arabidopsis thaliana has provided critical insights into the molecular and cellular mechanisms 

underlying stamen and anther development (Ma, 2005; Bowman, 2012). Anther ontogeny in Arabidopsis is divided 

into fourteen distinct stages characterized by precise patterns of cell division, differentiation, and tissue organization 

(Owen and Makaroff, 1995; Sanders et al., 1999). Early developmental events involve the specification of 

archesporial cells and their differentiation into sporogenous and somatic cell lineages. This process is tightly 

regulated by receptor-like kinases such as CLAVATA3 INSENSITIVE RECEPTOR KINASEs (CIKs), BARELY 
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ANY MERISTEM (BAM1/2), and RECEPTOR-LIKE PROTEIN KINASE2 (RPK2), which coordinate cell fate 

determination and tissue patterning (DeYoung et al., 2006; Hord et al., 2006; Mizuno et al., 2007; Cui et al., 2018; 

Hu et al., 2018). 

Further progression of anther development involves the formation of distinct somatic layers, including the 

epidermis, endothecium, middle layer, and tapetum, surrounding the microspore mother cells. Key regulators such 

as SPOROCYTELESS/NOZZLE (SPL/NZZ) play a pivotal role in initiating sporogenesis (Schiefthaler et al., 1999; 

Yang et al., 1999; Ito et al., 2004), while signaling pathways involving EMS1–TPD1 and MAP kinases (MPK3 and 

MPK6) govern tapetum differentiation and function (Canales et al., 2002; Zhao et al., 2002; Yang et al., 2003; Jia et 

al., 2008; Zhao et al., 2017). The tapetum, in particular, is crucial for providing nutrients and materials required for 

pollen wall formation, and its proper development is essential for viable pollen production (Kapoor et al., 2002; 

Zheng et al., 2003; Zhang et al., 2006; Zhang and Yang, 2014). 

In addition to genetic regulation, hormonal signaling pathways significantly influence stamen development. 

Phytohormones such as jasmonic acid (Feys et al., 1994; McConn and Browse, 1996; Sanders et al., 2000; Stintzi 

and Browse, 2000; Ishiguro et al., 2001; Ito et al., 2007), gibberellins (Cheng et al., 2004; Fleet and Sun, 2005; Hou 

et al., 2008; Iuchi et al., 2007), and auxins (Nagpal et al., 2005; Cecchetti et al., 2008) coordinate critical processes 

including filament elongation, pollen maturation, and anther dehiscence. The interplay between these hormonal 

pathways ensures the temporal synchronization of reproductive events necessary for successful pollination. 

Comparative studies in other angiosperms, including genera such as Salvia and Gerbera (Kramer and Irish, 1999; 

Kotilainen et al., 2000; Kramer and Irish, 2000; Wetters, 2020), have revealed both conserved and divergent roles of 

floral regulatory genes, particularly MADS-box genes, in stamen development. These studies highlight the 

evolutionary conservation of core regulatory networks alongside species-specific adaptations that contribute to 

floral diversity. 

Overall, stamen development is governed by a complex interplay of genetic, molecular, and hormonal factors. 

Understanding these regulatory networks not only provides insights into fundamental plant developmental biology 

but also has important implications for crop improvement, hybrid seed production, and fertility regulation. 

Recent advances in plant molecular biology have substantially improved our understanding of the regulatory 

mechanisms governing stamen development. High-throughput multi-omics approaches, including transcriptomics, 

proteomics, and epigenomics, have enabled comprehensive identification of genes, proteins, and regulatory 

pathways involved in anther development and pollen formation. In particular, single-cell RNA sequencing 

(scRNA-seq) has provided unprecedented resolution of cell-type-specific gene expression during anther ontogeny, 

revealing dynamic regulatory networks underlying tapetum differentiation and microsporogenesis. Furthermore, 

CRISPR/Cas-mediated genome editing has emerged as a powerful tool for functional validation of candidate genes 

such as SPL/NZZ, EMS1, BAM1/BAM2, RPK2, and MADS-box transcription factors, facilitating precise 

investigation of their roles in reproductive development. Integration of these advanced genomic technologies with 

classical genetic studies is expected to accelerate the discovery of novel regulatory mechanisms and support future 

applications in crop improvement, hybrid breeding, and fertility regulation. 

2 Results 

2.1 Stamen specification through ABC model genes 

Previous studies have demonstrated that floral organ identity is governed by the combinatorial activity of B-, C-, and 

E-class genes. The coordinated expression of APETALA3 (AP3), PISTILLATA (PI), and AGAMOUS (AG) is 

essential for proper stamen specification. Genetic studies have shown that disruption of these genes results in the 

loss or homeotic transformation of stamens, highlighting their critical role in reproductive organ identity and 

development (Figure 1) (Bowman et al., 1989; 1991; Coen and Meyerowitz, 1991; Pelaz et al., 2000). 
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Figure 1 Molecular regulatory network controlling stamen development in Arabidopsis thaliana 

Image caption: Floral organ identity is established through the coordinated activities of the ABC/ABCDE floral homeotic genes, 

including APETALA3 (AP3), PISTILLATA (PI), AGAMOUS (AG), and SEPALLATA (SEP). Early anther development is regulated 

by receptor-like kinases (CIKs, BAM1/BAM2, and RPK2) that control archesporial cell specification and anther patterning. 

Subsequent activation of the SPL/NZZ, EMS1–TPD1, and MAPK (MPK3/MPK6) signaling pathways promotes tapetum 

differentiation and microsporogenesis. Plant hormones, including jasmonic acid (JA), gibberellins (GAs), and auxin (IAA), regulate 

pollen maturation, filament elongation, and anther dehiscence, ultimately leading to the formation of functional pollen and male fertility. 

The diagram summarizes the major molecular and hormonal regulatory pathways described in this review  

2.2 Stages of anther development in Arabidopsis thaliana 

Previous developmental studies have shown that anther development in Arabidopsis thaliana proceeds through 

fourteen distinct stages characterized by sequential cellular and morphological changes. Early stages (1~5) involve 

the formation of anther primordia and differentiation of archesporial cells into primary sporogenous and parietal 

cells. Intermediate stages (6~8) are characterized by meiosis of microspore mother cells and tetrad formation, 

followed by release of microspores. Late stages (9~14) include pollen maturation and anther dehiscence, completing 

the reproductive process (Owen and Makaroff, 1995; Sanders et al., 1999; Ma, 2005).  

2.3 Role of receptor-like kinases in early anther development 

Accumulated evidence indicates that CLAVATA3 INSENSITIVE RECEPTOR KINASEs (CIKs), BARELY ANY 

MERISTEM (BAM1/BAM2), and RECEPTOR-LIKE PROTEIN KINASE2 (RPK2) play essential roles in early 
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anther cell fate determination. Previous studies have reported that mutations in these genes result in defective 

archesporial cell division and improper specification of parietal layers. Higher-order mutants lacking CIKs and 

RPK2 exhibit severe developmental defects, including the absence of somatic cell layers and overproduction of 

sporogenous cells, suggesting that these kinases function within a common signaling pathway (Albrecht et al., 2005; 

Colcombet et al., 2005; Hord et al., 2006; Mizuno et al., 2007; Cui et al., 2018; Hu et al., 2018). 

2.4 Regulation of sporogenesis and tapetum development 

Previous studies have demonstrated that SPOROCYTELESS/NOZZLE (SPL/NZZ) is indispensable for the 

initiation of sporogenesis (Yang et al., 1999; Schiefthaler et al., 1999; Ito et al., 2004). Loss-of-function mutants fail 

to produce microsporogenous cells and tapetal tissues. In addition, the EMS1–TPD1 signaling pathway together 

with MAP kinases (MPK3/MPK6) plays a crucial role in tapetum differentiation and function (Canales et al., 2002; 

Zhao et al., 2002; Yang et al., 2003; Jia et al., 2008; Zhao et al., 2017). Disruption of these pathways results in 

abnormal tapetal development and impaired pollen formation.  

2.5 Genetic control of anther morphogenesis 

Previous studies have demonstrated that JAGGED (JAG) and NUBBIN (NUB) regulate the growth and structural 

organization of microsporangia. Mutant analyses indicate that these genes primarily promote tissue growth rather 

than floral organ identity specification.  

2.6 Hormonal regulation of stamen development 

Several studies have shown that jasmonic acid, gibberellins, and auxins play crucial roles in coordinating the later 

stages of stamen development. Jasmonic acid is required for pollen maturation and anther dehiscence, whereas 

gibberellins promote filament elongation. Auxin regulates the timing of pollen release and prevents premature 

anther dehiscence (Yang et al., 2007). Mutants deficient in these hormonal pathways frequently exhibit male 

sterility (Mandaokar et al., 2006) or delayed reproductive development (Feys et al., 1994; Ishiguro et al., 2001; 

Cheng et al., 2004; Cecchetti et al., 2008).  

2.7 Comparative insights from other angiosperms 

Comparative studies across angiosperms have demonstrated conserved expression patterns of B- and C-class 

MADS-box genes in stamen tissues. However, species-specific differences in gene expression dynamics and 

regulatory mechanisms have also been reported. In Gerbera, the GRCD1 gene plays a critical role in stamen identity, 

and its downregulation results in the homeotic transformation of stamens into petal-like structures. These findings 

highlight both the evolutionary conservation and diversification of floral developmental regulatory networks.  

2.8 Integration of regulatory networks 

Collectively, previous studies indicate that stamen development is regulated by an integrated network of genetic 

regulators, receptor-mediated signaling pathways, and phytohormonal cues. These components interact in a 

coordinated manner to regulate cell division, tissue differentiation, tapetum development, microsporogenesis, 

pollen maturation, and anther dehiscence, thereby ensuring successful male reproductive development in flowering 

plants (Figure 2). 

3 Discussion 

Stamen development represents a highly coordinated developmental program integrating genetic, molecular, and 

hormonal controls. The present synthesis highlights that the ABC (ABCDE) model remains a central framework for 

understanding floral organ identity, with B-, C-, and E-class MADS-box genes (APETALA3, PISTILLATA, and 

AGAMOUS) functioning as key determinants of stamen specification (Coen and Meyerowitz, 1991; Pelaz et al., 

2000; Alvarez-Buylla et al., 2010). The conservation of this regulatory module across angiosperms underscores its 

evolutionary significance, while variations observed in other species indicate adaptive diversification of floral 

structures. 
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Figure 2 Integrated regulatory network governing anther development, pollen maturation, and male fertility in flowering plants 

Image caption: The figure illustrates the coordinated regulation of male reproductive development by transcription factors, 

receptor-like kinases, signaling pathways, and phytohormones. Early anther patterning is regulated by CIKs, BAM1/BAM2, and RPK2, 

followed by activation of SPL/NZZ, EMS1–TPD1, MAP kinase signaling, and additional regulators controlling tapetum differentiation 

and microsporogenesis. Hormonal pathways involving jasmonic acid, gibberellins, and auxin regulate pollen maturation, filament 

elongation, and anther dehiscence. The integration of these molecular networks ensures successful pollen development, fertilization, 

and male fertility, providing potential targets for functional genomics, hybrid breeding, genome editing, and crop improvement 

The staged progression of anther development in Arabidopsis thaliana provides a valuable model for dissecting the 

cellular and molecular mechanisms underlying male reproductive development. Early events, particularly 

archesporial cell specification and parietal layer formation, are tightly regulated by receptor-like kinases such as 

CIKs, BAM1/2, and RPK2 (Hord et al., 2006; Mizuno et al., 2007; Cui et al., 2018). The phenotypic similarities 

observed in higher-order mutants suggest that these kinases operate within interconnected signaling pathways to 

maintain stem cell homeostasis and ensure proper tissue differentiation (Albrecht et al., 2005; Hu et al., 2018). Their 

interaction and phosphorylation dynamics further emphasize the importance of signal transduction in early anther 

patterning. 

Transcriptional regulators such as SPOROCYTELESS/NOZZLE (SPL/NZZ) play a pivotal role in initiating 

sporogenesis, acting downstream of floral identity genes (Yang et al., 1999; Ito et al., 2004). In parallel, the 

EMS1–TPD1 signaling module and MAP kinase pathways (MPK3/MPK6) are essential for tapetum differentiation 

and function (Jia et al., 2008; Zhao et al., 2017). The tapetum emerges as a critical tissue, not only supporting pollen 

development but also influencing fertility outcomes, as evidenced by numerous mutants exhibiting male sterility 

due to tapetal defects (Zhang et al., 2006; Zhang and Yang, 2014). These findings reinforce the concept that 

successful microsporogenesis depends on precise coordination between sporogenous and somatic tissues. 
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Genes such as JAGGED (JAG) and NUBBIN (NUB) contribute to anther morphogenesis by promoting 

microsporangial growth rather than identity specification, indicating the existence of parallel regulatory pathways 

governing structural development.  

Hormonal regulation adds another layer of complexity to stamen development. Jasmonic acid, gibberellins, and 

auxins act in a coordinated manner to regulate filament elongation, pollen maturation, and anther dehiscence. The 

crosstalk between these hormones ensures temporal synchronization of developmental events, which is crucial for 

successful fertilization. Mutant analyses further confirm that disruption in hormonal balance leads to defects in 

fertility, emphasizing their integrative role (Ishiguro et al., 2001; Cheng et al., 2004; Cecchetti et al., 2008). 

These comparative studies indicate that the core molecular mechanisms governing stamen development have been 

largely conserved during angiosperm evolution. Nevertheless, lineage-specific modifications in gene expression 

patterns, regulatory interactions, and duplication of MADS-box genes have contributed to the remarkable diversity 

of floral morphology and reproductive strategies observed among flowering plants. Future comparative genomic 

and evolutionary developmental (evo-devo) studies will further clarify the origin and diversification of these 

regulatory networks.  

Beyond its fundamental biological significance, understanding the molecular regulation of stamen development has 

important applications in modern crop improvement and sustainable agriculture. Genes regulating tapetum 

differentiation and anther development, including SPL/NZZ, EMS1–TPD1, BAM1/BAM2, and DYT1, have been 

widely investigated for the development of stable genetic male-sterility systems used in hybrid seed production 

(Mariani et al., 1990; Mariani et al., 1991; Denis et al., 1993). Recent advances in CRISPR/Cas-mediated genome 

editing have further enabled precise manipulation of floral regulatory genes for fertility control, functional 

validation, and de novo crop domestication. In addition, hormone-regulated pathways involving jasmonic acid, 

auxin, and gibberellins provide promising targets for improving pollen fertility and reproductive performance under 

abiotic stresses such as heat and drought. Comparative studies across diverse crop species are expected to accelerate 

molecular breeding strategies for the development of climate-resilient cultivars with enhanced reproductive 

efficiency. Furthermore, the integration of multi-omics technologies, including transcriptomics, proteomics, 

metabolomics, and single-cell sequencing, will facilitate the identification of novel regulatory genes and signaling 

networks controlling male reproductive development. These advances will not only improve our understanding of 

the molecular basis of stamen development but also support the development of next-generation crop varieties with 

enhanced yield, reproductive stability, and resilience under changing climatic conditions. Moreover, integrating 

artificial intelligence-assisted data analysis with functional genomics and genome editing is expected to accelerate 

the discovery of novel regulatory genes and improve predictive breeding strategies. Such interdisciplinary 

approaches will enhance the translation of fundamental knowledge into practical applications for sustainable 

agriculture and global food security. 

4 Conclusion 

Stamen development is a complex and tightly regulated process essential for plant reproduction, controlled by the 

coordinated action of floral identity genes, signaling pathways, and hormonal networks. The ABCDE model 

provides a robust framework for understanding stamen specification, while studies in Arabidopsis thaliana and 

other species have revealed intricate mechanisms governing anther development, microsporogenesis, and pollen 

maturation. Key regulators, including receptor-like kinases, transcription factors, and phytohormones, function in 

an integrated manner to ensure proper tissue differentiation and reproductive success. Advances in molecular 

genetics and genomics continue to deepen our understanding of these processes, offering potential applications in 

crop improvement, hybrid seed production, and fertility regulation. 

Future research integrating multi-omics approaches, including transcriptomics, proteomics, metabolomics, and 

single-cell sequencing, together with CRISPR/Cas-mediated genome editing, is expected to further elucidate the 

molecular mechanisms underlying stamen development. These emerging technologies will facilitate the 

identification of novel regulatory genes and signaling networks, enabling precision breeding strategies for enhanced 

pollen fertility, hybrid seed production, and climate-resilient crop development. Continued integration of molecular 
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genetics, functional genomics, and comparative evolutionary studies will strengthen our understanding of male 

reproductive development and support sustainable agricultural production under changing environmental 

conditions.  

5 Materials and Methods 

5.1 Literature survey and data sources 

The present study is based on a comprehensive review of published literature related to stamen and anther 

development in angiosperms. Peer-reviewed research articles, review papers, and experimental studies were 

collected from standard scientific databases, including Google Scholar, PubMed, and Web of Science. Emphasis 

was placed on studies involving Arabidopsis thaliana as a model system, along with comparative data from other 

plant species such as Salvia and Gerbera. 

5.2 Selection criteria 

Relevant studies were selected based on their focus on: 

● Floral organ identity and the ABC/ABCDE model 

● Genetic regulation of stamen development 

● Anther ontogeny and cellular differentiation 

● Role of receptor-like kinases and transcription factors 

● Hormonal regulation of reproductive development 

Only studies providing clear experimental evidence on gene function, signaling pathways, and developmental 

processes were included. 

5.3 Data extraction and organization 

Information from selected studies was systematically extracted and categorized into key thematic areas, including: 

● Floral organ identity genes (A, B, C, D, E classes) 

● Stages of anther development 

● Molecular regulators (e.g., SPL/NZZ, EMS1, BAM1/2, RPK2, CIKs) 

● Signaling pathways (MAP kinase pathways, receptor kinase signaling) 

● Hormonal regulation (jasmonic acid, gibberellins, auxins) 

The extracted data were organized to establish a logical sequence from early stamen specification to late-stage 

pollen development. 

5.4 Comparative analysis 

Comparative evaluation was performed across different plant species to identify conserved and divergent 

mechanisms of stamen development. Gene expression patterns and functional studies in Arabidopsis, Salvia, and 

Gerbera were analyzed to highlight evolutionary conservation and species-specific variations. 

5.5 Synthesis of information 

The collected data were critically analyzed and integrated to construct a unified framework describing the molecular 

and genetic regulation of stamen development. Special attention was given to linking classical genetic models (ABC 

model) with recent findings in signaling pathways and genomics. 

5.6 Limitations 

As this study is based on previously published data, no new experimental work was conducted. The conclusions are 

therefore dependent on the accuracy and scope of the cited literature. 

 



 

 

Plant Gene and Trait 2026, Vol.17, No.4, 245-254 

http://genbreedpublisher.com/index.php/pgt 

  252 

Author’s Contributions 

RC conceived the review topic, designed the structure of the manuscript, conducted the literature review, performed literature 

collection and critical analysis, synthesized the published findings, prepared the figures and tables, and wrote, revised, and approved 

the final version of the manuscript. 

Acknowledgments 

The author declares that no specific funding was received for this work. The author thanks all researchers whose published work 

contributed to this review. The author also acknowledges the valuable comments and suggestions provided by the reviewers and the 

editorial team, which greatly improved the quality and clarity of this manuscript. 

Conflict of Interest Disclosure 

The author affirms that this research was conducted without any commercial or financial relationships that could be construed as a 

potential conflict of interest. 

References 

Albrecht C., Russinova E., Hecht V., Baaijens E., and de Vries S., 2005, The Arabidopsis thaliana SOMATIC EMBRYOGENESIS RECEPTOR-LIKE 

KINASES1 and 2 control male sporogenesis, The Plant Cell, 17(12): 3337-3349. 

https://doi.org/10.1105/tpc.105.036814 

Alvarez-Buylla E.R., Benítez M., Corvera-Poiré A., Chaos Cador Á., de Folter S., Gamboa de Buen A., Garay-Arroyo A., García-Ponce B., Jaimes-Miranda 

F., Pérez-Ruiz R.V., Piñeyro-Nelson A., and Sánchez-Corrales Y.E., 2010, Flower development, The Arabidopsis Book, 8: e0127. 

https://doi.org/10.1199/tab.0127 

Becker A., and Theißen G., 2003, The major clades of MADS-box genes and their role in the development and evolution of flowering plants, Molecular 

Phylogenetics and Evolution, 29(3): 464-489. 

https://doi.org/10.1016/S1055-7903(03)00207-0 

Bowman J., ed., 2012, Arabidopsis: an atlas of morphology and development, Springer, New York, USA, pp.1-418. 

Bowman J.L., Smyth D.R., and Meyerowitz E.M., 1989, Genes directing flower development in Arabidopsis, The Plant Cell, 1(1): 37-52. 

https://doi.org/10.1105/tpc.1.1.37 

Bowman J.L., Smyth D.R., and Meyerowitz E.M., 1991, Genetic interactions among floral homeotic genes of Arabidopsis, Development, 112(1): 1-20. 

https://doi.org/10.1242/dev.112.1.1 

Canales C., Bhatt A.M., Scott R., and Dickinson H., 2002, EXS, a putative LRR receptor kinase, regulates male germline cell number and tapetal identity and 

promotes seed development in Arabidopsis, Current Biology, 12(20): 1718-1727. 

https://doi.org/10.1016/S0960-9822(02)01151-X 

Cecchetti V., Altamura M.M., Falasca G., Costantino P., and Cardarelli M., 2008, Auxin regulates Arabidopsis anther dehiscence, pollen maturation, and 

filament elongation, The Plant Cell, 20(7): 1760-1774. 

https://doi.org/10.1105/tpc.107.057570 

Cheng H., Qin L., Lee S., Fu X., Richards D.E., Cao D., Luo D., Harberd N.P., and Peng J., 2004, Gibberellin regulates Arabidopsis floral development via 

suppression of DELLA protein function, Development, 131(5): 1055-1064. 

https://doi.org/10.1242/dev.00992 

Coen E.S., and Meyerowitz E.M., 1991, The war of the whorls: genetic interactions controlling flower development, Nature, 353(6339): 31-37. 

https://doi.org/10.1038/353031a0 

Colcombet J., Boisson-Dernier A., Ros-Palau R., Vera C.E., and Schroeder J.I., 2005, Arabidopsis somatic embryogenesis receptor kinases1 and 2 are essential 

for tapetum development and microspore maturation, The Plant Cell, 17(12): 3350-3361. 

https://doi.org/10.1105/tpc.105.036731 

Cui Y., Hu C., Zhu Y., Cheng K., Li X., Wei Z., Xue L., Lin F., Shi H., Yi J., Hou S., He K., Li J., and Gou X., 2018, CIK receptor kinases determine cell fate 

specification during early anther development in Arabidopsis, The Plant Cell, 30(10): 2383-2401. 

https://doi.org/10.1105/tpc.17.00586 

Denis M., Delourme R., Gourret J.P., Mariani C., and Renard M., 1993, Expression of engineered nuclear male sterility in Brassica napus: genetics, 

morphology, cytology, and sensitivity to temperature, Plant Physiology, 101(4): 1295-1304. 

https://doi.org/10.1104/pp.101.4.1295 

DeYoung B.J., Bickle K.L., Schrage K.J., Muskett P., Patel K., and Clark S.E., 2006, The CLAVATA1-related BAM1, BAM2 and BAM3 receptor kinase-like 

proteins are required for meristem function in Arabidopsis, The Plant Journal, 45(1): 1-16. 

https://doi.org/10.1111/j.1365-313X.2005.02592.x 

Feys B.J., Benedetti C.E., Penfold C.N., and Turner J.G., 1994, Arabidopsis mutants selected for resistance to the phytotoxin coronatine are male sterile, 

insensitive to methyl jasmonate, and resistant to a bacterial pathogen, The Plant Cell, 6(5): 751-759. 

https://doi.org/10.2307/3869877 

Fleet C.M., and Sun T.P., 2005, A DELLAcate balance: the role of gibberellin in plant morphogenesis, Current Opinion in Plant Biology, 8(1): 77-85. 

https://doi.org/10.1016/j.pbi.2004.11.015 

https://doi.org/10.1105/tpc.105.036814
https://doi.org/10.1199/tab.0127
https://doi.org/10.1016/S1055-7903(03)00207-0
https://doi.org/10.1105/tpc.1.1.37
https://doi.org/10.1242/dev.112.1.1
https://doi.org/10.1016/S0960-9822(02)01151-X
https://doi.org/10.1105/tpc.107.057570
https://doi.org/10.1242/dev.00992
https://doi.org/10.1038/353031a0
https://doi.org/10.1105/tpc.105.036731
https://doi.org/10.1105/tpc.17.00586
https://doi.org/10.1104/pp.101.4.1295
https://doi.org/10.1111/j.1365-313X.2005.02592.x
https://doi.org/10.2307/3869877
https://doi.org/10.1016/j.pbi.2004.11.015


 

 

Plant Gene and Trait 2026, Vol.17, No.4, 245-254 

http://genbreedpublisher.com/index.php/pgt 

  253 

Hord C.L., Chen C., DeYoung B.J., Clark S.E., and Ma H., 2006, The BAM1/BAM2 receptor-like kinases are important regulators of Arabidopsis early anther 

development, The Plant Cell, 18(7): 1667-1680. 

https://doi.org/10.1105/tpc.105.036871 

Hou X., Hu W.W., Shen L., Lee L.Y.C., Tao Z., Han J.H., and Yu H., 2008, Global identification of DELLA target genes during Arabidopsis flower 

development, Plant Physiology, 147(3): 1126-1142. 

https://doi.org/10.1104/pp.108.121301 

Hu C., Zhu Y., Cui Y., Cheng K., Liang W., Wei Z., Zhu M., Yin H., Zeng L., Xiao Y., Lv M., Yi J., Hou S., He K., Li J., and Gou X., 2018, A group of 

receptor kinases are essential for CLAVATA signalling to maintain stem cell homeostasis, Nature Plants, 4(4): 205-211. 

https://doi.org/10.1038/s41477-018-0123-z 

Ishiguro S., Kawai-Oda A., Ueda J., Nishida I., and Okada K., 2001, The DEFECTIVE IN ANTHER DEHISCENCE1 gene encodes a novel phospholipase A1 

catalyzing the initial step of jasmonic acid biosynthesis, which synchronizes pollen maturation, anther dehiscence, and flower opening in Arabidopsis, The 

Plant Cell, 13(10): 2191-2209. 

https://doi.org/10.1105/tpc.010192 

Ito T., Ng K.H., Lim T.S., Yu H., and Meyerowitz E.M., 2007, The homeotic protein AGAMOUS controls late stamen development by regulating a jasmonate 

biosynthetic gene in Arabidopsis, The Plant Cell, 19(11): 3516-3529. 

https://doi.org/10.1105/tpc.107.055467 

Ito T., Wellmer F., Yu H., Das P., Ito N., Alves-Ferreira M., Riechmann J.L., and Meyerowitz E.M., 2004, The homeotic protein AGAMOUS controls 

microsporogenesis by regulation of SPOROCYTELESS, Nature, 430(6997): 356-360. 

https://doi.org/10.1038/nature02733 

Iuchi S., Suzuki H., Kim Y.C., Iuchi A., Kuromori T., Ueguchi-Tanaka M., Asami T., Yamaguchi I., Matsuoka M., Kobayashi M., and Nakajima M., 2007, 

Multiple loss-of-function of Arabidopsis gibberellin receptor AtGID1s completely shuts down a gibberellin signal, The Plant Journal, 50(6): 958-966. 

https://doi.org/10.1111/j.1365-313X.2007.03098.x 

Jia G., Liu X., Owen H.A., and Zhao D., 2008, Signaling of cell fate determination by the TPD1 small protein and EMS1 receptor kinase, Proceedings of the 

National Academy of Sciences, 105(6): 2220-2225. 

https://doi.org/10.1073/pnas.0708795105 

Kapoor S., Kobayashi A., and Takatsuji H., 2002, Silencing of the tapetum-specific zinc finger gene TAZ1 causes premature degeneration of tapetum and 

pollen abortion in petunia, The Plant Cell, 14(10): 2353-2367. 

https://doi.org/10.1105/tpc.003061 

Kotilainen M., Elomaa P., Uimari A., Albert V.A., Yu D., and Teeri T.H., 2000, GRCD1, an AGL2-like MADS box gene, participates in the C function during 

stamen development in Gerbera hybrida, The Plant Cell, 12(10): 1893-1902. 

https://doi.org/10.1105/tpc.12.10.1893 

Kramer E.M., and Irish V.F., 1999, Evolution of genetic mechanisms controlling petal development, Nature, 399(6732): 144-148. 

https://doi.org/10.1038/20172 

Kramer E.M., and Irish V.F., 2000, Evolution of the petal and stamen developmental programs: evidence from comparative studies of the lower eudicots and 

basal angiosperms, International Journal of Plant Sciences, 161(S6): S29-S40. 

https://doi.org/10.1086/317576 

Ma H., 2005, Molecular genetic analyses of microsporogenesis and microgametogenesis in flowering plants, Annual Review of Plant Biology, 56(1): 393-434. 

https://doi.org/10.1146/annurev.arplant.55.031903.141717 

Mandaokar A., Thines B., Shin B., Lange B.M., Choi G., Koo Y.J., Yoo Y.J., Choi Y.D., and Browse J., 2006, Transcriptional regulators of stamen 

development in Arabidopsis identified by transcriptional profiling, The Plant Journal, 46(6): 984-1008. 

https://doi.org/10.1111/j.1365-313X.2006.02756.x 

Mariani C., Beuckeleer M.D., Truettner J., Leemans J., and Goldberg R.B., 1990, Induction of male sterility in plants by a chimaeric ribonuclease gene, Nature, 

347(6295): 737-741. 

https://doi.org/10.1038/347737a0 

Mariani C., Goldberg R.B., and Leemans J., 1991, Engineered male sterility in plants, Symposia of the Society for Experimental Biology, 45: 271-279. 

McConn M., and Browse J., 1996, The critical requirement for linolenic acid is pollen development, not photosynthesis, in an Arabidopsis mutant, The Plant 

Cell, 8(3): 403-416. 

https://doi.org/10.2307/3870321 

Mizuno S., Osakabe Y., Maruyama K., Ito T., Osakabe K., Sato T., Shinozaki K., and Yamaguchi-Shinozaki K., 2007, Receptor-like protein kinase 2 (RPK2) is 

a novel factor controlling anther development in Arabidopsis thaliana, The Plant Journal, 50(5): 751-766. 

https://doi.org/10.1111/j.1365-313X.2007.03083.x 

Nagpal P., Ellis C.M., Weber H., Ploense S.E., Barkawi L.S., Guilfoyle T.J., Hagen G., Alonso J.M., Cohen J.D., Farmer E.E., Ecker J.R., and Reed J.W., 2005, 

Auxin response factors ARF6 and ARF8 promote jasmonic acid production and flower maturation, Development, 132(18): 4107-4118. 

https://doi.org/10.1242/dev.01955 

Ng M., and Yanofsky M.F., 2001, Function and evolution of the plant MADS-box gene family, Nature Reviews Genetics, 2(3): 186-195. 

https://doi.org/10.1038/35056041 

Owen H.A., and Makaroff C.A., 1995, Ultrastructure of microsporogenesis and microgametogenesis in Arabidopsis thaliana (L.) Heynh. ecotype Wassilewskija 

(Brassicaceae), Protoplasma, 185(1): 7-21. 

https://doi.org/10.1007/BF01272749 

https://doi.org/10.1105/tpc.105.036871
https://doi.org/10.1104/pp.108.121301
https://doi.org/10.1038/s41477-018-0123-z
https://doi.org/10.1105/tpc.010192
https://doi.org/10.1105/tpc.107.055467
https://doi.org/10.1038/nature02733
https://doi.org/10.1111/j.1365-313X.2007.03098.x
https://doi.org/10.1073/pnas.0708795105
https://doi.org/10.1105/tpc.003061
https://doi.org/10.1105/tpc.12.10.1893
https://doi.org/10.1038/20172
https://doi.org/10.1086/317576
https://doi.org/10.1146/annurev.arplant.55.031903.141717
https://doi.org/10.1111/j.1365-313X.2006.02756.x
https://doi.org/10.1038/347737a0
https://doi.org/10.2307/3870321
https://doi.org/10.1111/j.1365-313X.2007.03083.x
https://doi.org/10.1242/dev.01955
https://doi.org/10.1038/35056041
https://doi.org/10.1007/BF01272749


 

 

Plant Gene and Trait 2026, Vol.17, No.4, 245-254 

http://genbreedpublisher.com/index.php/pgt 

  254 

Pelaz S., Ditta G.S., Baumann E., Wisman E., and Yanofsky M.F., 2000, B and C floral organ identity functions require SEPALLATA MADS-box genes, 

Nature, 405(6783): 200-203. 

https://doi.org/10.1038/35012103 

Pinyopich A., Ditta G.S., Savidge B., Liljegren S.J., Baumann E., Wisman E., and Yanofsky M.F., 2003, Assessing the redundancy of MADS-box genes during 

carpel and ovule development, Nature, 424(6944): 85-88. 

https://doi.org/10.1038/nature01741 

Riechmann J.L., and Meyerowitz E.M., 1997, MADS domain proteins in plant development, Biological Chemistry, 378(10): 1079-1101. 

Sanders P.M., Bui A.Q., Weterings K., McIntire K.N., Hsu Y.C., Lee P.Y., Truong M.T., Beals T.P., and Goldberg R.B., 1999, Anther developmental defects in 

Arabidopsis thaliana male-sterile mutants, Sexual Plant Reproduction, 11(6): 297-322. 

https://doi.org/10.1007/s004970050158 

Sanders P.M., Lee P.Y., Biesgen C., Boone J.D., Beals T.P., Weiler E.W., and Goldberg R.B., 2000, The Arabidopsis DELAYED DEHISCENCE1 gene 

encodes an enzyme in the jasmonic acid synthesis pathway, The Plant Cell, 12(7): 1041-1061. 

https://doi.org/10.1105/tpc.12.7.1041 

Schiefthaler U., Balasubramanian S., Sieber P., Chevalier D., Wisman E., and Schneitz K., 1999, Molecular analysis of NOZZLE, a gene involved in pattern 

formation and early sporogenesis during sex organ development in Arabidopsis thaliana, Proceedings of the National Academy of Sciences, 96(20): 

11664-11669. 

https://doi.org/10.1073/pnas.96.20.11664 

Schwarz-Sommer Z., Huijser P., Nacken W., Saedler H., and Sommer H., 1990, Genetic control of flower development by homeotic genes in Antirrhinum 

majus, Science, 250(4983): 931-936. 

https://doi.org/10.1126/science.250.4983.931 

Shore P., and Sharrocks A.D., 1995, The MADS-box family of transcription factors, European Journal of Biochemistry, 229(1): 1-13. 

https://doi.org/10.1111/j.1432-1033.1995.tb20430.x 

Stintzi A., and Browse J., 2000, The Arabidopsis male-sterile mutant, opr3, lacks the 12-oxophytodienoic acid reductase required for jasmonate synthesis, 

Proceedings of the National Academy of Sciences, 97(19): 10625-10630. 

https://doi.org/10.1073/pnas.190264497 

Wetters S., 2020, Evo-devo of flowers and flowering genes: Salvia as a case study, Karlsruhe Institute of Technology (KIT), 2020: 1-92. 

Yang C., Xu Z., Song J., Conner K., Vizcay Barrena G., and Wilson Z.A., 2007, Arabidopsis MYB26/MALE sterile35 regulates secondary thickening in the 

endothecium and is essential for anther dehiscence, The Plant Cell, 19(2): 534-548. 

https://doi.org/10.1105/tpc.106.046391 

Yang S.L., Xie L.F., Mao H.Z., Puah C.S., Yang W.C., Jiang L., Sundaresan V., and Ye D., 2003, Tapetum determinant1 is required for cell specialization in 

the Arabidopsis anther, The Plant Cell, 15(12): 2792-2804. 

https://doi.org/10.1105/tpc.016618 

Yang W.C., Ye D., Xu J., and Sundaresan V., 1999, The SPOROCYTELESS gene of Arabidopsis is required for initiation of sporogenesis and encodes a novel 

nuclear protein, Genes & Development, 13(16): 2108-2117. 

https://doi.org/10.1101/gad.13.16.2108 

Zhang D., and Yang L., 2014, Specification of tapetum and microsporocyte cells within the anther, Current Opinion in Plant Biology, 17: 49-55. 

https://doi.org/10.1016/j.pbi.2013.11.001 

Zhang W., Sun Y., Timofejeva L., Chen C., Grossniklaus U., and Ma H., 2006, Regulation of Arabidopsis tapetum development and function by dysfunctional 

tapetum1 (DYT1) encoding a putative bHLH transcription factor, Development, 133(16): 3085-3095. 

https://doi.org/10.1242/dev.02463 

Zhao D.Z., Wang G.F., Speal B., and Ma H., 2002, The excess microsporocytes1 gene encodes a putative leucine-rich repeat receptor protein kinase that 

controls somatic and reproductive cell fates in the Arabidopsis anther, Genes and Development, 16(15): 2021-2031. 

https://doi.org/10.1101/gad.997902 

Zhao F., Zheng Y.F., Zeng T., Sun R., Yang J.Y., Li Y., Ren D.T., Ma H., Xu Z.H., and Bai S.N., 2017, Phosphorylation of sporocyteless/nozzle by the 

MPK3/6 kinase is required for anther development, Plant Physiology, 173(4): 2265-2277. 

https://doi.org/10.1104/pp.16.01765 

Zheng Z., Xia Q., Dauk M., Shen W., Selvaraj G., and Zou J., 2003, Arabidopsis AtGPAT1, a member of the membrane-bound glycerol-3-phosphate 

acyltransferase gene family, is essential for tapetum differentiation and male fertility, The Plant Cell, 15(8): 1872-1887. 

https://doi.org/10.1105/tpc.012427 

 

 

https://doi.org/10.1038/35012103
https://doi.org/10.1038/nature01741
https://doi.org/10.1007/s004970050158
https://doi.org/10.1105/tpc.12.7.1041
https://doi.org/10.1073/pnas.96.20.11664
https://doi.org/10.1126/science.250.4983.931
https://doi.org/10.1111/j.1432-1033.1995.tb20430.x
https://doi.org/10.1073/pnas.190264497
https://doi.org/10.1105/tpc.106.046391
https://doi.org/10.1105/tpc.016618
https://doi.org/10.1101/gad.13.16.2108
https://doi.org/10.1016/j.pbi.2013.11.001
https://doi.org/10.1242/dev.02463
https://doi.org/10.1101/gad.997902
https://doi.org/10.1104/pp.16.01765
https://doi.org/10.1105/tpc.012427

